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Chapter 1. Introduction

This Ph.D. thesis focuses on the detection and characterization of methane (CH4) emissions
from natural and anthropogenic sources in the urban environment of Cluj-Napoca, Romania.
Methane is a potent greenhouse gas (GHG) with a global warming potential approximately 86
times greater than carbon dioxide (CO.) over a 20-year horizon and an atmospheric lifetime about
a decade (IPCC, 2014; Saunois et al., 2025). Since the pre-industrial era, atmospheric CH4
emissions have more than doubled, primarily driven by anthropogenic activities (IPCC, 2013a,

2023b), highlighting methane as a critical target for near-term climate mitigation.

Urban areas play a key role in the global methane budget. Although they cover less than 2%
of the Earth’s surface, they host more than half of the global population and concentrate a wide
range of emission sources (Crippa et al., 2021; UN DESA, 2019). These include anthropogenic
systems such as natural gas distribution networks, wastewater and sewer infrastructure, landfills,
and traffic, as well as natural and semi—natural sources like urban aquatic environments. Due to
the spatial heterogeneity and temporal variability of these sources, methane emissions in urban
areas remain highly uncertain in both magnitude and spatial distribution (Crippa et al., 2021;

Satterthwaite, 2008).

At the global scale, methane emissions are commonly categorized into multiple source types,
including agriculture, fossil fuel systems, waste and wastewater management, and natural
ecosystems. Within urban environments, key potential CH4 sources include: (i) aquatic systems
(rivers, lakes, wetlands); (ii) natural gas distribution networks; (iii) sewer systems and wastewater

treatment plants; (iv) landfills; (v) traffic-related emissions; and (vi) industrial activities.

This study focuses on five major urban methane sources in Cluj-Napoca: (i) aquatic systems
(AQ); (ii) natural gas distribution networks (NG); (iii) sewer systems (SE); (iv) traffic emissions
(TE); and (v) building basements (BS), which may act as accumulation zones for methane

originating from natural gas pipeline leaks or in situ microbial activity.

Cluj-Napoca is the second biggest city in Romania with population approximately 286,000
inhabitants (National Institute of Statistics, 2021), has experienced rapid economic and

demographic growth in recent decades. Despite this development, methane emissions in Romania




have been predominantly investigated in non-urban contexts, including wetlands (e.g., the Danube
Delta), agricultural systems, and fossil fuel-related sources (Baciu et al., 2018; Cuna et al., 2008;

Etiope et al., 2009; Popa et al., 2016). Urban methane studies remain limited.

The study aims to (i) identify spatial patterns of methane enhancements, (ii) attribute
emissions to their potential sources, and (iii) assess their atmospheric contribution. Additionally,
this work includes one of the first direct flux quantifications of methane emissions from urban
sewer systems in Romania, using chamber-based measurements combined with geostatistical

analysis.

In conclusion, this thesis advances the understanding of methane emissions in complex urban
environments and provides a scientific basis for targeted mitigation strategies aligned with

international climes objectives, including the Paris Agreement and the European Green Deal.

Chapter 2. Literature Review

2.1. Methane as a Greenhouse Gas (GHG)

Methane (CH4) is a major greenhouse gas, that substantially contribute to the Earth’s radiative
balance and climate system. Global GHG emissions have generally increased, particularly since
the pre-industrial era, driven by anthropogenic activities since the pre-industrial period. Carbon
dioxide (CO2) accounts for approximately 72% of the total GHG emissions, followed by CHjy at
approximately 21%, nitrous oxide (N20) at 5%, and fluorinated gases at around 2% (EC-JRC &
IEA, 2024; IPCC, 2013a, 2023b).

Methane is the second most important GHG after carbon dioxide in terms of its contribution
to radiative forcing. Despite its lower atmospheric concentration compared to CO2, methane has a
significantly higher radiative efficiency. Over a 20-year time horizon, methane induces global
warming potential approximately 86 times higher than CO;, and 28 times over 100-year horizon

(IPCC, 2023b; Saunois et al., 2016, 2020).

A key characteristic that distinguishes methane from other long-lived greenhouse is its
relatively short atmospheric lifetime., estimated approximately 9-12 years. This short lifetime,

combined with its high radiative forcing, makes methane an attractive and target for near-term




climate mitigation strategies, as reductions in methane emissions can yield a tangible climate
benefits (Nisbet et al., 2020; Saunois et al., 2025; UNEP, 2021)—a 45% cut of methane emissions
by 2030, could lead to a short-term warming drop by approximately 0.3 °C (UNEP, 2021).

Atmospheric methane concentrations have increased dramatically since the pre-industrial
era. Ice-core air measurement records indicate 722 parts per billion by volume (ppbv) of
concentrations around 1750 , compared to recent observations showing approximately 1896 in
2021 (IPCC, 2023b) and 1946 ppbv in 2025 (NOAA, 2026), representing an increase of more than
160%. This unprecedented rise reflects the growing influence of anthropogenic sources such as
fossil fuel exploitation, agriculture and waste management (IPCC, 2001, 2013a; Saunois et al.,

2025).

