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Abstract

According to the Intergovernmental Panel on Climate Change (IPCC), atmospheric methane
(CHa4) concentrations are considered a crucial factor in global warming, particularly in the near
term, due to its high warming potential (~ 80 times more potent than carbon dioxide, or COy)
and shorter atmospheric lifetime compared to CO,. CH4 emissions have more than doubled
since the industrial revolution and CH4 has increased exponentially from the 1850’s to the
current level of 1943 ppb. A substantial contribution stems from landfills and waste constituting
68 Mt per year, or 17% of total anthropogenic CH4 emissions. Furthermore, in Sweden,
approximately 13% of all anthropogenic CH4 emissions are generated from landfills. There is
therefore a need to mitigate fugitive CH4 emissions from landfills in the waste sector: both in
Sweden and the rest of the world, necessitating accurate and scalable quantification techniques.
By utilizing strategies like UAV-based methane measurement techniques, Swedish methane
emissions, and particularly the effectiveness of implemented mitigation measures, can be
efficiently monitored. Monitoring greenhouse gas emissions is an important contribution to
achieving Sweden’s emissions reduction goals.

This study evaluates the performance and applicability of the UAV-based GASTRAQ
method by comparing its results from field campaigns at Filborna and Ronneholm landfill with
those from a recently validated Drone Flux Method (DFM), applied to data from a wastewater
sludge landfill in Linkdping Sweden. Both methods rely on mass balance theory yet differ in
the sense that GASTRAQ utilises ground-based wind profiles while DFM incorporates real-
time onboard wind sensing. Flux estimates were analysed alongside uncertainty tests,
highlighting that the DFM is more scalable and adaptable due to its wind assumptions, while
GASTRAQ is susceptible to inaccuracies under variable wind conditions. Relative errors varied
considerably across campaigns, indicating that wind field characterization is a primary
uncertainty source. Despite these limitations, GASTRAQ remains practical for routine
monitoring in stable atmospheric conditions. The study concludes that UAV-based methods can
yield adequate CH4 flux estimates, provided that site-specific constraints such as wind
turbulence and spatial coverage are adequately quantified and that the footprint of the flights
are representative for the landfill. Future developments including onboard wind sensors and
autonomous flight paths may improve flux accuracy and enable broader regulatory application
of UAV-based CH4 monitoring in the waste sector.

Keywords: Methane, CHs, UAV, Mass Balance Theory, GASTRAQ, DFM, Drone Flux
Method, Landfill, Ronneholm, Filborna, Linkdping
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1 Introduction
In 2019, a European Green Deal was proposed to tackle climate and environmental challenges
that are defining for this generation. The European Green Deal aims are as the following:

“The European Green Deal is a response to these [climate and environmental] challenges. It
is a new growth strategy that aims to transform the EU into a fair and prosperous society, with
a modern, resource-efficient and competitive economy where there are no net emissions of
greenhouse gases in 2050 and where economic growth is decoupled from resource use.”
(European Commission, 2019).

In 2024, the European Commission introduced an intermediate 2040 climate target for the
European Union after the global stocktake under the Paris Agreement, which proposes to reduce
net greenhouse gas (GHG) emissions by 90% by 2040 compared to GHG emissions in 1990, to
ensure that the European Union can deliver on its commitment to be climate neutral by 2050.
Furthermore, during the 28th meeting of the Conference of the Parties (COP28), agreed that
deep and rapid reductions in global GHG emissions are required to limit global warming to
1.5°C (European Commission, 2024).

Since methane’s characteristics include a lifetime of 9.1 years, the GHG may be seen as
short-lived (Staniaszek et al., 2022). Due to its intense warming potential, ~ 80 times more
potent than CO: in the first two decades of staying in the atmosphere, and due to its short
atmospheric lifetime, CHa is a particularly potent GHG with short-term impact (Forster et al.,
2021).

CHs is emitted from several sources that are directly and indirectly related to human
(anthropogenic) activities (Bracmort ef al., 2014). In the Global Methane Budget 2000—2020
CHa4 emissions summed from known sources on the ground (bottom-up measurements) between
2000 and 2019 were calculated to be 669 Mt CH4 per year according to the estimates of Saunois
et al.’s (2025) model. Out of 669 Mt of CH4 per year, 211 Mt or approximately 31 % was
directly derived from agriculture and waste (Saunois et al., 2025), visualized in Figure 1.



GLOBAL METHANE BUDGET 2010-2019 ©®O

CHANGE IN
ATMOSPHERIC ABUNDANCE

TOTAL EMISSIONS TOTAL SINKS

36 217
Bottom-up Top-down 669 575 s 633 554
view (BU) view (TD) (512-849) (553-586) - (507-796) (550-567)

r . T N
120 15 211 228 28 27 248 165 63 43 602 521 31 35
(117-125) (100-124 (195-231) (213-242 (21-39) (26-27) (159-369) (145-214)  (24-93) (40-46) (496-747) (485-532)  (11-49)(35-36)

Sink from
chemical reactions
in the atmosphere

= = Other natural
Biomass and biofuel X -
,Odf‘?:izlnf:ﬁld e Agriculture and waste oy Combined wetland emissions Sink in soils
e ‘ 09 & Inland freshwaters geological;

crosaL{carson
PROJECT

Figure 1: CH4 emissions summed from known sources on the ground (bottom-up, left) and

emission estimations using atmospheric measurements of CHs concentrations (top-down,
right) provided for each sector with its emission or sinks (in Tg CH4 yr~!), as well as total
emissions and total sinks. Anthropogenic CHy sources (orange arrows) and natural CHy
sources (green and blue arrows) are distinguished by colour and text underneath.
Source: Saunois et al. (2025).

To distinguish between the agriculture and waste sectors, the global waste sector is responsible
for almost 20% of all anthropogenic emissions (Clean Air Task Force, 2025). Despite the high
emission levels from agriculture, in Sweden and globally (Shaefer, 2019; Ministry of
Environment, 2020), decisions must balance emission reductions with the requirements of food
and energy supplies. It is important to cut CH4 emissions where easily possible, such as in the
waste management sector. Out of all Swedish CH4 emissions, and to put the emissions into a
Swedish perspective, approximately 13% was directly derived from landfills (Ministry of
Environment, 2020). Actively lowering CH4 emissions from landfills may therefore generate
large differences in total Swedish CH4 emission mitigation and thus contribute to Sweden’s net
zero greenhouse gas emissions by 2050.

Landfills remain a large source of anthropogenic CH4 emissions globally and in Sweden,
accounting for a major share of waste-sector greenhouse gas outputs, and accurately quantifying
these emissions is important for climate change mitigation. Data collection of CHs
concentrations using Unmanned Aerial Vehicles, UAVs, show promising developments in
recent years (Allen et al., 2019; Knudsen & De Rossi, 2022; Fosco et. al., 2025), where the
UAV-based measurements allow CH4 emission quantification with high spatial resolutions if
the CH4 plume heterogeneity is considered (Tassielli et al., 2025; Abichou et al., 2023). The
company ReSource Sverige AB utilizes a specific approach (GASTRAQ, or GAS TRacing And
Quantification), to quantify CHa4 emissions on landfills, which is based on mass balance box
modeling (Scheutz ef al., 2020; ReSource Sverige AB, 2025). Furthermore, other mass balance
box approaches have been developed to quantify CHa emission fluxes for landfills, where



revised methods like the Drone Flux Method (DFM) (Knudsen & DeRossi, 2022) have been
thoroughly validated (Scheutz et al., 2025). Some key operational differences between
GASTRAQ and the DFM include how the wind measurement is handled, where previous
research has indicated that UAV-based CHa quantification is highly sensitive to wind conditions
and the accuracy of wind field representation (Scheutz et al., 2025; Knudsen & De Rossi, 2022).

1.1 Aim
In this bachelor’s thesis, the aim is to review the two UAV-based methods for CHs monitoring,

GASTRAQ and Drone Flux Method, and to assess how GASTRAQ aligns with or differs from
the latest academic findings to assess the method’s strengths and weaknesses. Two landfills in
Ronneholm and Filborna, Sweden, where ReSource Sverige AB in collaboration with the
Technical University of Denmark has performed CH4 flux calculations with GASTRAQ, were
used as examples and were raised as two case studies in this thesis. CHa flux calculations, using
the Drone Flux Method, were performed on a wastewater sludge landfill in Link&ping, Sweden.
The yielded results from the wastewater sludge landfill were qualitatively compared to the case
studies, to assess the advantages and disadvantages of GASTRAQ and the Drone Flux Method.
Additionally, uncertainties of all measured fluxes and hence the uncertainties of the two
methods were used to contrast between the methods. To achieve the aim, the following
questions were to be answered through a literature review, the case studies of Ronneholm and
Filborna landfill, and calculations of measurement data on Linkoping landfill:

1 What are the strengths and limitations of UAV-based CH4 emission quantification
methods, and how does the GASTRAQ method approach compare to the Drone Flux
methodology?

2 What are the key challenges in applying UAV-based CH4 measurement techniques to
landfill emissions, and how do these challenges affect model accuracy?

1.2 Hypothesis

Ho1 GASTRAQ and the Drone Flux Method will produce comparable landfill CH4 flux
estimates under steady wind conditions, but DFM will yield more accurate results under
higher wind speeds.

Ho2 Assumptions of wind will affect model accuracy for GASTRAQ.

Hos The uncertainty of the CH4 flux estimations will increase with the size of the landfill for
both GASTRAQ and the Drone Flux Method.

These hypotheses relate to the research questions above in 1./ Aim, where falsifying or
confirming Ho1 will answer question 1, and where falsifying or confirming Hoz and Hos will
answer question 2. Ho1 addresses the expected difference in performance between GASTRAQ,
which relies on ground-based anemometers and assumes a steady wind profile, and DFM,
which integrates real-time wind measurements directly on the UAV. Ho2 builds on this by



basing that GASTRAQ’s reliance on assumed wind fields introduces model uncertainty. Hos
suggests that spatial heterogeneity and incomplete plume coverage in larger landfills can result
in greater uncertainty, and that the area will directly affect the uncertainty.

