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a b s t r a c t

Greenhouse gas (GHG) emissions from wastewater treatment plants (WWTPs) are increasingly recog
nized as significant  contributors to anthropogenic climate change, primarily through the release of 
methane (CH4), nitrous oxide (N2O), and carbon dioxide (CO2). Current research on GHG quantification 
in WWTPs predominantly relies on estimated emission factors. However, this introduces substantial 
uncertainties in emission estimates due to limited in situ measurements and variability in quantification 
methods. Here we review advances in GHG measurement techniques, integrating literature data with 
our in situ studies. We show that unit-based methods, such as flux chambers and optical gas imaging, 
pinpoint emission hotspots in individual processes, while plant-integrated approaches—like tracer gas 
dispersion, mobile laboratories and aerial surveys—deliver comprehensive plant-scale estimates. These 
techniques reveal wide variability in emissions, with CH4 rates spanning 0.04–427 kg h− 1 and N2O up to 
22.1 kg h− 1, but most studies are short-term, gas-specific and neglect fossil CO2, which can inflate IPCC 
inventories by up to 22.8 % upon inclusion. Technology- and plant-specific emission factors, calibrated 
via on-site data, markedly enhance accuracy by accounting for local factors like treatment processes and 
influent composition. We call for national emission inventories via long-term, multi-gas measurements, 
guiding targeted mitigation strategies and transforming WWTPs toward carbon-neutral, climate-smart 
infrastructures.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, 
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Wastewater treatment is a significant  yet often overlooked 
source of anthropogenic greenhouse gas (GHG) emissions, 
contributing to global climate change in ways that remain inade
quately quantified  [1–4]. Although it is well understood that 
methane (CH4) is primarily produced by anaerobic microbial ac
tivity [5–7] and nitrous oxide (N2O) predominantly results from 
biological and chemical processes [8–10], the complexity of 
emission sources poses ongoing challenges. These gases can be 
directly emitted from various treatment units (Fig. 1a) or stripped 
during aeration; their significant spatiotemporal variability com
plicates the development of comprehensive sector-wide in
ventories. Fossil carbon dioxide (CO2) is frequently omitted from 

Intergovernmental Panel on Climate Change (IPCC) Scope 1 in
ventories, although it is recognized as a direct contributor to GHG 
emissions [11–14]. As a result, quantifications of wastewater GHG 
emissions are highly uncertain, and emission accounting at the 
plant, regional, and national scales exhibits substantial variability.

The 2006 IPCC Guidelines for National Greenhouse Gas In
ventories and the 2019 Refinement  have been widely applied to 
estimate GHG emissions from wastewater treatment plants 
(WWTPs) using the emission factor (EF) approach [15,16]. While 
IPCC methods involve EFs derived from field measurements, past 
studies have been limited in this regard and lacking consideration 
of different treatment technologies [17,18]. A study of 63 WWTPs 
in the United States, conducted from 2019 to 2021, revealed that 
71 % of measured CH4 EFs exceeded the IPCC-recommended upper 
bounds, leading to annual emission estimates nearly double the 
IPCC projections [19]. The IPCC EFs have been established pri
marily based on measurements in developed countries and may 
not apply to other regions. For example, the CH4 EF for centralized, 
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aerobic WWTPs, as given in the 2019 IPCC Refinement guidelines, 
is around nine times higher than that obtained from field  mea
surements in China [20]. Thus, large discrepancies often occur 
between the results of IPCC methods and the actual GHG emission 
levels of WWTPs, and on-site measurements provide more quan
titative information on plant-specific GHG emissions [21].

There are two main approaches to measuring GHG emissions 
from WWTPs: unit-based and plant-integrated measurements 
(Fig. 1b). Unit-based measurements, such as flux chamber methods 
[22–24] and optical gas imaging techniques [25,26], target local
ized emissions from specific  processes. These measurements 
usually involve aggregating the emissions from individual sources 
to determine a whole plant's emissions. In contrast, plant- 
integrated measurements enable direct quantification  at the 
plant scale through aerial surveys [27], tracer gas dispersion 
methods [13,28], or mobile laboratory platforms [19]. Additionally, 
off-gas measuring techniques for monitoring gas concentrations 
from exhaust pipelines can be applied to quantify the overall 
emissions of WWTPs equipped with extensive air collection sys
tems [22,29]. The application of different sampling methods and 
analytical techniques may lead to significant  variabilities in the 
results obtained, making a systematic evaluation of these methods 
crucial for selecting appropriate measurement strategies for 
different WWTP configurations.

Unlike previous studies that primarily focused on specific 
GHGs, individual monitoring techniques, or technical aspects in 
isolation [30,31], the present study involved a systematic and 
comparative assessment of the accuracy, scalability, and practical 
feasibility of various methods. By evaluating these dimensions 
using results from the literature and original data, this review 
moves beyond technical descriptions to actionable insights and 
recommendations for the real-world implementation of methods 
for measuring and quantifying CH4 and N2O emissions from 
WWTPs (Fig. 2). Notably, this review sheds light on the often- 

overlooked contributions of fossil CO2 emissions and the recent 
advancements made toward their detection and quantification. To 
enhance the accuracy of emission quantification,  technology- 
specific  and plant-specific  EF methods are recommended. In 
summary, this review presents a novel framework for critically 
evaluating GHG quantification methods in WWTPs, thereby facil
itating informed and effective emissions management.