For eliminating these global climate change effects, several international collaborations,
commitments and agreements have been established. For example, on the global scale, the
legislations of the United Nations Framework Convention on Climate Change (UNFCCC), Kyoto
Protocols, Paris agreement, Sendai Framework for Disaster Risk Reduction (2015-2030) and the
Sustainable Development Agenda (2015-2030) helped in creating global collaboration for the
purpose of reporting GHG and to work together in creating certain policies to combat climate

change and to mitigate these emissions at national and regional levels (IPCC, 2023b).

On the EU scale, the European Union Green Deal and the European Climate Law stipulates
that all member states should reduce GHG emissions by 50% in 2030 the so-called “Fit to 55 and
to become neutral by 2050 based on 1990 as a reference year (European Commission. Joint
Research Centre., 2023). Therefore, GHG reduction policies don’t only represent a moral

responsibility, but also a legislative commitment for Member States.
2.2 Global Methane Budget

Methane emissions can be classified, according to both their formation process and their
origin (natural vs. anthropogenic), as shown in Figure 2.1. Based on formation mechanisms,
methane is mainly categorized into pyrogenic, biogenic, and thermogenic sources. Pyrogenic CHs4
is emitted from incomplete combustion of biomass and fossil fuels. Thermogenic CH4 originates

from the decomposition of organic matter under high temperature and pressure in deep earth layers




and is released naturally through geological seeps (e.g., Sarmasel seeps (Ghiorghiu et al., 2025))
or anthropogenically during fossil fuel extraction and use. Biogenic methane is produced through
microbial methanogenesis under anaerobic conditions, primarily in wetlands, waterbodies, and

other oxygen-depleted environments (IPCC, 2013a; Saunois et al., 2016, 2025).

Microbia!
~30%

~595 million metric
tons of methane
emitted per year
(average 1999-2021)

Fossil Fuel
~30%

Figure 2.1. Global mean methane emissions (in Mt CHy yr!) between 1999-2021 originating
from natural microbial, fossil fuel, pyrogenic, and anthropogenic microbial sources, source: (Oh

etal, 2023).

These categories may overlap with the broader classification of methane sources into natural
and anthropogenic emissions. Anthropogenic sources are responsible for more than 60% of global
CH4 emissions, while natural sources contribute the remaining 40%, although these estimates may
subject to a high degree of uncertainty (IPCC, 2001, 2013b; Saunois et al., 2020, 2025). The
anthropogenic sources come mainly from fossil fuels production and use (coal mining, oil and
natural gas extraction and distribution), agriculture and waste sectors, particularly livestock

activities, rice paddies, and waste management, and biomass and biofuel burning. Among these




sources, agriculture and waste sectors represent the largest share, followed by fossil fuel. Natural

methane emissions are dominated by wetlands accounting for approx. 30-40% of total emissions.

Methane is removed from the atmosphere primarily through chemical oxidation processes,
which regulate its atmospheric lifetime and concentration. The dominant sink is the reaction with
hydroxyl radicals (OH) in the troposphere, which accounts to approximately 80-90% of total
methane removal. This process converts methane into carbon dioxide and water vapor through a
series of photochemical reactions (IPCC, 2023a; Saunois et al., 2020, 2025). Additional
atmospheric sinks include oxidation in the stratosphere and troposphere involving chlorine (CI)
and oxygen atoms (O), although these contribute only for minor fraction of the global methane

sink (IPCC, 2023a; Saunois et al., 2020, 2025).

Methane emissions are commonly estimated using two main approaches: bottom-up (BU)
and top-down (TD) estimates. Bottom-up rely on the aggregation of emissions from individual
sectors, using activity data and emission factor, and are typically reported through national
greenhouse gas inventories under the international frameworks. However, these estimates are
associated with significant uncertainty level due to incomplete activity data, variability in emission
factors, and methodological assumptions. In contrast, top-down estimates determine methane
emissions from atmospheric observations, including surface measurements, aircraft campaigns,
and satellite data. These methods provide robust constraints on total emissions at regional to global
scales, but are unable to distinguish emitting sources with high certainty (IPCC, 2019; Saunois et

al., 2020, 2025).
2.3. Urbanization and CH4 Urban Studies

Urban areas occupy only a small fraction of the Earth’s surface (approximately 2%), yet they
host more than half of the global population(Crippa et al., 2021; UN DESA, 2019), and are
responsible for a substantial share of GHG emissions usually associated with high degree of
uncertainty in the magnitude and the spatial distribution (Crippa et al., 2021; Satterthwaite, 2008).
The concentration of population, infrastructure, and economic activity in cities results in
intensified energy consumption and resource demand, making urban areas key contributors to

anthropogenic emissions.
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As global urbanization accelerates, more than 76% of the Romanian population lives in
urban areas (PwC, 2023)-projected to reach 83% of the Europe’s population by 2050 (UN DESA,
2019)-the demand for energy, infrastructure and resources will likely intensify CH4 emissions. The
potential urban sources of CHs include natural gas (NG) distribution networks, landfills, sewer
systems, wastewater treatment plants (WWTP) and urban aquatic systems. However, the
complexity and the spatial variability of these sources, coupled with limited observational data,

contribute to urban CH4 budget uncertainty (IPCC, 2023b; Saunois et al., 2025).

