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Abstract

Plant-integrated methane (CHs) and nitrous oxide (N2O) emission quantifica-
tions were performed at five Scandinavian wastewater treatment plants, using
a ground-based remote sensing approach that combines a controlled release
of tracer gas from the plant with downwind concentration measurements. CHa
emission factors were between 1 and 21% of CHs production, and between
0.2 and 3.2% of COD influent. The main CH4 emitting sources at the five
plants were sludge treatment and energy production units. The lowest CHa
emission factors were obtained at plants with enclosed sludge treatment and
storage units. N2O emission factors ranged from < 0.1 to 5.2% of TN influ-
ent, and from < 0.1 to 5.9% of TN removed. In general, measurement-based,
site-specific CHs and N2O emission factors for the five studied plants were in
the upper range of the literature values and default emission factors applied in
international guidelines. This study showed that measured CHs and N2O
emission rates from wastewater treatment plants were plant-specific and that
emission rates estimated using models in current guidelines, mainly meant for
reporting emissions on the country scale, were unsuitable for Scandinavian
plant-specific emission reporting.



1 Introduction

The United Nations Framework Convention on Climate Change promotes the
reporting of national greenhouse gas (GHG) emissions from anthropogenic
activities as an important instrument to curb global climate change.
Wastewater treatment is an anthropogenic source of methane (CH4) and ni-
trous oxide (N20O) (Daelman et al., 2013), two potent GHGs (Stocker et al.,
2013), which are responsible for the largest part of a wastewater treatment
plant’s (WWTP’s) carbon footprint (Daelman et al., 2013; Yoshida et al.,
2014a, 2014b).

In the European Union, WWTPs have to report their environmental emissions
to the European Pollutant Release and Transfer Register (E-PRTR), which is
a publicly accessible inventory of environmental emissions caused by human
activities. Only WWTPs for which emissions exceed specific thresholds are
obliged to report their emissions to the E-PRTR, but some low-emission fa-
cilities state their releases on a voluntary basis (Petersson, 2012). Currently,
WWTPs report their emissions mainly by following the guideline provided by
the Intergovernmental Panel on Climate Change (IPCC) (Doorn et al., 2006).
It is, however, unknown as to what extent the IPCC guideline provides realis-
tic and valid emission estimation models for plant-specific GHG emission
reporting. In this context, quantification of plant-specific emissions is need-
ed, to assure reliable emission reporting and WWTP carbon footprint evalua-
tion. However, quantifying GHG emissions from WWTPs is a challenging
undertaking, as a WWTP comprises many different process units and tech-
nologies, resulting in a large emitting area consisting of several smaller
sources made up of different physical shapes and emission heights. Addition-
ally, specific plant operation conditions result in temporal variations in emis-
sions.

In the last twenty years, emissions have been measured mainly by applying
on-site point measurement methods. Floating chambers combined with liquid
sample analysis have been the most common way of measuring N2O and CHa4
emissions from wastewater reactors and investigating temporal and spatial
variability (Kampschreur et al., 2009; Rodriguez-Caballero et al., 2014). On-
ly a few studies have performed measurements on enclosed treatment tech-
nologies, equipped with an air collection system, to obtain a large dataset
with diurnal and annual changes (Daelman et al., 2013; Toyoda et al., 2011).
However, this approach cannot be applied to open-air process units, and it
does not consider GHG leakages from pipes, fittings, pressure release vents,



or any other incidental releases. On-site point measurement methods have
also been used for measuring CHs releases from installations at biogas plants
using various substrates, including manure and solid waste, which are
equipped with treatment processes and technologies also used for anaerobic
digestion of sewage sludge. These studies usually involve leakage identifica-
tion followed by emission quantification, using the flux chamber technique
(Liebetrau et al., 2013).

In recent years, ground-based optical remote sensing approaches have also
been used for quantifying diffuse GHG emissions. Two studies combined
downwind CHs concentrations, using open-path gas analyzers with backward
Lagrangian Stochastic modeling, to determine CH4 emissions from a biogas
plant (Flesch et al., 2011; Reinelt et al., 2017). Application of a tracer gas
dispersion method, coupled with a mobile, highly sensitive analytical plat-
form, provided plant-integrated emission rates from an open-air WWTP by
measuring the downwind plumes of both CHs and N2O (Yoshida et al.,
2014b). Recent studies at WWTPs and biogas plants suggest that ground-
based optical remote sensing methods provide a more comprehensive over-
view of CH4 emissions from area sources (Jensen et al. 2017; Reinelt et al.,
2017; Yver Kwok et al., 2015).

Knowledge on plant-integrated emission rates is important for site-specific
emission reporting, environmental assessment, and system performance op-
timization. The generation of new emission factors (EFs) concerning total site
emissions and reflecting current wastewater treatment technologies might be
used to revise current EFs for the future reporting of national GHG emissions
from wastewater treatment.