1.3 Delineations
The project will focus on methane emissions originating from landfills, and no other substances

found in gases emitted from landfills. The reason for this decision is because the data used for
achieving the project's aims are only representative for methane. What is worth pointing out
with this delineation is that the results do not describe the total GHG emissions from the
landfills examined, but one of the gases with the largest impact on climate, methane (Mar ef al.,
2022; NASA, ND).

Additionally, this project will focus on UAV-based measurement methods for methane
quantification, whereas other traditional methods like static flux chambers and eddy covariance
towers will only be described in this project to contrast to UAV-based measurement methods.

2 Background and Literature Review

2.1 Literature review
The purpose of this literature review was to describe two UAV-based methods for CHa

monitoring, GASTRAQ and DFM, and to assess how GASTRAQ aligns with or differs from
the latest academic findings. Additionally, strengths and weaknesses of the two methods were
presented.

The search was limited to research published from 2014 to 2025 as to include relevant
research as the progress within this research area is rapid and comprehensive. Allen et al. (2014)
first presented the UAV-based mass balance modelling in 2014, which is the only relevant
modelling approach for this bachelor thesis. Since 2019, GASTRAQ has been an early adopter
of Allen et al. (2019)’s method, where GASTRAAQ still has not yet been validated thoroughly.
In contrast, the DFM 1is a newer method (Knudsen & DeRossi, 2022) where the extensive
validation from Scheutz ef al. (2025) concluded that the DFM agreed closely with the reference
Tracer Dispersion Method (TDM) which is seen as a reliable UAV-based quantification method
(Delre et al., 2018),

The review was concentrated on prior works that were representative of the aims, where the
studies were screened to assess scientific quality. To assess the quality of the literature, simple
inclusion and exclusion criteria method presented by Mengist et al. (2020) was used to choose
literary references, with some adaptations. For example, Swedish studies were used, and not
only literature published in the English language. The searches were concentrated in the
database Web of Science, where key terms like UAV AND mass balance AND methane were
used. In total, 16 articles and projects were chosen for this review.

2.2 CHbq+’s Impact on the Atmosphere
Between 1850 and late 1970, CH4 has increased exponentially from 830 ppb to 1500 ppb

(Kirschke et al., 2013). This exponential increase of atmospheric CHa is visualized in Figure 2,
where a trend can be seen since the industrial era where currently in 2025 CH4 concentrations



in the atmosphere is at approximately 1930 ppb (Etheridge et al., 1998; NOAA Global
Monitoring Laboratory, N.D.)
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Figure 2: CH4 concentrations (orange and later black line due to changes in the measurement
source) in ppb in the atmosphere since year 1010. Atmospheric CH+ has more than doubled
since pre-industrial times and has increased exponentially after 1850. This exponential
increase can be seen after the start of the industrial era (marked in blue).

Source: Etheridge et al. (1998) and NOAA Global Monitoring Laboratory.

CH4’s global warming potential (GWP), which measures the relative warming impact of a
greenhouse gas compared to carbon dioxide (CO»), is significantly higher compared to CO;
(Champeecharoensuk et al., 2023), seen in Table 1. CH4 in the atmosphere has specific lifetime,
9.1+£0.9 years, and is eventually converted to CO; due to the oxidative capacity of the
atmosphere. The resulting CO> is a stable molecule and is not further transformed in the
atmosphere. CHy is therefore not only a direct radiative force but also indirect in the sense that
oxidation of CH4 leads to the production of other greenhouse gases (Mar ef al., 2022).



Table 1: Comparative global warming potentials (GWPs) of greenhouse gases in IPCC’s 6th
Assessment Reports. The atmospheric lifetimes, radiative efficiency, and global warming
potential over 20-year and 100-year time horizons is shown for the greenhouse gases. Under
the GWPs it can be seen that CHy, both from fossil sources and non-fossil sources, is
approximately 80 times more potent than CO,. Source: Forster et al. (2021)

Lifetime Radiative
Species Efficiency GWP-20 GWP-100
(Years) -
(W 2 pph-')
C0; Multiple 133016 %107 1. 1.000
CH.-fossil 118+18 57+1.4x10™ 825+258 2981
CHa-non fossil 118+18 57 +1.4x10* 79.7 +£25.8 2701
N.O 10810 2.8+1.1 %107 273 £ 118 273 £130
HFC-32 54+1.1 1.1+0.2 x107° 2693 + 842 77 £292
HFC-134a 14028 | 1672032 =107 | 4144 = 1160 1526 + 577
CFC-11 520104 | 291 £065%10" | 83212419 | 6226 +2297
PFC-14 50,000 9.89+0.19 %107 | 5301 +1395 | 7380 +2430

Furthermore, CHa is responsible for ozone production via reactions of nitrogen oxides (NOx)
(Ocko & Hamburg, 2022). This means that an increase in atmospheric CHs chemical lead
directly to higher concentrations of tropospheric ozone (National Oceanic and Atmospheric
Administration, 2022; Mar et al., 2022), a strong GHG that absorbs radiation (United Nations
Environment Programme, 2022). Tropospheric ozone not only affect the atmospheric climate,
but has impacts on evaporation rates, cloud formation, precipitation levels, and atmospheric
circulation (United Nations Environment Programme, 2023; Collins et al., 2014).

This issue is relevant due to the scale of tropospheric ozone being produced by CHa. Over
50% of tropospheric ozone is attributable reactions involving CHa (National Oceanic and
Atmospheric Administration, 2022). A recent study (Staniaszek et al., 2022) simulated what
impact lowering CHa would do to tropospheric ozone concentrations in the atmosphere, where
a 26% reduction in CHa could decrease surface ozone by about 9.7% by 2050 (Staniaszek et
al., 2022).

2.3 Sweden's CHs Emissions and Landfills

Swedish landfill regulations play a central role in shaping national waste management practises
and their impact on CH4 emissions, to help achieve Sweden’s net zero greenhouse gas emissions
by 2050. According to 4§ in Swedish waste regulation law (SFS 2011:927)

“... a landfill refers to a storage site for waste that is on or in the ground.”. Since 2011, this
regulation has continuously changed and adapted to today's time, where its accompanying
regulations (SFS 2020:614; SFS 2001:512) have been adapted to account for both active and
inactive phases of landfills. Today, the Swedish waste management is made up of hierarchical
levels, to prevent the creation of waste. The prioritisation of waste management is as followed:



waste prevention

reuse

material recycling and biological treatment
other recycling, e.g. energy recovery
disposal, e.g. to landfills.

kv =

With these hierarchical levels of waste management, it is then up to municipalities to separately
be responsible for ensuring that waste is transported and recycled in the best possible way, or
disposed of when that is suitable (Avfall Sverige, 2024).

In 2020, CH4 emissions in Sweden corresponded to approximately 9% of Sweden’s total
GHG emissions, where CH4 emissions from waste have decreased by approximately 80% since
1990 (Ministry of the Climate and Enterprise, 2022). One explanation for this decline may be
explained through the regulation 8 § 7 p. in (SFS 2001:512) set in 2001, which states that
organic waste is no longer legal to landfill. CH4 emissions from landfills in Sweden still
correspond to approximately 13% of total CHa4 emissions recorded in 2020, which can be
visualized in Figure 4.

Energy METHANE EMISSIONS
LULUCF 59 2020

- Other  METHANE EMISSIONS

15% IN WASTE

Waste
15%

Landfills
85%

Agriculture
71%

Figure 3: CHys emissions in Sweden in 2020. The waste sector (orange on the left) emitted
15% of total emissions in Sweden, where 85% derived from Landyfills (blue on the right) and
the remainder from “other”. CH4 emissions derived directly from landfills are therefore
approximately 13% summed up. Data source: Ministry of the Climate and Enterprise,
Government Offices of Sweden (2022).

2.4 The Production of CH. in Landfills

Today, landfills are still affecting the environment in several ways. Since the waste is extremely
heterogeneous, no pollution can be neglected (Naturvardsverket, 2011). Leachate extracts
soluble or suspended solids from landfills to waterways during precipitation events, leading to
pollution in the waterways (Naturvardsverket, 2008). Regulated landfills containing organic
material undergo anaerobically decomposition, producing CH4 and CO> with two biochemical
processes: acetogenesis and methanogenesis (Themelis & Ulloa, 2007).
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2.5 UAV-Based Measurement Approaches
Due to CH4’s impacts on a global scale, Tassielli ef al. (2025) and Allen et al. (2014) suggest

it is important to monitor all sectors. It is especially important to monitor waste management
practices such as landfills, as they are anthropogenic sources of CHs emissions that can be
effectively mitigated. An alternative to time-consuming methods like the static chamber flux
method, which are commonly used to quantify CHa4 emissions (Yilmaz et al., 2021; Wang et
al.,2019; Levy et al., 2011), is using Unmanned Aerial Vehicles, or UAVs, to map larger areas.

Eddy covariance towers is one of the main conventional tools used for smaller local and
larger local scales, typically suitable for areas smaller than 100 hectares (Allen et al., 2014),
but can yield large uncertainties (Yong et al., 2024; Bolek, 2024). Moreover, eddy covariance
towers are fixed installations that require accessible terrain and long-term setup, making them
impractical for remote or spatially complex landfill sites (Meonster et al., 2019). The fixed setup
of eddy covariance towers leads to a limited surface coverage, hence that the quantification
does most likely not provide representative emissions for the whole landfill site (Menster et al.,
2019).

In contrast, UAV-based CHa quantification methods are easy to deploy and can be operated
over otherwise inaccessible or hazardous areas with minimal setup time (Allen ef al., 2014).
UAV-based CH4 quantification methods can also be used for a number of purposes over smaller
scales (Allen ef al., 2014), while delivering high-resolution spatial data over extensive areas,
while simultaneously offering time reductions during data collection (Tassielli ez al., 2025).