Urban methane studies increasingly rely on integrated measurement approaches, including
in situ monitoring, mobile surveys, and isotopic analysis, to improve source attribution and reduce
uncertainty (Gallagher et al., 2015; Plant et al., 2022; Vogel et al., 2024; Xu et al., 2023). These
methods are particularly important in complex urban environments, where multiple emission

sources coexist and interact.

Overall, the literature demonstrates that urban areas are critical but insufficiently
characterized components of the global methane budget, particularly in regions with limited
observational data; e.g., Cluj-Napoca. Addressing this gap requires high-resolution, measurement-
based studies that are capable to capture spatial variability and source complexity of urban methane

emissions.

Chapter 3. Methods and Materials

3.1. Study description

Cluj-Napoca (46° 46°N; 23° 35’E approximate central point) is situated in the heart of
Transylvania in the northwestern region of Romania, across a valley area between the
Transylvanian Plateau and the Apuseni Mountains (Fig. 3.1). The city is the second largest in
Romania in terms of population and industrial, commercial, and educational services, with 286,598
residents in 2021, occupying 179.2 km? and making up 1.5% of the total country’s population,
according to the National Institute of Statistics (INS, 2023).

11
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Figure 3.1. The study area of Cluj-Napoca in the north-western of Romania. Photos: a. A view of

the city from the north; b. The pond in the central park; and c. Tarnita Lake west to the city.

The Somesul Mic River (SMR) flows through the city from west to east (Fig. 3.1). In
addition, the city has two major artificial water ponds: Iulius Mall lake and the central park (Fig.
3.1-b). Also, an artificial accumulation lake called Tarnita was created on the outskirts of the city,
which resulted from the construction of the Tarnita dam to generate energy (Fig. 3.1-¢). These
water ponds and lakes can be a potential source of methane, and will be studied within the category

of “aquatic systems” (AQ).

3.2. Instruments

During this study two main detecting sensors were utilized, which support the determination
of CHs concentration in the atmosphere; the Tunable Diode Laser Absorption Spectroscopy
(TDLAS; Gazomat, France) which enables a low detection limit (LDL) of 0.1 ppmv with full scale
measurement range from 0 to 100%, 0.1 ppmv precision and resolution, 1 Hz sampling frequency,

and 1 ppmv/s methane sensitivity (West Systems, Italy, 2016), and the Mid-infrared Laser
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Absorption Spectroscopy (MILAS) measures CHs from 10 ppbv to 10000 ppmv, with 1 ppbv

precision and 1 Hz frequency, and ethane (C2Hg) from 1 ppbv to 1000 ppmv and 0.5 ppbv precision
and 1 Hz frequency (AERIS Technologies, CA, USA, 2024).

3.3.

Methodology

3.3.1. System-Based Methane Measurements (Point-Source)

Based on potential urban sources of CHs described in the literature, as explained in the

introduction, five main systems in Cluj-Napoca have been investigated: the aquatic system (AQ),

the natural gas distribution network (NG), the sewer system (SE), building basements (BS) and

vehicle exhausts (VE), illustrated in Figure 3.2. Building basements (BSs) were included in this

individual survey, which may represent an attractive environment for microbial methane

production or an accumulation volume for leaks where gas installations exist.
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Figure 3.2. Study area of Cluj-Napoca, northwestern Romania, showing the spatial distribution

of sampling locations. Aquatic system (AQ) sampling sites are indicated along the river,
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accumulation lakes, and artificial ponds. Measuring locations for the natural gas end-use
locations (NG), sewer system (SE), and building basements (BSs) are displayed within both the
city center (CC) and peripheral zone (PZ).

3.3.1.1.  Aquatic Systems (AQ)

Methane was analyzed in the dissolved phase (dCH4) in Cluj-Napoca’s urban aquatic system
(river, lakes, and ponds). Somesul Mic River (SMR), which is part of the city’s aquatic system, is
formed when Somesul Rece River (SRR), which is 49 km long, and Somesul Cald River (SCR),

which is 70 km long, meet near Gilau mountain.

In order to acquire a temporal and spatial representation of water samples that were used to
determine the dissolved CH4 in the urban AQ system and for evaluating the contribution of the AQ
input into urban CHa, while tracking its sources appropriately, the cold and warm seasons were
considered. A total of 196 samples distributed over 50 sampling locations over four sampling
campaigns with seasonal variations. Surface water was gathered from 0.10 and 0.30 meters deep
near the shore. For assessing the temporal changes in dCHs while tracking its sources
appropriately, the cold and warm seasons were considered. The dissolved methane concentration
was measured by equilibration headspace method (Capasso and Inguaggiato, 1998; Jahangir et al.,