2. Methods of data collection

To comprehensively review the GHG emission measurement 
approaches used in WWTPs, we conducted a structured, keyword- 
driven literature search in Web of Science, targeting empirical CH4, 
N2O, and fossil CO2 emission datasets derived from field  moni
toring of wastewater treatment systems from 2000 to 2023. The 
following search terms were included: Topic search (TS) =

(“methane” OR “nitrous oxide” OR “carbon dioxide” OR “fossil 
carbon dioxide” OR “fossil carbon”) and TS = (“wastewater” OR 
“wastewater treatment” OR “wastewater treatment plant” OR 
“wwtp”) and TS = (“onsite measurement” OR “onsite monitoring” 
OR “field measurement”). The types of publications included were 
limited to articles and reviews, focusing exclusively on English- 
language documents. Following an initial identification  and 
removal of duplicate records, we retained a total of 471 publica
tions. The titles and abstracts of these articles were then screened 
for relevance, with a particular emphasis on the monitoring 
techniques applied at full-scale WWTPs and the other key di
mensions, including target gas species, emission factors, spatial 
and temporal resolution, and instrumentation.

3. Unit-based measurements for emission quantification

In this section, we summarize the current unit-based tech
niques for quantifying GHG emissions from individual wastewater 

Fig. 1. a, A schematic of a typical wastewater treatment plant with wastewater collection and treatment (wastewater treatment line), sludge treatment (sludge treatment line), 
energy recovery (anaerobic digestion [AD] and energy line), and off-gas collection and treatment. b, Greenhouse gas (GHG) emission measurements for the whole plant using 
unit-based and plant-integrated methods.
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treatment units. These details highlight the characteristics and 
mechanisms of GHG production during wastewater treatment.

3.1. Flux chamber (hood) methods

Flux chamber methods are widely employed to quantify 
diffusive GHG fluxes across the surfaces of wastewater and sludge 
treatment units. These methods are of two subtypes based on their 
application: (a) accumulation closed-chamber methods and (b) 
flow-through open-chamber methods (Fig. 3a). The former cate
gory includes methods that enclose the gases released from rela
tively static water or solid surfaces within a chamber. The target 
gas accumulates in a confined environment, and the rate at which 
its concentration increases is transformed into flux  [31]. The 
concentrations of the trapped airflow at the top of the chamber can 
be continuously monitored in situ using portable gas analyzers. 
Alternatively, air samples can be drawn using needle-equipped 
syringes and subsequently analyzed with a gas chromatograph in 
a specialized laboratory [18,32]. The latter category comprises 

methods that allow excess air to escape from the chamber [18,33]. 
GHG concentrations can be measured in continuous or noncon
tinuous ways, similar to the above. In the case of aeration tanks, 
the emission flux  is determined by combining the measured 
concentrations with the aeration rates.

The emission rates of CH4, N2O, and CO2 from WWTPs are 
predominantly derived using flux chamber methods, as reported 
in previous studies (Fig. 3c). Studies focusing solely on wastewater 
treatment lines have reported CH4 emissions ranging from 0.006 
to 6.9 kg h− 1. Studies that accounted for WWTPs’ total emissions, 
including GHGs from sludge treatment, have reported a maximum 
emission rate of 21.8 kg h− 1 [18,24,34–36]. N2O emissions remain 
relatively low across all cases, peaking at around 0.01–0.4 kg h− 1 

[18,36]. Measurements of CO2 emissions from wastewater treat
ment vary from 0.3 to 141.3 kg h− 1 [34,37,38].

Flux chamber methods are frequently used to investigate GHG 
emissions’ spatial and temporal variations and underlying mech
anisms in wastewater and sludge treatment units. These chambers 
are strategically deployed at one or multiple monitoring points to 

Fig. 2. Comparison among different greenhouse gas (GHG) measurement techniques. WWTP: wastewater treatment plant.
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enable long-term observation. Factors such as operating condi
tions and water/sludge quality are carefully assessed to identify 
the causes of peak CH4 and N2O emissions [39,40]. For instance, 
several studies involving flux chamber methods have shown that 
GHG emissions from wastewater treatment exhibit distinct sea
sonal profiles: in summer, the rise in environmental temperature 
promotes microbial activity, leading to elevated CH4 production 
[18,41]. N2O emissions peak in winter, and this may be associated 
with the accumulation of nitrite (NO2

− ) [18,40]. Nevertheless, it 
should be noted that flux chamber methods are limited by their 
constrained coverage of measurement points, and the nonuniform 
distribution of GHG emissions over the reactor surface may lead to 
uncertainties in quantification  results. Methodological factors, 
such as the selection of algorithms for various monitoring sce
narios and chamber designs [31], are also critical considerations 
that can influence the accuracy of emissions estimates.

3.2. Optical gas imaging methods

Optical gas imaging (OGI) is a method of utilizing thermal 
infrared cameras to visualize gases. In line with the United States 
Environmental Protection Agency's recommendations, OGI is used 
to detect gas leaks in natural gas systems, serving as a tool to guide 
leak repair (Fig. 3b). Expanding on this, Tauber et al. [42] utilized a 
nondispersive infrared camera to detect CH4 emissions from 
anaerobic digestion systems. Their qualitative assessment 
involved manholes, concrete cracks, and other forms of leakage, 
while quantification  relied on flux  chamber measurements. 
Recently, a mid-IR ground-based remote sensing technique was 
used to visualize and quantify GHG emissions [25]. The equipment 
for this technique included an OGI camera—specifically a mid- 
infrared (IR) hyperspectral camera weighing about 30 kg—Lidar, 

an electrical generator, a weather station, and a field  computer. 
Through the integration of spectroscopic modeling and air motion 
modeling, the collected visual images and videos were processed 
to calculate fluxes [25]. This technique was applied at a Sweden 
WWTP with a biogas production facility, and the total CH4 and N2O 
emission rates obtained were 10.3 and 1.24 kg h− 1, respectively.

The OGI method is capable of capturing in detail the variability 
of CH4 and N2O fluxes through one or more complete operational 
cycles of a wastewater treatment unit. Moreover, it can effectively 
identify unknown emission sources, such as unexpected leaks and 
transient high emissions during sludge loading, even at consider
able distances (up to hundreds of meters) from the emission point 
(s). However, the method's performance is influenced by weather 
conditions. A temperature difference of at least 1 ◦C needs to exist 
between the background temperature and gas temperature to 
acquire sufficient absorption or emission spectra for quantitative 
analysis [25].