UAVs with a CHs sensor attached measure CH4 concentrations, and how the measured
concentrations are transformed into fluxes varies depending on flux calculation methodology
and assumptions made for modelling flux estimations. Despite the increasing interest in UAV-
based monitoring methods, a clear knowledge gap remains in developing standardized,
validated methods that can reliably quantify landfill emissions across different spatial and
temporal scales, with reduced uncertainty and operational feasibility for routine use.
Advancements in the latest years have offered enhancements of UAV-based methods to access
comprehensive flux estimation results that are representative for real-life situations (Liang et
al., 2024; Abichou et al., 2023).

2.5.1 Classic Mass balance flux approach
A mass balance flux approach combined with UAVs have been identified as a “promising

approach” by Allen ef al. (2019). Allen et al. (2014) identified a feasible mass balance method,
which follows equation 3:

z B
Flux = / / (SU — So)nijUJ_jj dxdz
0o Ja (3)



In this method, CHa flux is calculated by measuring how much CHa passes through an
imaginary vertical wall (called plane AB) that is placed downwind of the source and
perpendicular to the wind direction (Allen et al., 2014) seen in Figure 4. At each point on this
wall, the amount of CHa (Sjj - So) is measured in concentrations as molar densities, and the
background level (So) is determined from measurements taken upwind of the landfill (Figure
4), where only natural atmospheric emissions are expected and not emissions from the landfill.
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Figure 4: Conceptual sketches on how UAV-based measurements are taken. On the left, the

wall “Plane AB” is shown, which is measured downwind at the source, perpendicular to the

wind. On the right, flightpaths for Sjj(same as Plane AB) and background CH+ Sy (upwind to
the source) are shown.

The mole density of air (njj) is calculated using the ideal gas law, based on the air temperature
and air pressure at the time. Wind speed that moves air through the wall (U ;) is also measured
at each point in m/s. By multiplying these values together (nj, U, and (Si - So)) and
integrating them both vertically and horizontally across the wall, as in equation 3, the total CHa4
flux through the wall is found in kgh™".

To find the average emission per unit of surface, the total flux is divided by the area of the
landfill. The flight paths and sampling strategy need to be carefully planned to cover the plume
effectively and get the most accurate results possible (Allen et al., 2019).

This method of calculating fluxes, along with minor differences in flight paths with the
UAVs and assumptions, has been used as a basis of mass balance theory within UAV CHa
monitoring in several projects (Gélfalk et al., 2021; Fosco et. al., 2025; Scheutz et al., 2020).
ReSource Sverige AB, a company that delivers consultant services as well as operational
solutions, have been quantifying CH4 emissions through GASTRAQ, a method based on the
mass balance flux approach (Scheutz et al., 2020; Allen et al., 2014).



Recent advancements within UAV-based flux calculation methods include the Tracer
Dispersion Method (TDM), which has been used for multiple CHs emission campaigns, or
surveys (Delre et al., 2017; Mitchell et al., 2015; Reinelt et al., 2017), and is promoted by the
United States Environmental Protection Agency for source emission measurements (Foster-
Wittig et al., 2015). The United States Environmental Protection Agency considers TDM to be
reliable, and hence it is an often-used technique for fugitive CH4 quantification. A tracer gas,
often acetylene, is released at a known rate and compared with CH4 concentrations downwind.
The CHa4 flux is then inferred from the ratio of CHa to tracer in the plume (Foster-Wittig ef al.,
2015). While TDM is seen as reliable, it requires handling of gases on site and is thus less
convenient operationally; UAV performing direct CHs measurements are therefore logistically
simpler for routine monitoring.

2.5.2 The Drone Flux Method
The Drone Flux method, DFM, is often described as a mass balance vertical flux plane

approach, which directly computes CH4 emission rates by integrating the CHa passing through
a cross-sectional area downwind of the landfill (Shaw et al., 2021). In practice, a UAV has an
attached CHa sensor, together with an anemometer, and flies through the plume. The UAV
makes horizontal transects at multiple altitudes and maps the concentration distribution. The
flux is then calculated by integrating the plume's CH4 enhancement above background CHa
times the perpendicular wind speed over the plume's cross-sectional area (Knudsen & De Rossi,
2022). The reported uncertainties (~50%) were dominated by variability in background CHa
and wind measurements but were comparable to uncertainties of ground-based methods where
the anemometer is mounted on masts on the ground.

Another study, Galfalk et al. (2021), deployed a custom UAV with the onboard CH4 analyser
MIRA Pico (Aeris Technologies, USA) and the 3D anemometer TriSonica Mini LI-550 (LI-
COR, United States), eliminating the need for ground-based wind masts. The sludge landfill
from a wastewater treatment was the focus of their project, where the quantified emissions from
January 2020 were compared to a prior study at the same wastewater plant lasting a year using
an Ultraportable Greenhouse Gas Analyzer (UGGA) (Los Gatos, Switzerland) (Gélfalk et al.,
2021). Furthermore, the results were compared using ground-based hyperspectral remote
sensing measurements on the same wastewater plant (Gélfalk et al., 2015). These three results
agreed with each other, leading to the assumption of a correct quantification of CHa emissions
from the landfill (Galfalk et al., 2021).

Similarly, Fosco et. al. (2025) developed a UAV mass balance approach and tested it on an
Italian municipal landfill. The results yielded values 2 to 4 times higher than those found from
flux chambers and stressed the ability of UAV based measurements. A significant development
for this approach was made by the validation study by Scheutz et al. (2025), who utilized the
Drone Flux Method for the updated mass balance approach. Scheutz et al. (2025) tested the
DFM on multiple scenarios, like single versus multiple leaking sources of CHa, and leaking
CHa close to the ground versus CHa plumes from the landfill that have risen to higher elevations.
To simulate these conditions, a controlled release of CHa at a constant flow rate was simulated,
where both the Tracer Dispersion Method (TDM) and the DFM were tested. The UAV-derived
fluxes were within +33% to —35% of the true values from a controlled release of CHs when the
DFM was tested, whereas a strong agreement was found between DFM and the TDM (Scheutz
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et al., 2025): often known as a gold-standard technique (Delre ef al., 2018). The study showed
that a well-executed DFM can match TDM results within a few percent (Scheutz et al., 2025).

2.5.3 GASTRAQ
Similar to DFM, GASTRAQ utilizes UAVs to measure various atmospheric variables. The

UAV, is equipped with GLA131-GGA (ABB-Los Gatos, Switzerland), a CHa4 gas sensor, and
flown downwind of the area of interest at increasing heights. To know the optimal flight paths,
a screening flight is done to assess where the plume is located on the area of interest (ReSource
Solutions Sverige, 2025).

In order to incorporate the wind component, ReSource Sverige AB uses one mast, with the
anemometer TriSonica Mini LI-550 (LI-COR, United States) mounted at 2 and 10 meters above
ground level. Their method, therefore, bases its wind assumptions on ground-based
measurements and assumes uniform wind behaviour at ground-level, applicable in the inertial
surface layer, as they are using a modelled wind profile based on the fixed mast readings
(ReSource Solutions Sverige, 2025). This is the main difference between the GASTRAQ
method and DFM. Hence, compared to DFM and due to reliance on ground-based wind
measurements, GASTRAQ is particularly vulnerable to inaccuracies arising from variable wind
profiles according to Scheutz et al. (2025)’s recommendations. Choosing the right wind
conditions is also part of the methodology, to reduce uncertainties coming wind speed
variations. When high winds are present, the velocity gradient is pronounced along the vertical
profile, which increases the measurement uncertainty, especially near the surface (Fosco et al.,
2025). Consequently, when wind speeds exceed 6-7 m/s, the uncertainty in the estimate is
increased (Fosco et al., 2025). Additionally, variations in wind direction increase the
uncertainty of the flux estimates (Allen et al., 2019; Yong et al., 2024). The UAV is therefore
needed to be deployed during the most favourable environmental conditions (wind speeds lower
than 6-7 m/s, with low but still with fully developed turbulent conditions) to apply the ground-
based wind measurements and it’s logarithmic profile as proxy for the different conditions up
at the altitude of the UAV. A logarithmic profile still requires steady state and fully developed
turbulent conditions, flat and horizontal homogeneous areas, and being in the inertial surface
layer (ReSource Sverige AB, 2025).

2.5.4 The Wind Components
The mass balance formula divides concentrations by wind speed, so any error in wind

measurement translates directly to flux error. As GASTRAQ and DFM handle wind differently,
differences in wind component errors will be found. Both Scheutz et al. (2025) and Knudsen &
De Rossi (2022) utilized CHa sensors and anemometers that are both attached to the UAVs,
which eliminates the need for ground masts. As GASTRAQ calculates an average wind profile
over the flight duration (ReSource Sverige AB, 2025), which is explained more in depth in 3.2.3
The GASTRAQ method, the assumptions somewhat compensate for issues like time variations
and differences in the wind profile.

2.5.5 Diode Laser Absorption Spectroscopy
To measure CHa concentrations directly from the UAV, Diode Laser absorption Spectroscopy

(TDLAS) has been utilized for multiple studies in the latest years (Knudsen & De Rossi, 2022;
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Galfalk et al., 2021). The GASTRAQ method uses a more robust TDLAS cavity ring
spectroscopy GLA131-GGA (ABB-Los Gatos, Switzerland) (Scheutz et al., 2020), while
Galfalk et al. (2021) utilized the MIRA Pico (Aeris Technologies, USA). Diode Lasers are good
light sources when used for absorption spectroscopy as they have smooth wavelength tunability,
easy manoeuvring, and high accuracy (Wang et al., 2024). Details on TDLAS, and TDLAS
cavity ring spectroscopy, can be found in Appendix D.

3 Methods

3.1 Case Study Sites and GASTRAQ Method Application
Two landfills were used as examples of the usage of GASTRAQ. With these case studies, on

Ronneholm and Filborna landfill, the accuracy of the GASTRAQ method was assessed. To
assess the accuracy of GASTRAQ), results (a clarifying flowchart and source of the procedure
can be seen in in Appendix A) from previous projects conducted by ReSource Sverige AB were
examined and compared to a practical analysis with the DFM. Results from four campaigns
using GASTRAQ were assessed and qualitatively compared to Drone Flux Method outputs,
focusing on relative error and uncertainty. The campaigns include 2 from Filborna and 2 from
Ronneholm, where both sites are landfills and located in Sweden.