2012).
3.3.1.2.  Urban Infrastructure Systems

In the end of January 2023, in cloudy conditions with temperatures ranging between 2 to 7
°C and wind speeds between 7 and 11 km/h southwest (meteostat.net) via TDLAS, 74 locations
were measured at Natural gas distribution end-use points (NG), 126 samples at the sewer system
manholes (SE), in two urban areas: the periphery and central area following the CH4 concentration
survey, and 25 samples at the building basements (BS) in the city center. Additionally, Traffic
emissions (TE) were determined by inserting a 1/8-inch AERIS Mira-Pico inlet tubing, fitted with
an inline 1/4-inch Zemoner filter to reduce pollution from the exhaust smoke to protect the sensor,
0.10 to 0.15 meters inside the exhaust pipe for determining CH4 and C>He variations at 1 Hz while
the engine is operating in parking mode and then subsequently accelerating. Afterwards, in the

urban survey, values > 2.2 ppmv have been considered as zones affected by CH4 sources.
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3.3.1.3.  Street-level Methane Measurements

Street-level methane measurements were conducted using a walking approach, which is easy
to perform in corridors and more flexible in case of traffic agglomeration to maintain
approximately the same measurement speed. Second, car-based surveys can affect the detection of
gas that might be influenced from the survey own car emissions. Third, the slow speed performed
with this walking survey permits to detect and process as much as possible of plumes and to
identify potential sources, while also have enough time to observe inducing factors. Walking

transects were designed to cover neighborhoods representing different land uses and infrastructure

types.

During this approach, the methane atmospheric concentrations were continuously recorded
(in ppmv) at 1 Hz, while positioning one meter, 1/8-inch inlet tubing attached to the West System
package or the Mira Pico, at 1.5 m above street level. Respectively, a five and three-second delays
were added to correct measurements via the West System and the Mira Pico, respectively. The lag
time was determined by exposing the sensor inlet to a gas source and calculating the delay between

the intake and the display of value by the analyzer.
3.3.2. Quantification of Methane Emissions
3.3.2.1.  The Static and Floating Chamber

The static chamber method has been widely applied for quantifying greenhouse gas

The static chamber used in our survey was manufactured by West System in Italy with
approximately 2.5 kg weight, 0.10 m height, and 0.30 m diameter. The quantity of gas released
over time is known as gas flux. The flux is represented by the average change in the concentration
of gas inside the chamber over time multiplied by the chamber volume, as expressed in Equation

1.

FCH4=kXVXSP (1)
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16.04
24.45

where Fcns = methane flux (g.d!), k = 10¢ x 86400 x converts ppmv s x L to g d"! (24.45

L mol! for 25° C, at 1 atm), V = chamber volume (static chamber = 7.07L, and floating chamber

ACH, ppmv

=21.21L), Sp = slope of the CHy4 increase in the chamber ( AL(S)

), where 10 converts ppmv

to a molar fraction, 86400 converts seconds to days, 16.04 g mol! is methane molar mass, and
24.45 L mol! is the molar volume of an ideal gas at 25° C, at 1 atm. This formulation converts

methane accumulation rates expressed in ppmv s inside the chamber volume into daily mass

fluxes (g d!).
3.3.2.2.  Aquatic System Emissions (An Artificial Pond)

Measurements at an artificial pond were conducted via the floating chamber at four selected
locations on the pond in mid-November 2023. During the sampling period, atmospheric conditions
were relatively stable, with temperature of approximately 5°C and an average wind speed of 4 m

s’! from the northeast (Figure 3.3).
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Figure 3.3. Quantification of methane emissions from an artificial pond. (a) The location of the
four sampling locations where the floating chamber was placed, (b) a photo of the lake from

southwest, (c) the floating chamber placed at point 1.
3.3.2.3.  Individual Natural Gas Leak

During instrument training, localized enhancements in CH4 mole fraction were detected near
a natural gas (NG) compressor station (46° 46’ 06 N; 23° 33° 08”°E). To identify the leak source
precisely, a foam solution (dishwashing detergent and water applied with a sponge) was applied to
cover pipeline joints and connections. Bubble formation indicated the leak location (Figure 3.4).
To estimate the emission, a sealed funnel connected to a 1/4 -inch tubing was placed over the leak

and coupled to a closed-chamber system (volume = 7.07 L), sealed at the bottom.
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Figure 3.4. Natural gas (NG) compressor pipeline station (a), the leaking point identified by the

observed bubbling (b), and the technique of sealing the leaks into the chamber which is isolated
from the bottom (c).

3.3.2.4.  Sewer System Emissions

In order to establish a uniform representation of the city’s sewer system, the static chamber
was placed over homogenously distributed manholes during field survey that took into
consideration the distance between manholes, their accessibility, and whether or not they were
totally sealed off from the atmosphere. In many instances, manholes were situated in the center of
busy streets, and some were totally sealed off from the atmosphere. As shown in Figure 3.5, the

homogenous survey was performed at 228 locations.
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Figure 3.5.Spatial distribution of SE sampling points where CH4 and C>Hs fluxes were

determined.