4. Plant-integrated methods for quantifying overall GHG 
emissions

Plant-integrated measurements are designed to directly 
quantify total GHG emissions from WWTPs. In most cases, ob
servations of GHG concentrations are interpreted using inverse 
modeling to estimate emission rates from specific sources. In this 
section, we discuss the various plant-integrated GHG monitoring 
techniques reported in the literature.

4.1. Tracer gas dispersion method

The tracer gas dispersion method (TDM) relies on the 
assumption that the target gas and inert tracer gas disperse 

Fig. 3. a–b, Schematic diagram of flux chamber methods (a) and optical gas imaging methods (b). c, CH4, N2O, and CO2 emission rates reported in the literature for wastewater 
treatment with/without sludge treatment units using flux chamber methods. Orange-shaded areas indicate total greenhouse gas (GHG) emissions from wastewater and sludge 
treatment, while unshaded areas represent wastewater treatment emissions only. The wastewater treatment plants (WWTPs) were sorted in ascending order of treatment ca
pacity (in population equivalent) (Supplementary Table S1–S3).
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similarly in the atmosphere, leading to a stable concentration ratio 
independent of location [43]. The emission rate of a target gas can 
be accurately quantified by placing tracer gas cylinders near GHG 
emission sources and integrating a controlled release of a tracer 
gas with mobile measurements of downwind plumes (Fig. 4a). This 
technique has been widely used for quantifying plant-wide 
emissions in various environments, including farms, landfills, 
solid waste management facilities, and WWTPs (Fig. 4b).

The plant-wide CH4 emission rates of WWTPs have been 
determined via the TDM in previous studies (Fig. 4c), with values 
ranging from 1.1 to 103.2 kg h− 1. The records of abnormally high 
emissions are mainly due to operational issues at the plants. For 
instance, the high CH4 emission rate of 92.3 kg h− 1 at the Avedøre 
WWTP resulted from biogas leakage [13]. Significant CH4 emission 
levels have also been caused by the suboptimal management of 
treatment processes. For example, the maximum CH4 emission 
rate from open-air sludge stockpiles at the Sweden WWTP was 
recorded at 22.5 kg h− 1, accounting for 67 % of the total emissions 
from the plant [28]. In contrast, the relatively low overall emis
sions recorded at the Lundtofte and Lynetten WWTPs were 
because the enclosed biosolids facilities could prevent fugitive CH4 
emissions [43]. A case study at the Mexico WWTP similarly found 
that poor operational practices in managing primary sludge 
resulted in plant-wide CH4 emissions as high as 52.9 kg h− 1 [44].

Plant-integrated N2O emission rates vary from 0.1 to 
10.3 kg h− 1 (Fig. 4d), largely due to factors such as pollution loads, 
operational conditions, and climatic conditions [13,28,45]. For 
example, the highest N2O emission rate (10.3 kg h− 1) observed at 
the Avedøre WWTP was due to elevated NO3

− levels during the 
monitoring periods [13].

Compared to other techniques, the TDM method allows for 
accurate quantifications  of plant-wide emissions, as it involves 
determining the quantity of a target gas based on the released 
amount of a tracer gas. However, the effective implementation of 
this method requires overcoming several challenges, such as site 
accessibility, technical requirements, and time investment. First, it 
is essential to get permission from WWTPs and other associated 
departments for regulatory compliance and the proper deploy
ment of tracer gas release. Second, the release of the tracer gas has 
to be precise to guarantee its thorough integration with the target 
gas. Any oversight in this regard may result in erroneous out
comes. Third, traversing plumes for downwind monitoring cam
paigns often demands a substantial time commitment, ranging 
from tens of minutes to several hours. Therefore, the TDM method 
is less suitable for examining temporal trends in GHG emissions or 
for long-term applications.

4.2. Mobile laboratory method

GHG emissions can also be quantified  by utilizing a mobile 
laboratory platform that includes trace gas analyzers, weather 
stations, and global positioning system (GPS), all mounted on an 
electric vehicle. This kind of platform is specifically  designed to 
traverse entire plumes downwind of emission sources and thereby 
facilitate simultaneous real-time monitoring of GHG concentra
tions. By integrating observational data with models that incor
porate meteorological conditions, topography, and transport 
processes, it is feasible to determine the intensity of GHG emis
sions from a specific source. For instance, Moore et al. [19] applied 
the mobile laboratory to quantify plant-scale CH4 emissions from 
63 WWTPs using inverse Gaussian dispersion modeling and 
Bayesian source rate inference. Over 1000 transects of instanta
neous CH4 plumes were captured, resulting in plant-averaged CH4 
emission rates of 0.04–269.3 kg h− 1.

The mobile laboratory approach holds great potential for 

assessing GHG emissions from large-scale facilities due to its high 
mobility and rapid data acquisition capabilities. Compared to the 
TDM, this approach involves simple procedures and does not 
require permission for any tracer gas deployment. However, the 
mobile laboratory approach may lead to higher uncertainties than 

Fig. 4. a, A brief illustration of the tracer gas dispersion method (TDM). b, An over
view of the TDM applied in different environments. c–d, Plant-integrated CH4 (c) and 
N2O (d) emission rates from wastewater treatment plants (WWTPs). The measure
ments used the same tracer gas (C2H2) and gas analyzer (cavity ring-down spec
troscopy analyzer). The WWTPs were sorted in ascending order of treatment capacity 
(in population equivalent) (Supplementary Table S4–S5 and Fig. S1–S2). AD: anaerobic 
digestion.
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the TDM due to atmospheric variability and modeling complex
ities. To address this challenge, Moore et al. [19] conducted a 
controlled CH4 release experiment to compare various approaches 
to the dispersion model inversion of emission sources. The authors 
ultimately selected the single-source dispersion model due to its 
computational efficiency, statistical equivalence to multi-source 
models, and operational robustness [19].