What is missing from the information of the landfills are the exact nature of the research
sites, like landfill composition. It is therefore important to note that only indirect comparison
could be done to assess the accuracy of GASTRAQ when comparing with the method DFM.
What was comparable were the yielded relative errors calculated using the same formula seen
in 3.3 Uncertainty testing, and the rest of the comparisons were realized through discussion.

3.1.1 Filborna Landfill: Site Characteristics and GASTRAQ Campaign
In October 2023 and November 2024, two campaigns were executed by ReSource Sverige AB

to quantify CHa4 on Filborna landfill in Helsingborg, Sweden. Filborna landfill (Figure 5) is
operated by Nordvéstra Skanes Renhéllnings AB, which has been in operation since 1951
(Nilsson, 2008). The landfill is estimated to be around 35 hectares (Mdller, 2022; ReSource
Sverige, 2025). The waste that is found along this site is for example industrial and commercial
waste, household waste, and waste sludge. Additionally, Filborna has one biogas collection
facility site of 1 hectar within its area (ReSource Sverige AB, 2025) which has been in operation
since 1985 (Scheutz et al., 2020).
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Figure 5: An overviewing aerial photo of Filborna landfill (marked in blue) situated in
Helsingborg, Sweden. Modified image from ©Google Earth 2025.

3.1.2 Ronneholm Landfill: Site Characteristics and GASTRAQ Campaign
In March 2024 and May 2024, ReSource Sverige AB surveyed the Ronneholm landfill for

fugitive CHa. Ronneholm Landfill (Figure 6), situated in Eslov, Sweden, collects waste from
sources such as construction and demolition waste from households, asbestos, concrete and
brick, and garden waste (H66rs Kommun et al., 2024). The responsible operator over this
landfill is Merab, who has 6 landfill areas for waste management where Ronneholm landfill is
the largest site with an area of approximately 28 hectares (Eslovs Kommun et al., 2024;
ReSource Sverige AB, 2025).
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Figure 6: An overviewing aerial photo of Ronneholm landfill (marked in blue), situated in
Eslov. Sweden. Modified image from ©Google Earth 20235.

3.1.3 GASTRAQ Methodology: Data Collection, Wind Modeling, and Flux Calculation
GASTRAQ utilizes the ground-based anemometer TriSonica Mini LI-550 (LI-COR, United

States) to measure various atmospheric variables, including: temperature, air pressure, and
relative humidity. The UAV Matrice 600 Pro (DJI, United States) is equipped with the CHa gas
sensor GLA131-GGA (ABB-Los Gatos, Switzerland), and flown downwind of the area of
interest at increasing heights (ReSource Sverige AB, 2025).

Each data point will have a measured concentration after the source that is estimated with
TDLAS cavity ring spectroscopy, measured in ppm. Atmospheric (background) CHa is later
measured with the UAV by flying upwind before the sampling of the plume. Background CH4
(So) is then subtracted from the total CHs (Sjj). The concentration is later converted into an
absolute mass concentration Cy, with equation 4 (Scheutz et al., 2020).

Vair | Ts

Cm = ppmv - e

Mmethane Tm Ps

Pm

“)

Where:
- Cy = absolute mass concentration of CH4 (kg/m3)

- ppmv = parts per million of gas (ppm)

- V.r=molar volume of air at standard conditions (~22.4 liters)
- Mchu, = molecular weight of CHa (~16.0425g/mol)

- Ts = standard temperature (273.15K)

- Tm=median measured temperature (K)

- Pm=median measured pressure (mB)

- Py = standard pressure (1013mB)

The absolute mass concentrations of CHa for each measurement point needs to be incorporated
together with wind speed to convert the data into fluxes. As the wind profile varies with its
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vertical and horizontal axes, ground-based measurements are used to estimate the average
logarithmic wind profile to somewhat compensate for vertical variations and variations in time
of the wind field. The velocity at the height z above ground v is then calculated with equation
5 (ReSource Sverige AB, 2025).

VA
)
20

Where:
- v>=wind speed at the bottom anemometer (m/s)

- vi = wind speed at the top anemometer in (m/s)

- z1 = height above ground of the top anemometer (10 meters)

- 7> = height above ground of the bottom anemometer (2 meters)

- zo = surface roughness length (m)

- d = zero plane displacement

- Vier= wind speed measured at the top ground-based anemometer (m/s)

- v,=velocity at the height z above ground (m/s)

The absolute mass concentration was then divided by the estimated wind speed, to acquire the
CHe. flux in kilograms CH4 per m? and hour (kg m2 h'!). Lastly, the CHa fluxes were interpolated
using Ordinary Kriging to generate a cross-section of the gas plumes, in 2D, where an example
can be seen in Figure 7. An integration of the kriged result found the total flux volume of the
area, in kgh™' (Scheutz et al., 2020). As another visualization, to quantify if the size of the
landfill affects the model accuracy, the total CH4 flux for every campaign was divided by the
size of the landfill, in the unit hectare to get the flux in the unit kg ha™! h™.

Ordinary kriging estimation
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Figure 7: This is a cross-sectional heatmap plot of CH« flux estimates, where CH4 plumes
(red “clouds”) can be seen. The UAV measured CH4 concentration on the transects (dark
green points), and were later interpolated with Ordinary Kriging, where the black line
represents the ground. This example was generated on the Filborna campaign. Source:
ReSource Solutions Sweden (2025).

Kriging is a local statistical interpolation method, meaning that the surface may be modelled as
a random probability distribution surface. It uses a group of different local interpolation
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methods, where Ordinary Kriging has the mean value as unknown and the mean is instead
determined during the interpolation (Stadler et al., 2023). Ordinary Kriging has been widely
used in atmospheric science (Tadic et al., 2017; Morales et al., 2022; Bolek et al., 2024) and is
suitable when there is a large number of data points as a random function (Lister et al., 2000).
Yong et al. (2024) highlights the need for geospatial interpolation of sparse sample data by
using Kriging to fill in unsampled regions of the plane to avoid bias if sampling misses peak
concentrations: and was therefore used for this data set.

3.2 Analysis of Measurement Data Using DFM

3.2.1 Data and instrumentation
To compare GASTRAQ with the Drone Flux Method by Knudsen & De Rossi (2022), UAV

based measurement data was accessed from Galfalk ez al. (2021). The data was divided into 3
flights, hence 3 parts: and was collected on the 24 of January 2020. The study area was on a
sludge landfill on a wastewater treatment plant in Link&ping, Sweden, with a size of 35x35 m
(or 1225 m?). The flight paths consisted of vertical plane flights and the data collected included
the following: log time, coordinates (long/lat), altitude, wind speed and wind direction from the
anemometer TriSonica Mini LI-550 (LI-COR, United States), air pressure, air temperature,
relative humidity, and CHa concentrations in ppm by using the MIRA Pico (Aeris Technologies,
USA). At each point, the CH4 concentration was measured, and the background level (So) was
determined from measurements taken upwind of the landfill. The UAV Matrice 210 (DJI,
United States) was flown manually at a set speed of 1 m/s to avoid obstacles and to keep
accuracy high.
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Figure 8: Measurement points from flight 1(black), 2 (white), and 3 (grey) are shown in the
study area as points. The flight tracks used for this project are vertical planes, along with the

horizontal surface. Source: Galfalk et al. (2021). Projection: SWEREF 99
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3.2.2 Drone Flux Measurement Method
The recent Drone Flux Measurement Method (DFM) was used to compare with the GASTRAQ

method, where the DFM uses the same foundation as GASTRAQ as they both are mass balance
methods, but they differ in how to obtain and apply the values required for the flux calculation.
Knudsen & De Rossi (2022) measure wind and CHa at the same place and time, minimizing
mismatch. Wind fluctuations (gusts, veers, lulls) are captured as they occur in the plume.

In this thesis, I performed all flux calculations based on the methodology by Knudsen & De
Rossi's (2022) and Scheutz et al.'s (2025) validations. A clarifying flowchart and source of the
procedure can be seen in in Appendix A.

The data set from Galfalk er al. (2021) obtained by the UAV has the required CHa
concentrations, as background So and total CHa concentrations S;j, where the background was
subtracted to get CHappm. CH4ppm Were converted into an absolute mass concentration CHmethane,
which was done through equation 6, derived from the ideal gas law.

_ CH4ppm .MCh4.P
Cmethane = RT (6)

where:
- Crnethane = absolute mass concentration (mg/m?)

- CHuppm = CHa4 concentration (S; - So) (ppm)

- M = molecular weight of CHa (=16.04 g/mol)
- P =atmospheric pressure (Pa)

- T =temperature (8)

- R =the universal gas constant (8.314 J/(molK))

Wind speed was subsequently accounted for to acquire the flux, as errors in wind speed can
cause significant flux errors (Scheutz et al., 2025). The measured wind components were used
to calculate the difference between the wind’s direction and the wall-normal direction to get the
component of wind velocity that is perpendicular to the wall (normal wind speed).

I then calculated flux density by dividing this component with the corresponding CHa
absolute mass concentration to yield a local mass flow rate. These calculations were lastly
interpolated using ordinary kriging, and zonal statistics were applied over the interpolated
fluxes to compute the total CHa flux in kgh™'. As another visualization, to quantify if the size
of the landfill affects the model accuracy, the total CH4 flux for Link&ping campaign was
divided by the size of the landfill, in the unit hectare, to get the flux in kg ha™ h'!.

3.3 Uncertainty testing
To assess accuracy for the DFM and GASTRAQ, an uncertainty test was conducted based on

the approach developed by Allen et al. (2018). The test has been performed using data from
ReSource Sverige AB’s measurement campaigns (ReSource Sverige AB, 2025) and the flux
estimates obtained from the Linkoping landfill. ReSource Sverige AB performed the
uncertainty testing for the campaigns where GASTRAQ was used, while I performed the
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uncertainty testing for the campaign where the DFM was used. Equation 7 was utilized for all
uncertainty quantifications.