Subsequently, stable isotopic analysis (8'°C signatures) and mainly ethane-to-met
(Ca:Cy) ratios have been used in mobile measurements surveys to separate thermogenic

biogenic sources.

hane

from

Methane fluxes measured at sewer-related locations were spatially interpolated using the

Empirical Bayesian Kriging (EBK) implemented in ArcGIS Pro. 3.2 (Esri Inc., 2022). Pri

interpolation, flux data were logio-transformed to reduce skewness and improve normality.

or to
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Chapter 4. Results

4.1. System-Based Methane Measurements (Point-source)
4.1.1. Aquatic Systems (AQ)

The spatial and seasonal variability of dissolved methane (dCHs) concentrations are
presented in Figure 4.1 across 50 sampling locations spanning the aquatic system, which includes
accumulation lakes, a river stream, and artificial ponds. For analytical clarity, the system was
classified into two main components: (1) the hydrologically connected accumulation lakes and

river stream, and (2) the isolated artificial ponds.
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Figure 4.1. Seasonal distribution of dissolved methane (dCH,) in the urban aquatic system. A

triangle represents samples collected from accumulation lake sample, starts for artificial pond

samples, and circles for river samples.
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Across all locations and seasons, dCH4 concentrations were consistently oversaturation
relative to atmospheric equilibrium (air-saturated water, ASW= 0.003 pmol L!). Measured
concentrations ranged from 0.028 to 10.495 umol L'}, corresponding to saturation levels from
approximately 900% and over 300,000%. The pervasive oversaturation indicates a clear in situ

persistent production of CH4 within the system.

Overall, higher dCH4 values were observed during the warmer months, with distinctive
decline in winter. In spring (mean temperature ~15 °C) and summer (~27 °C), median dCH4
concentrations were 0.580 and 0.660 pmol L1, respectively, with corresponding mean + standard
deviation values of 0.769 + 0.660 and 0.884 + 0.751 umol L-!. In contrast, during autumn (10 °C)
and winter (-2 °C), median concentrations declined to 0.337 and 0.264 umol.L!, and mean +
standard deviation values were 0.409 + 0.274 and 0.464 + 0.594 umol L, respectively. The
seasonal pattern and positive correlation between dCH4 values with temperature suggest microbial
methanogenesis activities during warmer periods, or slow gas exchange dynamics between the

aquatic system and the atmosphere.
4.1.2. Natural Gas End-Use Points (NG)

Methane concentrations were measured at 74 interface points between the natural gas (NG)
distribution system (end-use points) and the atmosphere, across two urban zones: the city center
(CC, n=44), and peripheral zone (PZ, n = 30). Through all sites, CH4 concentrations ranged from
1.5 to 482.0 ppmv, with mean value of 15.4 + 60.5. Concentrations in the CC spanned the full
range (1.5-482.0 ppmv), whereas values in the PZ were notably lower, ranging from 1.8 to 15.2

ppmv.

4.1.3. Sewer System Manholes (SE)

Methane concentrations were measured in 126 sewer manholes, including 75 samples in the
city center (CC) and 51 samples in the peripheral area (PZ). Manhole selection was based on
accessibility and availability across the urban sewer network. CH4 concentrations ranged between
1.5 to 1222.0 ppmv, with an overall mean of 16.4 + 109.1 ppmyv, indicating a wide variability likely

driven by possible gas inputs from microbial activities or external sources.
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4.1.4. Building Basements (BS)

A total of 25 air samples was determined in the city center (CC). No BS sampling sites were
identified in the periphery zone (PZ); therefore, all results relate exclusively to the CC. Methane
concentrations within these basements ranged from 1.8 to 12.0 ppmv, with an average + standard
deviation of 3.9 + 2.7 ppmv. Approximately 68% of the sampling points showed concentrations

between 1.8 and 4.0 ppmv, while 32% displayed elevated values between 4.0 and 12.0 ppmv.
4.1.5. Traffic Emissions (TE)

Direct measurements of CHy in vehicle exhaust over 3—5-minute interval for each vehicle
revealed elevated concentrations that contribute to atmospheric CHy levels. CH4 concentrations
reached up to 162.2 ppmv, with a mean + standard deviation of 18.6 + 32 ppmv, while C>Hs
concentrations peaked at 23,250 ppbv, with a mean of 2,563.3 + 5,597.1 ppbv. All five tested
vehicles exhibited higher CH4 and C2Hs concentrations during engine acceleration compared to

idling (i.e., the parking mode with the engine running).

Based on our findings, pyrogenic sources of CHs4 from vehicle exhaust may have a C»:Cy
ratio ranging between 0.003 and 0.228, which can aid in the attribution of CH4 concentrations to

combustion-related sources.
4.2. Street-Level Methane Measurements
4.2.1. First Street-Level Survey

A total of 3912 atmospheric methane (CH4) measurements were collected using a walking
survey approach employing tunable diode laser absorption spectroscopy (TDLAS) to identify CHy4
street-level concentrations across three separate urban zones: the city center (CC), central park
(CP), and peripheral zone (PZ). This survey aimed to capture spatial variability in ambient CH4
concentrations and to identify localized enhancements potentially indicative of emission sources

(Figure 4.2.).
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Figure 4.2. CH, concentrations (ppmv) measured 1.5 m above the street in the Periphery Zone
(PZ), Centra park (CP), and City Center (CC). Street given codes and measurement directions

are indicated.