4.3. Path-integrated optical remote sensing

Path-integrated optical remote sensing (PI–ORS; Supplementary 
Fig. S3), a method proposed by the United States Environmental 
Protection Agency, is used to quantify fugitive pollutant emissions. 
This method often involves the use of a monitoring strategy with 
non-intersecting multiple-beam paths, such as open-path Fourier 
transform infrared spectroscopy (OP–FTIR) or open-path tunable 
diode laser spectroscopy (OPL), along with retroreflectors, a 
weather station, and a laptop for measurements. During measure
ments, a light beam emitted from the OP–FTIR or OPL instrument 
traverses the open path downwind of the target emission source 
and reaches a retroreflector. Real-time monitoring of the concen
tration of a target gas is achieved by measuring the extent to which 
light is absorbed by the target gas during traversal. Micro- 
meteorological methods, such as inverse dispersion modeling, can 
be integrated with PI–ORS to further facilitate the quantification of 
emission fluxes.

PI–ORS has been extensively applied in previous studies to 
quantify trace gas emission rates from various sources, especially 
livestock and agricultural sources and waste treatment facilities 
(Supplementary Fig. S3). This method enables the autonomous 
and remote operation of devices with minimal human interven
tion and reduced maintenance costs. Moreover, OPL and OP–FTIR 
support high-frequency quantification  of GHG emission rates (e. 
g., every 10 or 30 min), with monitoring durations lasting up to 
tens of hours or longer [46]. This method's application in WWTPs 
is quite limited, and it has been used only in one study to obtain 
OPL measurements at two WWTPs (with AD) in Switzerland; the 
average CH4 emission rates were 0.82 and 0.61 kg h− 1 [47]. This 
limitation may be attributed to the fact that, compared to other 
emission sources in rural areas, WWTPs are typically situated in 
urban areas with limited space, posing which makes it challenges 
difficult  to identifying suitable locations for installing PI-ORS 
equipment to detect reflections.

4.4. Aerial surveys

Aerial surveys, which utilize aircraft or unmanned aerial vehi
cles (UAVs), are essential for airborne reconnaissance and moni
toring. Aircraft-based approaches are widely adopted for GHG 
monitoring over extensive areas, and they contribute to enhancing 
the accuracy of top-down inventories [27,48]. Aircraft-based 
measurements have recently been applied to estimate CH4 emis
sions from intensive sources, including WWTPs [49]. These flight 
experiments were conducted at four WWTPs and involved a light 
aircraft equipped with GPS systems, air turbulence probes, and 
trace gas analyzer instruments. The aircraft followed closed-loop 
flight paths around each plant, gradually ascending to an altitude 
above a GHG plume. The CH4 emission rates were quantified based 
on mass balance principles and Gauss's law. The results revealed 
varying emission rates: 204–427 kg h− 1 at the San Jose Santa Clara 
WWTP, 82–130 kg h− 1 at the East Bay Municipal Utility District 
Oakland WWTP, 62–229 kg h− 1 at the San Francisco Southeast 
WWTP, and 120 kg h− 1 at the Central Contra Costa WWTP. The 
application of aerial measurements in WWTPs may be limited by 
airspace access and technical requirements.

UAVs or drones are flexible monitoring options for in situ at
mospheric measurements or the remote sensing of GHG concen
trations at small, localized sources [50]. Real-time GHG sampling 
and analysis can be performed using an integrated instrumenta
tion system onboard the drone. Alternatively, air samples can be 
collected through an onboard gas collection system [51] or pum
ped to the ground via a tube [52], with subsequent on-site or off- 
site analyses determining the gas concentrations. A variety of 
methods, including the mass balance box method and Gaussian 
plume inversion models, can be used to quantify GHG emission 
fluxes. For example, CH4 emissions from a sludge deposit at a 
WWTP were measured using a sensitive drone system equipped 
with a CH4 sensor and quantified using mass balance calculations; 
the total CH4 flux was determined to be 7.4 kg h− 1 [26]. Compared 
to other techniques, the drone-based method has clear advantages 
in maneuverability, making it uniquely applicable in remote or 
inaccessible environments as well as for leak detection and map
ping. Challenges related to UAV applications include the need to 
miniaturize high-performance instrumentation and to restrict 
flight durations to 45 min due to battery constraints. These factors 
may limit the temporal resolution and continuity of emission 
monitoring.

We applied a drone system to map the GHG emission hotspots 
at a WWTP. Air samples were pumped to the ground via a tube 
connected to the drone and subsequently measured using ground- 
based online trace gas analyzers (Fig. 5a). The sampling inlet was 
positioned at a distance from the drone to minimize potential 
interference with the drone's flight during gas sampling. This was 
confirmed through a comparative experiment using both a drone 
and a sounding balloon as flight  platforms (Fig. 5b). The drone 
platform proved effective in visualizing the spatial distribution of 
the GHG plumes (Fig. 5c–e). Emission hotspots, such as aeration 
and anoxic tanks, were clearly observed. The high-emission spots 
for CH4 and CO2 were spatially consistency, while those for N2O 
showed slight deviations.

4.5. Off-gas measurements for plants with air collection systems

An increasing number of WWTPs are being constructed un
derground or with covered and sealed treatment units to facilitate 
the centralized collection, treatment, and discharge of exhaust 
gases [53]. GHG measurements can be conducted at these 
enclosed plants by directly measuring the GHG concentrations in 
the exhaust pipelines of the air collection systems through either 
online monitoring or offline analysis using gas bags. It is feasible to 
calculate the GHG emissions of an entire plant by incorporating 
additional parameters, such as gas flow rates.