= FZN\/“—?+"—3+%+ 2, +%
AR A N ™)
Where:

- or = total flux uncertainty (1) summed over N grid cells for the entire flux plane (kgh™)

- F =total flux (kgh™)

- of= standard deviation of measured mass concentrations in each cell (kgm™)

- o< =instrumental measurement precision (ppm)

- f =mean point flux (kgm?h ")

- X =mean measured concentration in each cell (ppm)

- ows = standard deviation of measured wind speed across measurement period (m/s)
- WS =mean wind speed (m/s)

- 0%yq = standard deviation of background emissions (unitless)

- o02p = standard deviation of background emissions (ppm)

- B =mean measured concentration in each grid cell of the background plane (ppm)

—
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Figure 9: A simplified flowchart on where data was derived from and what procedures were
done to get a relative error for each landfill campaign. The data sources (grey), responsible
for the procedure (white), and the produced results (pink) are shown within the flowchart.

|

4 Results

4.1 CHas Flux Quantification from GASTRAQ Campaigns

The two campaigns done on the landfill site Filborna on yielded measured fluxes of 111.1 kgh™
on October 2023 and on November 2024, the same area rose to a flux of 129.8 kgh™, seen in
Table 2. The relative errors corresponding to the calculated CH4 emissions fluxes are seen in
Table 2.
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Table 2: The results yielded from the GASTRAQ method, measured and modelled by
ReSource Sverige AB. Calculated CHy flux, averaged over number of flights are shown. The
relative errors from uncertainty testing are shown per campaign, in kgh™. The relative errors
describe how much the CHy fluxes from Table 2 can deviate, calculated by ReSource Sverige
AB as in equation 7. To distinguish between campaigns, see Date.

Campaign n of Date Area (ha) | Total CH4 emissions Relative error
flights flux (kgh™) (kgh™)
Filborna 7 October 2023 36 111.1 kgh™! +33.2
Ronneholm 6 March 2024 28 9.0 kgh™! +8.7/-7.5
Roénneholm 9 May 2024 28 13.0 kgh™ +11.1/-8.7
Filborna 9 November 2024 36 129.8 kgh™! +119.3/-51.4

The errors for the measurements done range asymmetrically in all campaigns except Filborna
in October 2023 seen in Table 2, meaning that the other campaigns had an asymmetrical
distribution of data points around the central value. It is seen that the only symmetrical error
reflects a well-behaved dataset with minimal bias, stable wind conditions, and consistent plume
capture during all flights. The estimate is just as likely to be overestimated as underestimated.
One thing to note is that all campaigns have at least 3 flights, which correspond well to
recommendations given by Scheutz et al. (2025), as increased flights decrease uncertainties.
Ronneholm landfill has varying ranges of error within its site, although on different days. In
March 2024, the relative error range was +8.7/-7.5 kgh™', while the same site yielded a relative
error of +11.1/-8.7 kgh™' in May 2024. That is an increase of 2 percentage points in the positive
error range, and a decrease of 1.2 percentage points in the negative range
To contrast, the two surveys done on Filborna landfill produced errors that are hugely different.
In October 2023, the differences are &+ 33.15 kgh™' (Table 2), while the errors in November
2024 were +119.3/-51.4 kgh™! (Table 2). That is an increase of 86 percentage points in the
positive error range, and a decrease of 18 percentage points in the negative range.

4.2 CHs Flux Quantification Using DFM

CHa concentrations measured during flights 2 and 3 are visualised in Figure 10 through
interpolation made by the author or this thesis, where flight 2 and 3 have visual differences in
CHa concentration hotspots. The largest difference seen visually is the hotspot on the north wall
seen through flight 2. This is not as visible in flight 3. They do however have multiple closer
similarities where the eastern wall seems to be high in CHa4 concentrations in both, suggesting
that the highest emissions will be seen is on the eastern wall and southeast corners.
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Figure 10: Horizontal maps of Linkoping landfill and its CH4concentrations in ppm, using
UAV measurement data from Galfalk et al. (2021). The concentrations have been interpolated
to show distribution over the sludge landfill with the size 35x35 m. Flight 2 (4) and flight 3
(B) is shown respectively. See Figure Al in Appendix A for details on the interpolation
procedure. Projection: SWEREF 99 TM

The third and second flight have some different flight paths (seen in Figure 12). As the first
flight mostly only measures the edges of the landfill (see Figure 12), not taking the west side
into account, the hotspot map for flight 1 was chosen not to be included, as it generated an
extremely heterogeneous hotspot map not suitable for hotspot mapping on its own. It was,
however, used to generate a more fully mapped area with all flights combined, seen in Figure
11, which was interpolated with Kriging. Here, with the combination of three flights, the
hotspots still seem to be seen on the eastern wall, along with two more hotspots closer towards
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the centre of the landfill. This combined interpolated surface also suggests that the
concentration of CHa is higher along the eastern border, along with two more hotspots that can
be seen in both Figure 10 and Figure 11.
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Figure 11: Horizontal map of Linképing landfill and its CHy concentrations in ppm for all
Slights, using UAV measurement data from Galfalk et al. (2021). The concentrations have
been interpolated to show distribution over the sludge landfill with the size 35x35 m”"2.
Concentrations are based on absolute CH 4 concentrations, background CHq included
including the background level. See Figure Al in Appendix A for details on the interpolation
procedure. Projection: SWEREF 99 TM

The measurements taken during the three flight paths can be seen in Figure 12. The second
flight was done between 12.44 pm and 12.54 pm on January 2020 (see Appendix B), and the
third flight was done between 12.59 and 13.08 pm on January 2020 (see Appendix B). These
two flights are seen to be more spread out and cover a larger surface compared to flight 1. Flight
1 was measured between 12.32 pm and 12.40 pm on January 2020 (see Appendix B). The
purpose of flight 1 path was to look at specific walls (Galfalk et al., 2021), whereas the purpose
of this project is to focus on the flux of the entire area. Therefore, even though the path was not
covering the entire area, it was still chosen to generate the total flux as it would only increase
the accuracy of the later interpolated result.
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Figure 12: Measurement points from flight 1(black), 2 (white), and 3 (grey) are shown in the
study area as points. Data source: Galfalk et al (2021). Projection: SWEREF 99 TM

The CHa4 flux for Linkdping landfill on January 2020, through using the DFM method, yielded
a total flux of 8.21 kgh™'. The results are yielded from the DFM method, where the calculated
CH4 emissions flux was averaged over number of flights. There were three number of flights
used for the calculation, and the relative error derived from uncertainty testing for the total CHy
flux 1s £1.36 kgh™, or £16.6%. The uncertainty seen in Linkdping waste landfill in January
2020 is symmetrical, where the symmetry suggests a symmetrical distribution of data points
around the central value. This flux is based on absolute CH4 concentrations, including
background CH4, on the sludge landfill with an area of 1225 m?.

4.3 Qualitative Comparison Between Landfill Sites

To compare CH4 fluxes between Ronneholm, Filborna, and Linkdping Landfill, total CHa flux
can be divided with area, which has been visualized in Table 3. Ronneholm then produced 0.3
kg ha'h! of and 0.5 kg ha' h! of CH4 in March 2024 and May 2024 (respectively). Filborna
produced 3.1 kg ha! h'! and 3.6 kg ha! h'! of CH4 in October 2023 and November 2024
(respectively). A large leap to Link&ping wastewater sludge landfill can be seen, with 67.0
kilograms of CH4 per hour per hectare.
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Table 3: CH4 Flux per hectare for all landfill surveys. The CH4 flux of Linkoping campaign
was calculated by using the Drone Flux Method, while the CH4 fluxes on Filborna and
Rénneholm landfills were calculated by ReSource Sverige AB using GASTRAQ.

Campaign Date CH, Flux per hectare (kg ha' h'")
Linkoping Jan 2020 67.0
Filborna Oct 2023 3.1
Rénneholm Mar 2024 0.3
Roénneholm May 2024 0.5
Filborna Nov 2024 3.6

5 Discussion

5.1 Comparison of GASTRAQ and DFM Flux Estimates
Extremely varying calculated CH4 fluxes can be seen in Table 2, estimated with the GASTRAQ

model. These variations likely reflect a combination of real-world differences in emission rates
between sites, and methodological limitations inherent to the measurement systems. In
campaigns with highly asymmetric error margins, like Filborna November 2024, the wind
model may have not accurately represented plume dynamics, resulting in over- or
underestimation.

Furthermore, a large difference in total CH4 emissions may be seen when comparing the
total flux of Linkoping landfill (Table ) with the total fluxes of Ronneholm and Filborna
landfills (Table ). These large values suggest that Filborna is not comparable to the landfill site
Ronneholm, just as the total flux for Linkdping landfill cannot be compared to Ronneholm and
Filborna: as the sites are too different. Filborna landfill has a biogas plant within its area to
actively collect CHa gas, making it different from Ronneholm and landfill, and Linkoping
landfill is much smaller compared to Ronneholm and Filborna landfill, which is another
difference between the three. Linkdping landfill is also the home of wastewater sludge, causing
the landfill to emit large amounts of CHa. Typically, 40-45% of the volatile matter in the feed
sludge is converted to CHa and CO., where leakage of CH4 is unavoidable and forms one of the
major sources of CHa released during sewage treatment (Hobson, J., 2000).

The differences discussed above suggest that these three landfills, Filborna, Rénneholm, and
Linkoping, are fundamentally different with different characteristics, and it is therefore more
suitable to compare these methods qualitatively: looking at the two methods general strengths,
weaknesses and practical behaviour, rather than trying to determine which method is “better”
through these direct flux estimates derived through different methods alone.