The objective of this study was to quantify the total emissions of CH4 and
N-O at five Scandinavian WWTPs, using a tracer gas dispersion method, re-
sulting in plant-integrated emission rates. The studied plants were equipped
with different treatment technologies covering most of the wastewater and
sewage sludge treatments in the geographical region. Based on the measured
plant-integrated emission rates, EFs were determined, in order to compare
direct emissions from the investigated plants as well as with EFs reported in
the literature. Finally, emission rates based on measurements were compared
with emission rates estimated following the IPCC and Danish guidelines.



2 Materials and methods

2.1 Investigated sites

The studied WWTPs differed from each other in terms of pollution load, ap-
plied wastewater and sewage sludge treatment technologies, energy produc-
tion and use, and additional waste material treated at the facilities. Table 1
provides an overview of the five WWTPs, showing their location, treatment
capacity (expressed as population equivalent (PE)), and main treatment tech-
nologies. Table 1 splits the treatment phases into three lines: Wastewater
treatment, sludge treatment, and energy utilization. Preliminary wastewater
treatment removing coarse parts, grit, and grease, and sedimentation tanks,
were common to all sites and were thus not included in Table 1. The
wastewater line includes process units such as main treatment reactors, the
side treatment of reject water from the sludge line, and advanced treatments
for meeting more stringent discharge requirements. The sludge treatment line
considers five steps: Sludge storage after its removal from wastewater, anaer-
obic digestion, digestate storage, digestate treatment, and final biosolids
treatment or storage.

During treatment, sewage sludge can be referred to in different ways. The
following nomenclature is used to distinguish the different treatment stages.
After being removed from wastewater, sewage sludge is called “substrate”
when entering the digester. The liquid output from the digestion process is
called “digestate,” which, after increasing its solid content via centrifugation
or other dewatering technologies, is called “biosolids”. Table 1 also shows
the energy generation line, which considers biogas use and upgrading.

All five WWTPs performed advanced biological nitrogen removal, but only
Holbaek and Vaxjo treated reject water before recirculation. The main biolog-
ical treatment of wastewater was performed with different technologies such
as biodenitro, sequencing batch bioreactors, activated sludge, and moving bed
bioreactors. All plants stabilized sewage sludge through anaerobic digestion,
albeit with different storage methods for substrate, digestate, and biosolids. In
Vaxjo, biosolids were stored in on-site stockpiles for six months, while in the
two largest plants (Lundtofte and Lynetten), digestate was dewatered, dried,
and incinerated on-site. In Holbaek and Kallby, the storage and further treat-
ment of biosolids occurred off-site at an external facility. All plants produced
biogas, but only at the Swedish plants (Kallby and Vaxjo) was the generated
biogas upgraded to biomethane.



Table 1. Overview of the investigated wastewater treatment plants.

. Wastewater treatment line Sludge treatment line Energy line .
Population Siud Additional
: . . e . . L . .
Plant Equivalent  Main Side Advanced uag Substrate Digestate Digestate Biosolids Biogas Biogas processed
storage & . . . ;
(x 1,000) reactors treatment  treatment treatment digestion storage treatment treatment use 2 upgrading  Materials
Landfill
. leachate and
Deammo- Outdoor Outdoor Er'lclose'd Outdoor Combined biological
Holbaek e . 12-15 thickening heat and
60 SBR nification  Sand filter open open . storage None sludge from
(DK) days and indoor power
process tank tank dewaterin for 2 days engine two  smaller
d d WWTPs
17-22 Indoor Outdoor on Food  waste
svin b 4 AS  Deammo- . . - Partly sold . and  sewage
Vaxjo e . days thickening stockpiles . Amine
95 + nification  Sand filter Indoor Indoor as vehicle sludge from
(SE) after and dewater-  for 6 Scrubber
2HYBAS  process THP in months gas smaller
g WWTPs ©
Flocculation Thickening Sewage
. o Outdoor Outdoor  outdoor in Covered Partly sold . g
Kaéllby and clarifi- 20-30 . . Amine sludge from
120 AS None . open open open tank, silos as vehicle
(SE) cation tank days tank dewaterin for 1 da as Scrubber  smaller
ponds . g Y g WWTPs
indoor.
Bio Deni- Indoor
tro and Outdoor . . . Partly sent
I(';::;mfte 150 Anaerobic  None MBR enclosed ji-is Indoor ::gl?envlvr;gt]er- ﬁlgg;gfation to the gas None None.
MBBR tanks 4 ing network
Outdoor Outdoor Indoor Partly sent Incineration
Lynetten Bio Deni- 15-22 thickening On-site y of  external
750 None None enclosed enclosed . . to the gas None
(DK) pho days and dewater- incineration dewatered
tank tank - network
ing sludge

aAll WWTPs use biogas produced on site. ? Biofilter consisting of compost intended for odor removal from off-gas emissions from indoor treatments. ¢ The portion of food
waste is 33% of the total COD influent entering the plant, and 9% of the TN influent entering the plant. MBBR: Moving Bed Bio Reactor. SBR: Sequencing Batch Reactors.
AS: Activated Sludge. HYBAS: AS combined with MBBR. MBR: Membrane Bio Reactor. THP: Thermal Hydrolysis Process.