Spatially, elevated CH4 concentrations in the city center (CC) were observed at several
discrete street locations, as indicated by high values along these segments. In contrast, CHs4
appeared more uniform across the surveyed segments in the central park (CP) and peripheral zone
(PZ). The mapped data reveal clear concentration differences among the three zones, as well as

spatial variability within each area.
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4.2.2. Second Street-Level Survey

A total of 29,849 ambient air measurements were analyzed during a continuous in situ
measurements of CHs and CoHs. Methane mixing ratio (concentrations) ranged from 1.999 to
5.542 ppmv (Figure 4.3), while CoHg ranged from below detection (0.0 ppbv) to 15.1 ppbv. The
mean =+ standard deviation for CH4 was 2.124 + 0.152 ppmv, and 2.8 = 3.2 ppbv for C2Hs.
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Figure 4.3. The spatial distribution of methane measurements during the walking survey and

their values detected in ppbv.

Methane emission rates from individual plumes ranged from 0.07 and 14.40 L min !, with a
mean of 2.04 L min™! across the 14 identified peaks. These rates represent the local leak intensities
within the surveyed street network (64.2 km). To estimate city-wide emissions, the fluxes were

scaled to the total street network identified from OpenStreetMap (1122 km). The associated
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uncertainty was propagated using Monte Carlo resampling, and the scaled total emissions were

expressed as 176.5 t CHs yr''(95% CI: 131.0 — 228.4 t yr'h).
4.3. Quantification of Methane Emissions
4.3.1. Aquatic System Emissions (An Artificial Pond)

At all the four locations, temporal variations in methane concentration inside the floating
chamber did not experience a consistent linear increase over time. Consequently, methane fluxes

could not be calculated for any of the measurement points.
4.3.2. Individual Natural Gas Leak

The temporal variation of CHs4 mole fractions inside the closed chamber exhibited a linear
regression, which was used to determine that the identify leak at the gas pipe is responsible for

releasing 10.22 kg yr.
4.3.3. Sewer System Emissions

Based on this source characterizations, seven sites (~ 3% of total measurements) were
identified as NG-related CH4 sources (Table S1, Supporting Information). These sites exhibited
anomalously CHj4 fluxes ranging between 0.022 and 1.310 g d'. To ensure that subsequent
analyses focus exclusively on anthropogenic microbial CHs emissions from the sewer system,

these NG-attributed data points were excluded from further flux-based statistical evaluation.

Among the 221 sampled manhole sites, 84 sites (representing 38%) exhibited measurable
CHs fluxes, with an average of 0.0144 g d'! (= 0.0018 g d'!), ranging from 0.0001 to 1.305 g d°!,

while the remaining 137 sites (62%) showed zero fluxes.

The EBK interpolation revealed pronounced spatial heterogeneity in CHy fluxes across the
city (Figure 4.4). The citywide assessment yielded a total CHs flux of 101.25 g d°!, with a 95%
confidence interval of [96.56, 107.31] g d°!, corresponding to 0.037 [0.035, 0.039] t CHa4 yr'!.
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Figure 4.4. City-scale fluxes of CHy from the sewer system in Cluj-Napoca of 8801 manhole
points whose values extracted from spatial interpolation of the surveyed dataset by Empirical

Bayesian kriging approach (Krivoruchko, 2012).

Chapter 5. Discussion

5.1. System-Based Methane Measurements (Point-Source)
5.1.1. Aquatic Systems (AQ)

All water samples collected during the four seasonal campaigns showed significant
oversaturation of dCHy, relative to air-water saturation level (AWS) of 0.003 pmol L'!. Measured
saturation ranged from 900% to over 300,000%, suggesting active in situ methane production.
Comparable findings have been reported in various urban aquatic environments worldwide, as
shown in Table 6. For example, saturation levels reached approximately 6,000,000%
approximately in the tropical Krishna River, China (Patel et al., 2023), 900,000% in Xiaoyue River
in Beijing, China (Wang et al., 2020), and 560,000% in urban ponds in Brussel, Netherlands
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(Bauduin et al., 2025). Other high values were reported up to 92,000% saturation in both the
Cauvery River (CR), India (Premke et al., 2020), and the River Clyde, Scotland (Brown et al.,
2023), and up to 18,000% Yangtze River, China (Leng et al., 2023). These trends highlight global

prevalence of CH4 oversaturation in urban aquatic systems.

In our study, mean and median dCH4 concentrations in summer and spring were nearly double
those recorded in winter and autumn, consistent with the findings of Tang et al. (2023) during dry
season conditions. Bauduin et al. (2025) similarly reported elevated dCH4 levels during warmer
seasons in urban ponds in Brussel, with minor diurnal changes driven by wind velocity being

negligible compared to seasonal variability.
5.1.2. Natural Gas End-Use Points (NG)

Concluding that measurements were conducted directly at potential end-use points (pipes,
valves, meters) at ~0 cm distance from the potential sources. This proximity enhances the accuracy
of leak identification, and effectively reduces uncertainties caused by atmospheric dispersion and

dilution, which often affect street-level or mobile measurements (e.g., Lamb et al. 2015).