At the Kralingseveer WWTP (with anaerobic digestion [AD]) in 
the Netherlands, all process units, except for the secondary set
tlers, are covered to capture off-gases for treatment. Plant-wide 
GHG emissions have been estimated at this WWTP via online 
monitoring, yielding CH4 emission rates of 8.8–17.9 kg h− 1 and N2O 
emission rates of 2.6–17.7 kg h− 1 [54]. Similarly, the Viikinm€aki 
WWTP (with AD) in Finland, a fully covered underground plant, 
conducted online monitoring of its exhaust pipeline, which col
lects off-gases from all units except the dewatered sludge storage. 
The average N2O emission rate was 10.6–22.1 kg h− 1 [29]. Our field 
experiment at an underground municipal WWTP (without AD) in 
Guangzhou, China, resulted in average CH4 and N2O emission rates 
of 1.6 and 0.05 kg h− 1, respectively [22].

WWTPs equipped with air collection systems stand out as 
distinctive sewage facilities, well suited to the thorough quantifi
cation of plant-wide GHG emissions. In our recent study, the off- 
gas and unit-based measurements obtained at the aforemen
tioned Guangzhou underground plant (without AD) were 
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compared to determine the differences in overall GHG emission 
quantification  [22]. Our results revealed that the off-gas mea
surements were approximately 3–9 times higher than the unit- 
based measurements. This underscores the limitations of con
ventional unit-based approaches in capturing total emissions.

A comparative analysis of three fully covered 
WWTPs—Guangzhou (19,000 m3 d− 1, low-strength influent), 
Viikinm€aki (310,000 m3 d− 1), and Kralingseveer (50,000 
–100,000 m3 d− 1)—with distinct influent  characteristics and 
treatment configurations has revealed substantial heterogeneity 
in GHG emissions [22,29,54]. The CH4 emission rates at the 
Kralingseveer WWTP, which incorporates advanced sludge-to- 
energy conversion processes, were 5.5–11.1 times higher than 
those at the Guangzhou plant, which lacks AD. N2O fluxes at the 
Kralingseveer and Viikinm€aki facilities, which had higher overall 
capacities, were up to two orders of magnitude greater than those 
at the Guangzhou facility, likely due to higher influent nitrogen 
loads (i.e., 40–60 mg L− 1 for Kralingseveer and Viikinm€aki vs. 
~39 mg L− 1 for Guangzhou) and climatic conditions that influ
ence the nitrification-denitrification pathways. These contrasting 
emission profiles  highlight the limitations of applying uniform 
IPCC emission factors across WWTPs with diverse operational 
scales and environmental contexts.

4.6. Recommendations for plant-wide GHG emission quantification 
using on-site measurements

Unit-based methods offer significant  advantages for investi
gating GHG emissions from specific process areas. Flux chamber 
measurements can be performed in parallel with wastewater 
sampling and analysis, allowing GHG emission data to directly 
inform process optimization and adjustments. OGI provides an 
intuitive visualization of emission sources and their distribution, 
making it particularly effective for monitoring complex or hard-to- 
access areas.

However, for plant-wide quantification, plant-integrated mea
surements are recommended. The mobile laboratory method 
provides a practical and efficient solution for large-scale emissions 
assessment in the wastewater treatment sector. In addition, 
PI–ORS is particularly suitable for the long-term monitoring of 
individual plants, as its continuous, real-time operations cause 
minimal disruption to plant operations and enable the detection of 
emission fluctuations  under varying conditions and across 
different seasons.

When monitoring objectives include both integrated emission 
quantification  and the identification  of specific  sources, the 
following techniques are recommended. First, TDM can facilitate 
the quantification  of total plant emissions and also provide in
sights into the overall distribution and localization of emission 
sources [28,44]. Second, aircraft surveys can facilitate compre
hensive plant-wide emission quantification and hotspot identifi
cation. Third, UAV measurements can be valuable in this regard but 
may face challenges in fully capturing plumes due to plant layout 
constraints. To enhance measurement accuracy, strategies aimed 
at (a) capturing full plumes downwind through screen flights and 
(b) using screen or box flights  to quantify emissions from indi
vidual treatment units, with aggregated measurements yielding 
total emissions estimates, can be implemented. Finally, for un
derground plants or fully covered plants and reactors, off-gas 
measurements can be used to quantify total emissions in 
centralized ventilation systems or to assess the source-specific 
contributions of unit-level exhaust points.

To increase accuracy, we suggest employing a combination of 
methods for quantifying wastewater GHG emissions. Previously 
reported plant-wide GHG emissions of various WWTPs, derived 
from both unit-based and plant-integrated measurements (Fig. 6). 
Among these, aircraft surveys are associated with the highest 
median CH4 emission rate of 121.8 kg h− 1 (Fig. 6a). While this 
elevated value may partly reflect substantial CH4 emissions from 
ADs [49], its marked excess relative to other methods suggests that 

Fig. 5. A case study of drone-based mapping of greenhouse gas (GHG) emissions from a wastewater treatment plant (WWTP). a, The schematic diagram of the drone-based 
measurements in this study via a tube connected to the drone and the sounding balloon and using ground-based trace gas analyzers for continuous monitoring. b, Compara
tive analysis of drone and balloon-based platforms for measuring GHG concentrations. The test was conducted at an upwind field with no interference sources. c–e, The 
application of a drone-based monitoring platform for CO2 (c), CH4 (d), and N2O (e) measurements over a WWTP.
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aircraft-based measurements may systematically overestimate 
CH4 emissions. Flux chamber methods are evidently unsuitable for 
measuring GHG emissions across entire plants due to their limited 
coverage of emission sources. Considering the above limitations, 
the use of different measurement techniques can lead to com
plementary benefits,  resulting in reliable GHG quantification  for 
the development of effective GHG reduction strategies [22,28,44].

The plant-wide N2O emissions quantified  using the off-gas 
measurement approach were notably higher than those obtained 
with other methods (Fig. 6b). This discrepancy likely arises 
because off-gas measurements directly capture high- 
concentration releases from emission points, whereas alternative 
methods may average or miss transient peaks; or because of the 
large volume of treated wastewater used in the former. Plant-wide 
N2O monitoring has been studied less extensively than CH4 
monitoring, resulting in a limited understanding of N2O emission 
characteristics. Vasilaki et al. [55] reviewed the quantification and 
mitigation of N2O emissions across different process groups, 
highlighting that insufficient  reporting makes it challenging to 
compare N2O emissions across various WWTPs. We encourage 
researchers to conduct more comprehensive plant-wide N2O 
measurements using established techniques and instruments in 
the future.