5.2 Spatial Coverage and Measurement Density
The differences in number of flights in Table 2 is explained through the fact that mapping the

arcas needed several measurement rounds, as the size of the landfill sites varied. Filborna
landfill is 36 hectares in total, while Ronneholm landfill is 28 hectares, meaning that the likely
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difference in number of flights may be explained through the difference in area. All campaigns
at the Filborna and Ronneholm landfills included at least six flights, reflecting the fact that these
sites are larger than the Linkdping landfill and therefore required more flights to cover the entire
area. In contrast, the survey of Linkdping landfill only had 3 flights performed. This can be
explained by the fact that the sludge landfill is 1 225 m?, or ~ 0.12 hectares, meaning that to
map this smaller area, 6 to 9 flight paths may not make sense due to the area size being
approximately 300 times smaller than Filborna landfill and 230 times smaller than Rénneholm
landfill.

Each campaign has its own challenges which could explain why there will be differences in
the number of flights. Wind fluctuations are seen for Filborna and Ronneholm landfills, but also
for Linkdping sludge landfill, in Appendix B. In May 2024, winds above 6.6 m/s were recorded
on Ronneholm landfill (Table A4), while winds above 7 m/s were recorded in October 2023
(Table A2) and November (Table A5) 2024 on Filborna landfill. To contrast with lower wind
speeds, Ronneholm landfill in March 2024, had recorded wind speeds of 0.8-2.1 m/s (Table
A3). Consequently, Ronneholm landfill in March 2024 is the landfill with the lowest negative
and positive error, which means that higher error may indicate higher wind speeds.

Link&ping sludge landfill in January 2020 had recorded wind speeds over 3.8 m/s (Table
Al) at the time of the surveying, but as the wind speeds were recorded differently between
GASTRAQ and DFM (ground-based and UAV-based), the wind assumptions will directly
affect the scale of uncertainty. Since GASTRAQ used stationary anemometers, and since the
wind speeds exceeded 6-7 m/s, the uncertainty in the estimate is increased (Fosco et al., 2025).

Taken together, the differences in spatial coverage, area size, and meteorological conditions
affect how effective UAV-based measurement campaigns can be, and that the flight path
decisions and the spatial coverage need to be tailored to individual sites as every landfill is
fundamentally different. Larger sites will naturally require more extensive coverage and more
flight paths, but smaller sites demand multiple flights as well if atmospheric conditions
introduce significant variability.

5.3 Suitability of Methods for Routine Monitoring
A study (Scheutz et al., 2020) commissioned by The Technical University of Denmark (DTU)),

Lund University, Sweco Environment, FORCE Technology, and ReSource Sverige AB, used
multiple methods (DFM and GASTRAQ included) to assess if UAV-based technology held up
against traditional methods like ground-based plume measurement and surface flux chambers
(Scheutz et al., 2020). The study was executed on real landfill settings, and the resulting flux
estimates from the UAV-based methods agreed closely with the results when the TDM was
utilized as a reference method. This study provided the first clear evidence that UAV-derived
emissions can “give similar results to the currently accepted tracer dispersion method” in real
landfill settings (Scheutz et al., 2020).

Routine operational monitoring at landfills needs methods that are practical to deploy,
reliable under varying field conditions, and capable of delivering data with minimal delay. By
comparing GASTRAQ and DFM, considerations regarding setup complexity, assumptions, and
real-time data availability are needed to see how suitable the methods are in certain conditions.

GASTRAQ surveys involve more field setup due to their reliance on ground-based wind
measurements, where the wind model assumptions may directly translate to error in the flux
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calculation. In practice, short-term gusts and wind direction shifts during a flight may not be
captured by the masts, making the GASTRAQ flux estimates sensitive to wind
mischaracterization. Therefore, its uncertainty may be higher if wind conditions are more
turbulent (Wilson et al., 2022) which makes GASTRAQ mostly suitable for weather conditions
with lower wind speed (Simon et al., 2022).

In contrast, DFM integrates wind onboard the UAV: eliminating the need for separate wind
measurement infrastructure on the ground. Therefore, deployment of the UAV will be simpler,
as the only requirement is to have the anemometer some distance from the propellers (Knudsen
& De Rossi, 2022). Furthermore, as the wind component is measured on board the UAV, flux
calculations should be more accurate during less steady wind conditions (Cossel et al., 2023).

5.4 Influence of Wind Modeling on Flux Accuracy

A strength of the DFM method is the integrated wind measurement, which captures the
complex wind variations during each flight and thus improves flux estimation when winds are
unsteady (Knudsen & De Rossi, 2022). Scheutz er al. (2025) specifically highlight that
measuring wind on the UAV (rather than relying on a single point measurement) yields better
results, as it accounts for temporal and/or spatial variability in the plume transport. The study
even noted that by using a fixed wind averaged over a flight, significant errors in fluxes may
occur (up to the largest errors in their tests) (Scheutz et al., 2025). Both Scheutz et al. (2025)
and Gélfalk ef al. (2021) utilized CHa sensors and anemometers that are both attached to the
UAVs, which eliminates the need for ground masts. However, due to the wind speed and
direction being measured directly on the UAV in the DFM method, a consistent error can be
found in the wind direction component (Scheutz et al. 2025), as the direction of the wind should
be perpendicular to the wind to see how much CH4 passes through the wall (Allen et al., 2014).

ReSource Sverige AB uses ground-based sensors in masts for GASTRAQ, meaning that any
short-term gust that occurs while the UAV is sampling would not have the same variation seen
by ground-based sensors, where ground-based wind measurements differ from UAV-based
wind measurements in studies like Galfalk et al. (2021), especially when altitude increases (Han
et al., 2024). Therefore, GASTRAQ is more suitable for conditions with lower turbulence
(Simon et al., 2023; Yong et al., 2024) and wind speeds lower than 6-7 m/s (Fosco et al., 2025).

Some of these sources of uncertainty are considered when ReSource Sverige AB are
quantifying CHa fluxes. These include averages of wind speeds over the course of each flight,
where large uncertainties are associated (ReSource Sverige AB, 2025). Wind direction
measurements are also a source of uncertainty that they explore. As the plane is plotted at a
rough 90 degrees to the wind, asymmetrical errors may occur when the angle changes (Scheutz
et al., 2020). ReSource Sverige AB (2025) state that this error is typically less than 5%. To
compare this statement, Scheutz et al. (2025) performed wind direction accuracy tests of
anemometers for ground-based and UAV-based wind measurements, where the errors of wind
direction varied approximately +10% from the reference angles both around the vertical and
horizontal axes. This is an error estimation larger than ReSource Sverige AB (2025), where
Scheutz et al. (2025) tested multiple scenarios of anemometers being attached to the UAV, as
well as where anemometers were ground-based.
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5.5 Limitations and Sources of Uncertainty
Based on the relative errors seen visualized in Appendix C the relative errors in CHa4 flux

estimates across different GASTRAQ campaigns vary widely, where campaigns like Filborna
(November 2024) had high asymmetric uncertainty. The study by Fosco ef al. (2025) explains
that when a plume is measured, it is associated with peaks and asymmetry in the distribution of
data. This has been reported by several other authors like Allen ef al. (2019) and Yong ef al.
(2024). Fosco et al. (2025) goes on to state that “numerous field tests have corroborated these
findings. For instance, when analysing measurements taken from areas influenced by a plume,
it is often seen that concentrations are significantly higher in some points, leading to a right-
skewed distribution.” (Fosco et al., 2025). This variability and asymmetry seen in using
GASTRAAQ likely then stems from a combination of site-specific conditions as well as plume
capture.

5.5.1 Instrument and Methodological Uncertainties
Instrumentation can also be an uncertainty affecting flux estimations. Details on the precision

of CHa sensor can be found in Appendix D, but as the differences are seen to be small and the
TDLAS instruments are seen to be a reliable tool (Wang ef al., 2024) with smaller errors
influencing the results, they will not be discussed in detail here.

Wind variations also affect the UAVs stability and thus the wind measurement accuracy.
Strong winds may cause the UAV to pitch or yaw as it tries to maintain a stable flight, which
in turn can disturb the anemometer readings. Furthermore, propeller-induced wind turbulence
can skew the true wind speed and wind direction if the sensor is too close to the rotors. The
UAV’s propellers generate turbulence (downwash and vortex effects) that may bias the
anemometer’s readings, so careful sensor deployment is critical. Studies (Knudsen & De Rossi,
2022; Scheutz et al., 2020) emphasize mounting the anemometer at a sufficient distance above
or below the rotor plane to minimize propeller interference. This is further highlighted by Ding
et al. (2022) who recommended that wind disturbances will be significantly reduced if the
anemometer was placed at least 30-50 cm above the rotor plane (Ding ef al., 2022).

The precision and response of the anemometer itself also influence data quality, as any
measurement bias or slow response will propagate into flux calculations. The anemometer
TriSonica Mini LI-550 (LI-COR, United States) has an uncertainty of 0.1 m/s for wind speed
and 1° for its wind direction and was used both for the data collection for the GASTRAQ’s case
studies (ReSource Sverige AB, 2025) and during the data collection done by Gélfalk et al.
(2021). Consequently, the errors, although small, will in theory be the same for all the
campaigns and therefore not an issue that might affect the comparison between GASTRAQ and
the DFM.

The variation in uncertainty across GASTRAQ campaigns appears to stem primarily from
differences in wind conditions. For example, the campaigns exhibiting highly skewed
uncertainty (Filborna, November 2024; Ronneholm, May 2024) likely due to high wind speeds
that were not fully captured by the fixed ground-based anemometers used in GASTRAQ,
especially on large sites like Filborna and Ronneholm, where full plume capture is more
difficult (Morales et al., 2022). By contrast, campaigns such as Linkdping (2020), using the
Drone Flux Method, showed relatively low and symmetrical error bounds. Smaller sized
landfills seem to be more effectively mapped, as their limited size allows for more complete
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spatial coverage with a smaller number of flights. This improves the method’s ability to account
for both temporal and spatial wind variability during data collection. These findings seem to
describe that if the size of the landfill is larger, the reliability of UAV-based flux estimates may
be compromised under rapid changes in atmospheric conditions or limited spatial coverage,
where studies like Wilson ef al. (2022) and Simon et al. (2023) further support this claim.