Indeed, wind-driven dispersion and background noise can mask leaks when using indirect
measurements (e.g., mobile surveys) at large distances. By contrast, direct individual
measurements at end-use points allows a precise localization of emissions at the source and
demonstrated that direct measurements at 1,495 NG end-use points in China (residential and
commercial units) revealed emissions of 0.008-0.192 kg CHa/unit, values that could be easily

overlooked by atmospheric sampling alone.
5.1.3. Sewer System Manholes (SE)

Our CHs measurements are comparable to the findings from other urban SE networks

ppmv across 104 manholes in Cincinnati, Ohio, with microbial sources accounting for nearly half
of the observed emissions. Similarly, urban atmospheric studies employing mobile surveys have

attributed a significant proportion of detected CHs leaks to SE systems, with 33% in Paris
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validation from thin the infrastructure. Our survey extends these efforts by validating SE CH4
emissions through direct sampling, offering higher certainty compared to atmospheric methods. In
(573 ton. yr'!) originated from microbial processes in the SE network, supported by low C2Hg:CHa
ratios (<0.0005).

5.1.4. Building Basements (BS)

Methane concentrations measured in building basements (BS) suggest contributions from
both natural gas (NG) leaks and anaerobic microbial production. This dual-source origin was
confirmed by isotopic analysis (van Es et al., 2025), which indicated the absence of traffic-related
contaminations, thereby supporting the hypothesis of direct contribution from NG and microbial
sources. Among the 25 samples measured in the City Center (CC), 68% of the sites (n=17) showed
CHa4 concentrations ranging from 1.8 to 4.0 ppmv, while the remaining 32% ranged from 4.0 to
12.0 ppmv. Elevated concentrations were most frequently observed in older, abandoned basements
with direct exposure to street runoff and rainwater. These sites were poorly ventilated, creating

favorable environment for microbial activities to produce CHa.
5.1.5. Traffic Emissions (TE)

At the two different traffic locations in Cluj-Napoca, CHs concentration varied
proportionally with traffic density, although all measured concentrations were below the urban
background threshold of 2.2 ppmv. This variation, especially between high and low traffic density
sites, suggests a local influence from vehicle activity. However, we cannot determine the actual
source of gas due to the absence of source signature, and likely that CH4 emissions could be driven

by wind from far sources.

Several studies have reported contributions of vehicular activities to urban CHy4 emissions.

of Florence’s CH4 to a mixed of traffic and household energy, while in Bucharest, Fernandez et al.
(2022) reported 5% of urban atmospheric CH4 originating from pyrogenic sources using mobile-

based approach.
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5.2. Street-Level Methane Measurements
5.2.1. First Street-Level Survey

The street-level atmospheric CH4 concentrations revealed a spatial variation in the urban
environment that is significantly higher in the City Center (CC) compared to the Periphery Zone
(PZ), consistent to CH4 emission profiles reported in urban centers (Plant et al., 2019; Zazzeri et

al., 2016).

The identified CH4 enhancements in the central zones (CC and CP) were four times more
frequent than in the PZ, likely driven by anthropogenic activities such as intense traffic, heating
and leaks for the NG distribution network. Remarkably, our findings are consistent with earlier
observations reported by Haiduc and Simion (2011) in a site close to the CC, where CH4
concentrations reached approximately 7.1 ppmv higher than our maximum detected value (4.1
ppmv). Their study also noted a significant decline in atmospheric CH4 concentrations following

rainfall.
5.2.2. Second Street-Level Survey

High CH4 concentrations were predominantly detected along the main streets in the city
center (CC) and peripheral zone (PZ), where co-occurring in CoHs levels were also observed. The
co-emission supports the likelihood of fossil fuel-related emissions. The C>Hs:CH4 ratio was

employed in distinguish between biogenic and non-biogenic (thermogenic or pyrogenic) sources.

In line with prior studies, Lamb et al. (2016) found that C,:C; ratio > 0.046 are typical for
NG (thermogenic NG sources), 0.017 for combustion/pyrogenic sources, and ratios < 0.001 for
biogenic sources such as sewers. Plant et al. (2019) stated that in six U.S. cities, NG-related

emissions had C,:C; ratios between 0.015 and 0.071, assuming no C2Hg in non-NG sources.

The estimated CH4 emissions from NG infrastructure in Cluj-Napoca corresponding to the
population ~400,000; 1.8 % of Romania’s total 21.7 million according 400 according to National
Institute of Statistics (INS, 2025), reveals an amount of 47.30 t CHs yr'! (95% CI). In contrast, our
city-scale estimate derived from walking surveys was 176.5 t CHs yr!' (95% CI; 130.7 — 229.0 t

yr'!), nearly a factor of four higher than the inventory-based value.
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5.3. Quantification of Methane Emissions
5.3.1. Aquatic System Emissions (An Artificial Pond)

The absence of measurable methane fluxes from the artificial pond during mid-November
despite dissolved methane oversaturation may come from short-term chamber deployment, and

the cold temperature and low surface water turbulence during stable atmospheric conditions that

(Germany) using floating chambers and reported pronounced seasonal variability. Methane
emissions were highest during summer months, coinciding with elevated temperatures and
enhanced microbial methane production, whereas winter exhibited low or negligible fluxes,
corresponding to our findings where minimal methane emissions were detected under cold
conditions. Therefore, long-term and diurnal monitoring may solve this issue and provide a more

representative assessment of methane emission dynamics.
5.3.2. Sewer System Emissions

The spatial interpolation of CH4 fluxes revealed that emissions were generally weak across
the city during cold measurement period (=3 to 7 °C), consistent with temperature dependence of
the microbial methanogenesis, as low ambient temperature likely suppress biological activities and
decline the formation of methane in the sewer biofilms and sediments (Beelen & Parker, 2022;

Guisasola et al., 2008; L. Liu et al., 2025; Zhao et al., 2019).