5. Fossil CO2 emissions from wastewater treatment

In this section, we review the distribution of fossil carbon in 
wastewater, sludge, and gas samples, outlining its fate during the 
wastewater treatment process. We also discuss our measurements 
of fossil carbon and fossil CO2 emissions from wastewater treat
ment, highlighting the current challenges in this area. There is a 
data gap in fossil carbon measurements that needs to be filled in 
order to support the full-scale quantification  of GHG emissions 
from wastewater.

5.1. Fossil carbon in wastewater treatment systems

Until the last decade, organic carbon in wastewater was 
considered wholly biogenic, mainly originating from organic 
wastes generated by domestic or commercial activities, such as 
food residuals and human excrement [16]. Wastewater CO2 
emissions were consequently treated as biogenic and omitted 
from GHG accounting inventories [15]. However, since 2009, 

emerging research has highlighted the pervasive presence of fossil 
organic carbon in wastewater. This is largely attributed to the 
widespread use of petroleum-based products (e.g., detergents, 
cosmetics, pharmaceuticals, surfactants, and food additives) in 
both domestic and commercial settings [11,14]. Surveys have 
revealed that the presence of fossil organic carbon leads to the 
release of fossil CO2 from wastewater systems, contributing to the 
underestimation of total GHG emissions [12,13,56].

The fossil carbon levels recorded in wastewater, sludge, and gas 
samples are depicted (Fig. 7). Fossil carbon accounts for about 4–7 
% and 8–14 % of WWTP influents  from domestic sewage and 
domestic–industrial mixed wastewater, respectively [14]. In a 
specific case of municipal influents, the contribution of fossil car
bon has reached as high as 28 % [56]. After entering WWTPs, fossil 
carbon undergoes conversion and migration through three path
ways: partial biodegradation into CO2 and CH4, retention in sludge 
and subsequent digestion to produce CH4 and CO2, or discharge 
from the plant through excess sludge (treated off-site) and effluent 
[14,56]. Most of the fossil carbon in influents is transferred to the 
gas phase and sludge.

In the present study, we collected influent, effluent, and sludge 
samples from a municipal WWTP in Guangzhou, China, for 14C 
measurements using accelerator mass spectrometry (see Section 
5.2 for details). The results indicate that the fossil carbon contri
bution of this WWTP's domestic-industrial mixed wastewater 
influent was generally lower than those reported in the literature 
(Fig. 7). In contrast, the sludge biosolids exhibited a notable pro
portion of fossil carbon, accounting for 21.7 % of the total carbon 
levels. The difference between the findings of our study and the 
results reported in the literature may be attributed to influent 
quality, treatment processes, or effluent  quality requirements. 
Since studies in this field  are limited, conducting an in-depth 
comparison and analysis is challenging.

5.2. Identification of fossil carbon via radiocarbon analysis

The quantification of biogenic carbon and fossil carbon relies on 
radiocarbon (14C isotope) analyses. The isotope 14C is produced 
naturally through the collision of cosmic rays with nitrogen atoms 

(14N + 1
0n → 14C + 1

1H → oxidized to CO2), and it has a half-life of 
5700 ± 30 years [57]. In contrast, fossil fuels, which are millions of 
years old, lack the 14C isotope signature [58]. Fossil-derived 
products, such as CO2 resulting from fossil fuel combustion, 

Fig. 6. A summary of plant-wide CH4 (a) and N2O (b) emission rates reported in literature obtained through unit-based measurements and plant-integrated measurements. The 
data points represent the average emission rate of each plant reviewed in the previous sections. FC: flux chamber method; OGI: optical gas imaging method; TDM: tracer gas 
dispersion method; ML: mobile laboratory method; PI–ORS: path-integrated optical remote sensing method; AS: aerial survey; OF: off-gas measurement method. Among them, FC 
and OGI belong to the unit-based methods, while others are plant-integrated methods.
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predominantly exhibit stable isotope signatures composed of 12C 
and 13C. Thus, radiocarbon 14C serves as a tracer for bioproducts 
produced from recent atmospheric CO2.

The ISO 16620-2 standard (“Plastic-determination of bio-based 
carbon content”) lists three methods for determining bio-based 
carbon content: liquid scintillation counter (LSC), beta-ionization 
(BI), and accelerator mass spectrometry (AMS). Among these, 
AMS is the most commonly used due to its relatively short mea
surement duration and the direct availability of 14C presence in
formation [14,56]. A detailed calculation procedure based on the 
AMS method [14] is outlined below.

According to the isotope mixing model, 

pMC(s)= REFbio × Xbio + REFff × Xff (1) 

Here, the pMC(s) represents the percent modern carbon con
tent of the samples. The measured pMC values are dimensionless 
and expressed in percent units; REFbio and REFff represent the 
reference radiocarbon values of biogenic carbon (14Cbio) and fossil 
fuel carbon (14Cfossil), respectively, measured in pMC units; Xbio 
and Xff are the respective proportions of bio-based and fossil- 
based carbon content (%), with their total summing up to 100 %.

The complete decay of 14C in fossil fuel carbon results in 
REFff = 0 pMC. Meanwhile, biogenic carbon consists of isotopic 
characteristics that remain in equilibrium with the modern at
mosphere, denoted as REFbio = REFatm. For the year 2020, REFatm 
was measured at 100.2 pMC. Therefore, equation (1) can be 
transformed into equation (2): 

pMC(s)= REFatm × Xbio (2) 

The formula for determining the proportion of bio-based car
bon content can be derived as follows: 

Xbio =
pMC(s)
REFatm

× 100% (3) 

For instance, an AMS analysis conducted in this study yielded a 
pMC value of 78.3 ± 0.3 for a thickened sludge sample. Using 

equation (4), Xbio was calculated to be 78.3 %. Consequently, Xff was 
determined to be 21.7 %. 