Differences in methodology, whether that be the speed of the UAV or the UAV being
manually steered, will have an impact on the accuracy of the CHa flux estimations (Galfalk et
al., 2021; Yong et al., 2024): both for the DFM and the GASTRAQ model. The speed of the
UAV will influence the initial resolution before interpolating, which means that the UAVs
speed will control how dense the measurement data will be. ReSource Sverige AB uses a set
speed for a transect but the speed varies depending on the area of interest (ReSource Sverige
AB, 2025). To contrast with the case studies, and in turn to contrast with the GASTRAQ
method, the data from Linkdping landfill which was used to test the DFM method Gélfalk et
al. (2021) used a set speed of 1 m/s when steering the UAV. The differences in UAV speed
could have a large impact on the data sampling, as a higher speed may underestimate true
releases of CHa4 (Nathan et al., 2015) as it is attributed towards incomplete sampling of CHa
plumes: especially during highly variable weather conditions (Morales et al., 2022). Controlled
release experiments (Morales, et al., 2022) have demonstrated that during unstable wind
conditions, faster or sparser UAV transects can underestimate true CHa emissions by around
11% (Morales, et al., 2022), as a coarse spatial resolution, which can arise from flying too
quickly, will underestimate the size of the plume compared to a finer spatial resolution which
can be generated through lower wind speeds (Mohammadloo et al., 2025).

5.5.2 Validation
By using the Drone Flux Method to quantify whole site CH4 emissions on Linkdping landfill,

aresult of 8.21 £1.36 kgh™! was yielded. When Gélfalk et al. (2021) calculated whole site CHa
emissions on the same landfill with the same dataset, the yielded result was 178.4 kilograms of
CHa per day, or 7.4 kilograms of CHa per hour when using their mass balance theory approach
on the same data. To enable a valid comparison the results from Linkdping landfill, which was
calculated using the DFM for this project, were derived using the same dataset with the same
mass balance theory foundation as Galfalk et al (2021). A difference between Galfalk et al.
(2021) and my calculations yielded a difference of ~ 0.78 kgh™!, which is a difference of 9.49
%. When viewed in the context of the uncertainty ranges discussed in this paper, where relative
errors using UAV-methods can range between +30% to over +100% depending on site
conditions and wind modelling; this 9.49% deviation falls well within expected and acceptable
bounds. The similarity not only reinforces the validity of DFM, but also suggests that under
optimized conditions, different UAV-based mass balance approaches can yield comparable flux
estimates. The difference of 9.49% may therefore be seen as a good agreement between the two
results, as the difference may be explained through interpolation differences or differences in
methodology, as both results exhibit similar patterns in flux density.

The DFM was thoroughly validated by Scheutz et al. (2025) through both controlled release
experiments and comparisons with the standard reference method TDM. These validations
included practical field trials. In the controlled release tests, the DFM produced results within
+33% and —35% of the true values. During field trials, the DFM estimated a CH4 flux of 25.3
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+ 6.2 kg/h, which closely matched the TDM reference method’s estimate of 25.7 + 4.4 kg/h.
This validation demonstrated that Knudsen & De Rossi (2022) successfully applied the mass
balance theory in their UAV-based approach, achieving similarly strong agreement with
established methods without the need for tracer gas, which presents a significant operational
advantage. Furthermore, Scheutz et al. (2025) reported that the expanded uncertainty for a
single DFM flight was approximately +46% (95% confidence), which decreased with additional
flights: two flights reduced uncertainty by ~33%, and three flights brought a further ~27%
reduction.

ReSource Sverige AB addresses systematic uncertainties and assumptions in their
methodology, although some are not quantifiable (ReSource Sverige AB, 2025). For example,
the uncertainty of height above ground seemingly has no size of error. Model parameter
estimates from Gonzalez-Rocha ef al. (2020) found that the difference between wind
measurements on the ground and wind measurements on board the UAV fluctuate significantly
at higher elevations, meaning that the error of wind speed may grow larger with height above
ground (Gonzalez-Rocha et al., 2020).

Secondly, ReSource Sverige AB addresses background CH4 emissions. The background
inbound emissions, of each flight, are measured upwind by fitting a Weibull curve to the
distribution. The left-hand range of this curve was then used as the estimation of background
CHa uncertainty (ReSource Sverige AB, 2025). Weibull distribution is a skewed distribution
(Pérez et al., 2022), where the outliers can be used for background CHa estimation.

5.6 Implications for Future Landfill Monitoring
The Plane Project (Knudsen & De Rossi, 2022) emphasizes mounting both wind and gas

sensors on the UAV platform to reduce uncertainties from misaligned wind profiles. They state
that ”... any type of UAV can be used if the wind and gas sensors can be installed in a
configuration that prevents the impact of the UAVs air displacement on the collected data.”
(Knudsen & De Rossi, 2022). As it is necessary to not have the UAVs blades interfering with
the wind measurements, the anemometer and CH4 sensor need to be placed in similar areas on
the UAV. One way to achieve this, which can generate smaller uncertainties for future landfill
monitoring projects, is to have a longer mast between the rotary plane and the anemometer,
proposed and tested by Yong et al. (2024) seen in Figure 13. This was done similarly by Galfalk
et al. (2021), which may be seen in Figure 14.
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long mast supplied with the sensor (B), pointed vertically above the plane of the rotors (A) to
reduce the influence of the propeller-induced flow.
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Figure 14: The setup of the UAV system by Galfalk et al. (2021). The anemometer and air
inlet marked with arrows are located 40 cm above the propellers.

Another future improvement proposed by Larsson (2019) is that the sensor technology could
be further enhanced for UAV-based CHa4 quantification. One development is the use of tuneable
diode absorption spectroscopy that operates at longer wavelengths. Larsson (2019) goes on to
explain that the challenge with implementing this type of sensor may be somewhat difficult to
address, as it requires a camera that must be cool off with the thermal noise from the background
and the electronics. However, if managed correctly, this sensor would significantly improve the
sensitivity of CHa detection in environments such as in some industrial processes or landfills
(Wang, 2017). By integrating this sensor into UAV-based CH4 quantification methods,
measurement uncertainty could be reduced, whilst improving the resolution of emission
mapping in complex landfill environments. This would increase accuracy under difficult
measurement conditions such as high dust or aerosol load in the air (Wojtas, 2024).
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Autonomous sampling is also something which can improve efficiency of collection of data,
as well as being able to distribute the measurement points more evenly. Pre-programmed
patterns may be implemented if the campaign area is surveyed before actual measurements are
taken, which can be done with handheld CH4 monitoring, or test runs with a UAV (Yong et al.,
2024). This may be more time consuming when surveying a landfill but may yield higher
accuracy due to the mitigated error of human interaction.

These suggested improvements can pave the way towards increased precision and
adaptability in UAV-based landfill monitoring. As both sensor technology and UAV integration
methods advance, complete mapping of CHa emissions can be improved in variable
environments like landfills, to fully capture CH4 plumes and in turn to increase the accuracy of
CHy4 flux estimates. Furthermore, by incorporating autonomous sampling, it can be possible to
do larger scale operations of UAV-based monitoring with optimized spatial coverage. Future
landfill monitoring will not only support regulations for CH4 mitigation, but also climate
accountability. These methods of monitoring CHa, if developed in the future, can be capable of
responding dynamically to changing landfill conditions and mitigate CH4 emissions when
necessary.

As another future improvement, endorsed by namely Meanster ef al. (2019), is to use static
eddy covariance systems simultaneously over longer periods as UAV-based methods are
responsible for the frequent short-term measurements. This can make continuous measurements
possible, and thereby capture the temporal emission variations, making it possible to know
when UAV-based methods are the most representative for landfill CHs4 monitoring (Menster et
al., 2019). In longer term, this hybrid approach can validate UAV-based methods in the sense
that it will be possible to know when UAV-based methods are most efficient to use.

6 Conclusion

This study aimed at evaluating the GASTRAQ method for calculating CH4 fluxes from UAV-
based concentration measurements and to investigate how well the method holds up to recent
developments of UAV-based CHa quantification methods. Two case studies, Filborna and
Ronneholm landfill, were assessed using GASTRAQ and qualitatively compared to a DFM-
based analysis at Linkoping landfill. It was found that GASTRAQ is dependent on its
assumption of an average wind profile through ground-based wind measurements, where rapid
fluctuations may cause GASTRAQ to become less accurate. This confirms the hypothesis that
DFM will yield more accurate results under turbulent wind due to onboard wind measurements
(Ho1). While both GASTRAQ and DFM are based on mass balance theory, DFM’s ability to
respond to real time wind fluctuations provided an advantage in certain environmental
conditions. However, GASTRAAQ is still a practical alternative in more stable wind conditions
where ground-based wind measurements can be available.

Somewhat supporting Ho3, CHa flux estimates and its associated uncertainties varied
considerably between landfills, which can be reflected in differences in sizes of area where the
spatial coverage will be increasingly difficult to complete with larger areas. However, based on
the results, it was not possible to reject or support Hos whether landfill size was directly affecting
the accuracy of CH4 flux estimations. The accuracy of CHa flux estimates were also considered
to be dependent on atmospheric conditions when the results were realized through discussion.
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Supporting Ho, the study showed that wind field characterization is the largest source of
uncertainty.

Both GASTRAQ and DFM show promising results for routine landfill monitoring. However,
the DFM’s setup with an anemometer on top of the UAV makes it more scalable and adaptable
to different conditions (area size, wind fluctuations, and plume locations). Autonomous flight
paths may improve complete mapping of landfills for both methods, to fully capture plumes.
By taking wind measurements on top of the UAV, and to introduce autonomous flight paths,
these developments could reduce uncertainty for any UAV-based method. These innovations
can then support broader regulatory goals in multiple sectors where CHa emissions are an issue
and can moreover help achieve climate mitigation goals in the waste sector.