Although modest at the urban scale, these fluxes represent a non-negligible source of
biogenic methane, particularly given that measurements were conducted during cold-season
conditions, when microbial activity is expected to be suppressed (Beelen & Parker, 2022; Foley et

al., 2009; Y. Liu et al., 2015).

Chapter 6. Conclusion and Implications

This study presents a comprehensive, multi-scale investigation of methane (CH4) dynamics
in Cluj-Napoca, Romania, integrating high-resolution atmospheric observations with direct,

source-specific measurements. The applied methodology combines walking-based mobile surveys
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with direct in situ measurements across five key urban systems: aquatic environments (AQ),
natural gas distribution end-use points (NG), sewer systems (SE), building basements (BS), and
traffic-based emissions (TE). In addition, targeted quantification was conducted using static and
floating chamber approaches for selected systems, including an artificial pond, an individual

natural gas pipeline leak, and sewer network.

The mobile survey approach enabled extensive spatial coverage and real-time detection of
methane enhancements, identifying 31 leak indications (LIs) in the first survey (TDLAS-based)
and 37 LlIs in the second survey (MILAS-based) above the background levels (>2.2 ppmv), with
the latter applying a moving-window background. Hydrocarbon ratio analysis (C2:Ci) revealed a
mixed emission profile across the study area. Direct measurements further confirmed the
widespread presence of CHj across all investigated systems, including consistent oversaturation
in aquatic environments, frequent leak indications at NG end-use points (81%) and sewer
manholes (48%), detectable methane in all vehicle exhaust samples, and elevated concentrations

in the majority of basement measurements.

A strong spatial agreement (approximately 80%) between mobile survey detections and
direct source measurements—typically within 160 m—demonstrates the robustness of combining
atmospheric and direct system-based approaches. This multi-scale framework enhances source
attribution by effectively linking atmospheric signals to specific emission sources, addressing a

key challenge in complex urban environments.

Quantification results highlighted contrasting behaviors among sources. No measurable
emissions were detected from the investigated artificial pond under the study conditions, whereas
the sewer exhibited clear evidence of active microbial CHs production despite cold-season
measurements. A total of 221 flux measurements using Empirical Bayesian kriging (EBK) to
produce a continuous spatial surface of CH4 emissions across Cluj-Napoca, extended to 8,801
virtual manholes. The estimated total citywide CHs flux was 101.3 g d"! (0.037 t yr'!; 95% CI:
96.6-107.3 g d!, revealing pronounced spatial heterogeneity. Elevated emissions were
concentrated in the historical urban core and along primary sewer collectors, where aging

infrastructure and long hydraulic retention times favour anaerobic methanogenesis.
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In contrast, quantification of an individual natural gas pipeline leak yielded emissions of
10.22 + 1.06 kg CH4 yr! (95% CI), illustrating the disproportionate contribution of localized

“supper emitters” to the urban methane budget.

A key outcome of this study is the identification of significant discrepancies between
measurement-based observations and inventory-based estimates. Results suggest that methane
emissions in urban environments such as Cluj-Napoca may be underestimated by a factor of three
to four in conventional bottom-up inventories. This finding aligns with recent studies underlining
“missing methane” in urban systems, particularly sewer networks and natural gas infrastructure,
emphasizing the importance of integrating high-resolution observational data into national

greenhouse gas inventories.

At the system level, the results demonstrate that urban environments function as hybrid
methane systems. Aquatic environments act as persistent CH4 sources primarily driven by biogenic
processes. Natural gas distribution networks represent the dominant anthropogenic source, while
sewer systems display strong spatial heterogeneity linked to infrastructure and hydraulic
conditions. Building basements may reflect overlapping influences from natural gas leakage and
microbial activity under low-ventilation settings. Traffic emissions contribute localized and short-

lived CH4 enhancements, particularly under specific operating conditions such as cold starts.

Generally, this thesis demonstrates that urban methane dynamics are governed by complex
interaction between biogenic and anthropogenic processes across multiple spatial scales. By
integrating mobile surveys, point-source observations, and targeted emission quantification, this
research provides a robust framework for improving methane source attribution, refining emission

inventories, and identifying priority mitigation targets.

Importantly, this work represents one of the first comprehensive multi-system urban methane
assessments in Eastern Europe, addressing a critical geographical research gap. The findings
contribute to the development of targeted mitigation strategies and support broader climate

objectives aligned with the EU Green Deal and the Paris Agreement.
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