Xbio =
pMC(s)
REFatm

× 100% =
78:3
100

× 100% = 78:3% (4) 

When conducting our measurements, we found that AMS an
alyzers are not commonly available in standard laboratories 
because of their high cost and stringent operational requirements. 
Moreover, there are no established pretreatment protocols for 
various sample types, and the literature on the fate of fossil carbon 
during wastewater treatment remains limited.

5.3. Fossil CO2 emissions

Fossil organic carbon in the wastewater leads to fossil CO2 
emissions during wastewater treatment. Schneider et al. [12] 
conducted measurements at a Southern California WWTP that 
mainly receives residential wastewater to identify the hotspot 
units of fossil CO2 emissions. Their observations revealed that the 
aerobic reactors had the highest fossil CO2 flux rates, peaking at 
2.7 kg h− 1, followed by the settling basins at 0.39 kg h− 1 and anoxic 
reactors at 0.06 kg h− 1. Regarding the contribution of fossil CO2 to 
total CO2 emissions per unit, settling basins had the highest per
centage at 66.4 %, followed by aerobic reactors at 34.2 % and anoxic 
reactors at 11.3 %. Aerobic reactors are major contributors to CO2 
emissions due to the aerobic biological oxidation of organic matter 
[38]. A large portion of the produced CO2, including fossil CO2, is 
directly emitted into the atmosphere, while residual dissolved CO2 
is gradually released downstream via liquid-phase transport. 
Notably, although settling basins are characterized by minimal 
microbial activity, they still exhibit substantial fossil CO2 emis
sions due to their high stripping rates.

In addition to direct measurements of off-gas samples, fossil 
CO2 emissions can be indirectly calculated using the mass balance 
method. Law et al. [14] used a fossil total organic carbon (TOC) 
mass balance approach to estimate fossil CO2 emissions at four 
WWTPs. During their secondary treatment process, fossil CO2 
emissions were calculated at 9.3 and 2.4 kg h− 1 for two plants that 
exclusively received residential wastewater and at 120.2 and 
122.5 kg h− 1 for two plants that received a combination of resi
dential and industrial wastewater.

Law et al. [14] reported that fossil CO2 emissions may account for 
2–12 % of the total Scope 1 GHG emissions (direct emissions) from 
wastewater treatment. Tseng et al. [56] further demonstrated that 
the presence of fossil CO2 could elevate total emissions by 12.6 %. 
Fossil CO2 emissions may also arise from on-site and off-site sludge 
treatment and disposal processes. Biogas resulting from ADs at 
WWTPs has a low fossil carbon fraction (~3 %; Fig. 7). However, 
fossil-origin CO2 arising from energy recovery through biogas 
combustion can increase Scope 1 emissions by an additional 10.2 % 
[56]. Therefore, in systems with on-site energy recovery, the total 
increase in reported emissions can potentially reach 22.8 %.

For off-site treatment, we consider a case of sludge incineration 
as an example. According to Zhou et al. [59], China produced 39 
million tons of dry sludge annually by 2019, with about 26.7 % 
undergoing incineration treatment. Assuming a default carbon 
content of 31 % for dry sludge based on the IPCC guidelines, and 
considering the fossil carbon proportion of 21.7 % detected in this 
study, it can be inferred that almost 2.5 million tons of fossil CO2 
are generated through incineration but are not included in the 
original IPCC 2019 GHG inventory. There is currently a limited 
number of studies on fossil CO2 emissions from wastewater 
treatment, which hinders a comprehensive quantification of GHG 
emissions.

Fig. 7. A summary of fossil carbon proportions in wastewater, sludge, and gas samples 
based on literature (Supplementary Table S6) and measurements in our study.
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6. Nationwide GHG emissions from wastewater treatment in 
China

The on-site quantification  of GHG emissions through direct 
measurements at WWTPs forms the foundation for nationwide 
emission estimates using the EF approach. Traditionally, national- 
scale estimates of wastewater GHG emissions largely relied on the 
IPCC guidelines. However, the development of various measure
ment techniques has led to technology-specific and plant-specific 
EF methods being proposed to reduce estimation uncertainties. In 
the following section, we use the example of China to illustrate 
how these methods can be applied to quantify national GHG 
emissions from wastewater treatment.

6.1. IPCC guidelines: applications and future challenges

As the world's largest carbon emitter, China has the most 
extensive and rapidly expanding wastewater sector [4]. Increasing 
attention is being paid to assessing the carbon footprints of 
WWTPs and their impact at the national scale based on the widely 
adopted IPCC guidelines. The IPCC has provided a well-recognized 
method for estimating GHG emissions in the wastewater sector. 
This method integrates activity data—that is, the level of human 
activities—with EFs that quantify emissions per unit of activity. 
This tier-based EF approach is designed to accommodate varia
tions in data availability and methodological complexity across 
different countries and regions.

The IPCC 2006 guidelines have been used in previous studies to 
quantify GHG emissions from wastewater treatment in China. 
According to Ma et al.’s [60] estimates, CH4 emissions from do
mestic and industrial wastewater treatment increased from 
429.9 Mt CO2 equivalent (CO2-eq) in 2005 to 592.2 Mt CO2-eq in 
2010. Ding et al. [61] reported that CH4 emissions from both types 
of wastewater treatment rose from 23.7 Mt CO2-eq in 1990 to 
28.1 Mt CO2-eq in 2013. Du et al.’s [62] calculations showed that 
the national CH4 emissions from wastewater treatment increased 
from 357.5 Mt CO2-eq in 2000 to 908.9 Mt CO2-eq in 2014, with 
domestic wastewater CH4 emissions ranging from 64.9 to 336.9 Mt 
CO2-eq. Zhao et al. [63] estimated the CH4 emissions from 
wastewater treatment in China based on plant-level data on 2019 
municipal WWTPs; the results showed that the total CH4 emission 
level was 29.2 Mt CO2-eq in 2014. Although many studies used 
similar statistical sources for activity data, differences in the se
lection criteria for EFs may lead to large discrepancies in the final 
emission estimates.