New questions emerged during this work: How can UAV-based methods be integrated with
satellite or ground-based systems to develop hybrid CH4 monitoring strategies? What level of
error is acceptable for regulatory compliance, and how should these uncertainties be
communicated in reports? If this work was to continue, it would be of value to carry out
coordinated DFM and GASTRAQ campaigns on the same site under controlled conditions, to
better quantify differences and biases. Additionally, the Trace Dispersion Method can be
incorporated as a reference method. The measurements performed by ReSource Sverige AB on
Filborna and Ronneholm were performed in conjunction with the Technical University of
Denmark, where the data yet have to be published. This could bring better understanding on the
GASTRAQ method’s differences and biases. Additional attention can also be set on
understanding how weather variability impacts flux interpolation and plume capture, and how
these variables impact emissions themselves: how temperature and precipitation can lead to
fluctuations in CHa emissions.

If the study was to be repeated, access to more data would be essential to assess the methods
quantitatively. It was difficult to assess the methods based solely on the data collected during
this project, as there was limited access to all data: in particular to alternative methods for the
same landfill and ground-truth data. More emphasis should be placed on validating wind
profiles with higher resolution meteorological data to ensure complete mapping of CHa plumes,
and to standardize data processing methods between campaigns.
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Appendix A

Table Al: Clarification on which data and method was used for calculating CH. fluxes on the
respective landfill campaigns, the performer behind the calculations, the source, and date of
the data collection.

Performer of flux Method used for flux
Campaign Dataset Source calculations and estimation
uncertainty testing
alfalk . : . . D Flux Meth
LinkSping 2020-01-24 Galfalk et al Kajsa-Lisa Powis rone Flux Method
(2021)
ReSource GASTRAQ
Filborna 2023-10-17 Sverige AB ReSource Sverige AB
(2025)
ReSource GASTRAQ
Roénneholm 2024-03-07 Sverige AB ReSource Sverige AB
(2025)
ReSource GASTRAQ
Roénneholm 2024-05-31 Sverige AB ReSource Sverige AB
(2025)
ReSource GASTRAQ
Filborna 2024-11-15 Sverige AB ReSource Sverige AB
(2025)

CH4
~|Concentration |-
‘ Sij + S0
UAV-measurements ) e Interpolated
Gélfalk et al. (2021) by Kajsa

‘,- Hotspot map

Figure Al: A flowchart showing the data source and performer of calculations (white) when
the resulting hotspot maps (pink) were generated. The data source (grey) and atmospheric
variable (blue) is also shown within the flowchart. The data source used for the calculations
is Galfalk et al. (2021) and performer of the calculations (Kajsa) is the author of this thesis.

40



CH4
Concentration
Sij- S0

UAV-measurements
ReSource Sverige

ReSource
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AB (2025) Sverige AB

Concentration
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by Re.Source Flux
Sverige AB

UAV-measurements
ReSource Sverige
AB (2025)

Figure A2: A simplified flowchart showing the data source and performer of calculations

(white) when the resulting hotspot maps (pink) were generated. The data source (grey) and

atmospheric variable (blue) is also shown within the flowchart. The data source and
performer of the calculations is ReSource Sverige AB.

CH4
Concentration
Sij- s0

UAV-measurements
Gélfalk et al. (2021)

Calculated
by Kajsa

Absolute
CH4
Concentration

Calculated
by Kajsa

Interpolated Total CH4
by Kajsa Flux

UAV-measurements
Galfalk et al. (2021)

Figure A3: A simplified flowchart showing the data source and performer of calculations
(white) when the resulting hotspot maps (pink) were generated. The data source (grey) and

atmospheric variable (blue) is also shown within the flowchart. The data source used for the
calculations is Galfalk et al. (2021) and performer of the calculations (Kajsa) is the author of
this thesis.
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Appendix B

Table B1: Average wind speed per flight during the measurement period on Linkoping

land(fill in January 2020.

Linkoping Date Time Wind speed m/s (averaged by
flight)

Flight 1 2020-01-24 12:30 - 12:39 3.4

Flight 2 2020-01-24 12:44 — 12:55 3.4

Flight 3 2020-01-24 12:49 — 13:09 3.8

Average 2020-01-24 12.30 - 13:09 3.5

Table B2: Average wind speed per flight during the measurement period on Filborna landfill

in October 2023.

Filborna Date Time Wind speed m/s (averaged by
flight)
Flight 1 2023-10-17 14:21 - 14:29 7.5
Flight 2 2023-10-17 14:38 - 14:45 7.3
Flight 3 2023-10-17 15:00 - 15:08 7.9
Flight 4 2023-10-17 17:02 - 17:09 7.0
Flight 5 2023-10-17 17:18 - 17:26 6.3
Flight 6 2023-10-17 17:32 - 17:40 6.3
Flight 7 2023-10-17 17:46 - 17:52 6.1
Average 2023-10-17 14:21 -17:52 6.9
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Table B3: Average wind speed per flight during the measurement period on Ronneholm

land(fill in March 2024.
Ronneholm Date Time Wind speed m/s (averaged by flight)
Flight 1 2024-03-07 11:24 - 11:31 1.0
Flight 2 2024-03-07 11:39 - 11:48 1.3
Flight 3 2024-03-07 14:10 -14:12 2.1
Flight 4 2024-03-07 14:31 - 14:38 1.8
Flight 5 2024-03-07 14:49 -14:55 1.9
Flight 6 2024-03-07 15:09 -15:16 1.4
Flight 7 2024-03-07 15:23 - 15:29 0.8
Flight 8 2024-03-07 16:15 - 16:21 1.1
Average 2024-03-07 11:24 - 16:21 1.4

Table B4: Average wind speed per flight during the measurement period on Rénneholm

landfill in May 2024.

Ronneholm Date Time Wind speed m/s (averaged by flight)
Flight 1 2024-05-31 13:34 - 13:39 6.6
Flight 2 2024-05-31 14:11 - 14:20 4.4
Flight 3 2024-05-31 14:25 - 14:32 4.8
Flight 4 2024-05-31 15:32 - 15:39 54
Flight 5 2024-05-31 15:49 - 15:56 4.7
Flight 6 2024-05-31 16:04 - 16:10 5.4
Flight 7 2024-05-31 16:24 - 16:30 5.6
Flight 8 2024-05-31 16:38 - 16:45 5.9
Flight 9 2024-05-31 17:37 - 17:44 5.0
Average 2024-05-31 13.34 - 17-44 53

43




Table B5: Average wind speed per flight during the measurement period on Filborna landfill

in November 2024.
Filborna Date Time Wind speed m/s (averaged by flight)
Flight 1 2024-11-15 11:04 - 11:10 7.8
Flight 2 2024-11-15 11:22 - 11:27 7.4
Flight 3 2024-11-15 11:35-11:40 7.0
Flight 4 2024-11-15 11:47 - 11:51 6.8
Flight 5 2024-11-15 14:56 - 15:02 7.1
Flight 6 2024-11-15 15:11 - 15:17 7.0
Flight 7 2024-11-15 15:26 - 15:32 7.1
Flight 8 2024-11-15 15:39 - 15:45 7.0
Average 2024-11-15 11:04 - 15:58 7.2
Appendix C
Total Ch4 flux (kg/h)
Filborna
250
200
e
§ 150 I
% 100 l
50
0
Filborna Oct 2023 Filborna Nov 2024

Figure C1: Total CH4 flux in kgh™ on Filborna landfill in October 2023 and November 2024
(green bars), which was calculated using the GASTRAQ methodology by ReSource Sverige
AB. The error for the measurements done in November 2024 (black whiskers) range
asymmetrically, meaning that the data had an asymmetrical distribution of data points
around the central value.
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Figure C2: Total CHq flux in kgh™ on Ronneholm landfill in March 2024 and May 2024
(green bars), which was calculated using the GASTRAQ methodology by ReSource Sverige
AB. The errors (black whiskers) range asymmetrically, meaning that the data had
asymmetrical distribution of data points around the central value.
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Figure C3: Total CH4 flux in kgh™ on Linképing sludge waste landfill in January 2020 (green
bar), which was calculated using the Drone Flux methodology. The error (black whisker)
ranges between +1.36 kgh™', or £16.57%.
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Appendix D

Instrumental Uncertainties

TDLAS utilizes a narrow wave laser that is continuous as the light source to identify specific
molecules like CHa. As CHa gas has a known energy level, and varying levels of absorption or
emission of electro-magnetic radiation, CHa has explicit spectroscopic features like vibrations
and states (Tittel e al., 2008). With these specific spectroscopic features of CH4, the desired
molecule may be identified whereas a concentration then can be quantified in ppb or ppm (Tittel
et al., 2008). Diode Laser absorption Spectroscopy produces higher accuracy within traces
gases (Wang et al., 2024) compared to its counterpart, Fourier-Transform Infrared (FTIR)
Spectroscopy. FTIR, although with more versatile applications, has a lower precision than
Diode Laser absorption Spectroscopy. For compounds like CHa, Diode Laser absorption
Spectroscopy possesses some significant advantages over FTIR when applying the instrument
on fugitive emission measurements (Thoma et al., 2005).

For CH4 concentration estimation, GASTRAQ uses the GLA131-GGA (ABB-Los Gatos,
Switzerland). It utilizes TDLAS cavity ring spectroscopy, called OA-ICOS technology. The
main difference is that inside the instrument there is a chamber with mirrors that let the molecule
of the gas make more passes. This results in a signal which is less subject to external
disturbances. The GLA131-GGA (ABB-Los Gatos, Switzerland), used in GASTRAQ,r has an
uncertainty of <0.9 ppb for 1 Hz measurement: a low uncertainty (ReSource Sverige AB, 2025).
What may be interfering with the CHa sensor however can be the turbulence of the propellers,
which was solved somewhat by putting the inlet source 60 cm from the rotor plane (Scheutz et
al., 2020).

To contrast, the CHa4 sensor used by Galfalk er al. (2021), the MIRA Pico (Aeris
Technologies, United States), has a precision of ~ 2 ppb for 1 Hz measurement (Galfalk et al.,
2021) which is a lower precision than the sensor used by ReSource Sverige AB (2025). This is
a precision that indicates lower sensitivity precision than the CHa sensor used by ReSource
Sverige AB, which causes higher uncertainty when using the same instrumentation as Galfalk
et al. (2021).
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