The methodologies and perspectives in the IPCC guidelines are 
continually refined to narrow the gap between estimated results 
and actual monitoring data, thereby enhancing the accuracy of 
emission estimates. In the 2019 Refinement  to the 2006 IPCC 
guidelines for GHG estimation, the EFs of CH4 for centralized 
aerobic treatment plants were specified as 0.018 (0.0018–0.054) kg 
CH4 per kg biochemical oxygen demand (BOD) based on recent 
literature, whereas the 2006 IPCC guidelines had set these at 0 for 
well-managed plants and at 0.18 (0.12–0.24) kg CH4 per kg BOD for 
not well-managed plants according to expert judgment. For N2O, 
the plant-level EFs were set at 0.016 (0.00016–0.045) kg N2O-N per 
kg N in the 2019 Refinement and 0.00032 kg N2O-N per kg N in the 
2006 IPCC guidelines [64]. As a result, the 2006 IPCC guidelines 
may lead to underestimated CH4 and N2O emissions from waste
water treatment compared to the 2019 Refinement, as revealed in 
a recent comparison study in Shanghai [65]. The 2019 Refinement 
still shows substantial deviations from observed values and con
tains literature citation errors; further refinement is needed for the 
guidelines to better reflect actual conditions [19,64,66,67]. Future 
improvements should focus on quantifying nonbiogenic (fossil) 

CO2 emissions from wastewater treatment and discharges.

6.2. Technology-specific and plant-specific EF methods

Although the IPCC guidelines have been widely used to quantify 
GHG emissions from wastewater treatment in China, significant 
uncertainties exist in these estimates due to the limited avail
ability of in situ measurements, insufficient  consideration of 
operational variations across WWTPs, and inherent uncertainties 
in the published emission factors. Furthermore, the EFs recom
mended in the IPCC guidelines have primarily been derived from 
measurements in developed countries and may not apply to 
developing countries, such as China [20].

Technology-specific  EFs have recently been applied to assess 
GHG emissions from wastewater treatment and improve the ac
curacy of national emission estimates [4,20,67,68]. Technology- 
specific EFs are derived from field monitoring activities and cate
gorized by treatment processes and commonly used techniques. 
For instance, Li et al. [68] developed a plant-level, technology- 
based CH4 and N2O emission inventory for municipal WWTPs in 
China, covering 8703 plants and 19 biological treatment technol
ogy categories. By combing national and provincial data, the au
thors estimated that the total CH4 and N2O emissions for 2020 
were 41.3 Mt CO2-eq and 0.6 Mt CO2-eq, respectively [68]. Simi
larly, Du et al. [4] utilized the activity data of individual municipal 
WWTPs in China and distinguished EFs according to each plant's 
treatment processes. The total GHG emissions, including CH4, N2O, 
and fossil CO2, were calculated to be 53.0 Mt CO2-eq in 2019 [4]. 
These studies reveal substantial spatiotemporal discrepancies in 
GHG emissions arising from differences in technology preferences 
across provinces, advancements in wastewater treatment, and 
shifts in economic and policy conditions.

Several researchers have reported that the plant-specific  EF 
method can be used to achieve accurate emission estimates 
[19,28]. Plant-level EFs derived from unit-based and plant- 
integrated measurements—such as those reported by Huang 
et al. [69], Masuda et al. [18], Samuelsson et al. [28]—are sum
marized in Supplementary Table S7. Plant-specific EFs vary widely, 
even among WWTPs with identical treatment technologies. 
Operational heterogeneity among plants can lead to substantial 
variations in GHG emissions [28]. Despite its potential, this 
method has not yet been applied to national-scale emission 
estimations.

7. Conclusion

This study involved a comprehensive review of emission 
measurements and the quantification of CH4, N2O, and fossil CO2 
from wastewater treatment. Our comparison of different mea
surement techniques reveals that flux chamber measurements and 
the optical gas imaging method offer significant  advantages for 
investigating GHG emissions from individual units. In contrast, the 
mobile laboratory method and the path-integrated optical remote 
sensing method are better suited to plant-integrated emission 
quantification. Tracer gas dispersion, aircraft surveys, and off-gas 
measurements provide valuable insights into the integrated 
quantification of emissions from whole plants and the identifica
tion of specific sources. However, their applicability may be con
strained by the structural characteristics of WWTPs.

Significant levels of fossil carbon, ranging from approximately 
4 %–28 %, have been detected in the WWTP influents. This suggests 
that fossil CO2 emissions are released into the atmosphere through 
the process of biodegradation. Incorporating fossil CO2 emissions 
into carbon accounting may increase the original IPCC inventory 
by up to 22.8 %. However, current techniques for detecting fossil 
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carbon are not easily accessible, and a standardized pretreatment 
protocol for different types of samples has not been established, 
highlighting the need for future development in this area.

Researchers have primarily followed the IPCC guidelines to 
estimate GHG emissions from wastewater treatment at the na
tional scale. However, significant discrepancies may exist between 
these estimates and the actual emission rates. To address this, a 
multi-tiered policy framework is essential to enhance GHG 
monitoring in wastewater management. Standardized protocols 
should prioritize continuous measurements of CH4, N2O, and fossil 
CO2 at benchmark plants and promote the use of calibrated 
emission factors for accurate assessments. Real-time GHG con
centration data should be integrated with WWTP operational 
parameters to enable automated verification, thereby facilitating 
the integrated management of wastewater treatment and GHG 
emissions. These strategies can collectively address the existing 
data gaps and support the sector's transition to climate-smart 
infrastructure.
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