2.2 The tracer gas dispersion method

GHG emission quantification from the WWTPs was carried out using a tracer
dispersion method, i.e. a ground-based optical remote sensing method com-
bining the controlled release of tracer gas with concentration measurements
downwind of the facility. The application of tracer gases is a well-known ap-
proach for quantifying fugitive gas releases from diverse area sources, and
recent developments in analytical technologies have made the tracer gas dis-
persion method an even more powerful and robust tool (Mgnster et al., 2015;
2014; Scheutz et al., 2011; Yoshida et al., 2014b).

The tracer gas dispersion method is based on the principle that gases with
long atmospheric lifetimes disperse in the same way in relation to mixing and
transportation in the atmosphere, and thus the concentration ratio is constant
over space (Mganster et al., 2014). As a consequence, the real-time emission
rate of the target gas can be obtained by comparing the downwind plumes of
the target gas and a tracer gas, whereby the latter is constantly released from
the emitting area, as shown by Eqg. 1.

plume end
fplume start(ctg_ctg back)dx  MWig (Eq 1)

Eiy=Qpr
tg tr plume end
fplume Start(Ctr_Ctr back)dx MWir

E,, is target gas emission in mass per time; Q. is tracer release in mass per
time; C,, and C,, are measured downwind concentrations in parts per billion
(PPb); Ctg pack and Cy pacr are background concentrations of the target and
the tracer gas (ppb), and MW,, and MW, are the molecular weights of the
target gas and tracer gas, respectively (Scheutz et al., 2011). Concentrations
were integrated over the plume’s cross-section, to minimize the influence of
improper source simulation and gas mixing (Mgnster et al., 2014). Acetylene
(C2H2) was used as tracer gas because of its small atmospheric background
level, minimal possible interfering sources, and long atmospheric lifetime (23
days) (Logan et al., 1981).

The tracer gas dispersion method was recently validated by performing a con-
trolled release experiment simulating a CHs source (Mgnster et al., 2014).
Magnster et al. (2014) showed that when tracer gas was placed close to the
source, the measured emissions corresponded well with the controlled release
at all three measuring distances tested (370, 770 and 1200 meters), with an
average calculated emission value of no more than 6% from the released
amount. The tracer gas dispersion method has been adopted by the Danish
Environmental Protection Agency for reporting on landfill CH4 emissions and



documenting emissions reductions, and these measurements are now being
done routinely (EPA, 2016). The tracer gas dispersion method was applied
for the first time at a Danish WWTP to quantify CHs and N2O emissions (Yo-
shida et al., 2014b) and thereafter at a French WWTP for quantifying CHa4
emission (Yver Kwok et al., 2015). Both studies were performed by the sen-
ior authors of this paper, using the same analytical instrumentation employed
in this study.

Gas concentration measurements were performed using a mobile analytical
platform equipped with fast-responding and highly sensitive gas analyzers, a
weather station, and a global positioning system (GPS) device. Gas analyzers
were based on cavity ring down spectroscopy - an optical technology in
which gas concentration is obtained by measuring directly the “ring-down,”
or decay, of laser light in a sample cell. One instrument measured every sec-
ond CHs and CzH2 (G2203, Picarro, Inc., Santa Clara, CA), with a precision
of 0.77 and 0.06 ppb, respectively. The second instrument measured every
three seconds N2O and CzH> (S/N JADS2001, Picarro, Inc., Santa Clara, CA),
with a precision of 7.7 and 0.6 ppb, respectively. Instrument precision is the
reproducibility of a measurement and was defined as the standard deviation
when measuring a constant gas concentration for one hour. Atmospheric gas
samples were taken from an inlet positioned on the roof of the vehicle, ana-
lyzed, and measured concentrations were showed real-time on monitors
mounted in the driver’s cabin. C2H2 was released from gas cylinders, the flow
rates for which were controlled using calibrated flow meters. More details
about the equipment can be found in Manster et al. (2014) and Yoshida et al.
(2014b).

The measurement campaigns consisted of two main phases: An initial screen-
ing phase (on-site and off-site) and a quantification phase. During the screen-
ing phase, the analytical instrument was driven around on-site the plant to
record atmospheric concentrations of target gases. Emitting on-site sources
were found when the target gas concentration downwind from the source was
greater than the upwind concentration. At the beginning of each campaign,
atmospheric concentrations were measured upwind, downwind, and around
the WWTP, to ensure the absence of interfering off-site sources. Measure-
ments performed upwind the facility were used to establish background con-
centrations. In case an off-site source was identified in the vicinity to a
WWTP, measurements were performed under wind conditions and measuring
distances where the plume from the source could be distinguished from the
plume coming from the WWTP. Fig. 1 shows the two measurement phases



consisting of on-site screening and downwind plume detection and emission
quantification. On-site screening (Fig. 1Al) was performed to identify the
main sources of the target gas at the facility and in order to simulate its emis-
sion properly with the right position for the release of the tracer gas. Fig. 1A2
shows an example of an on-site screening performed at Kéllby (SE), record-
ing higher atmospheric concentrations of target gases when the analytical in-
strument drove downwind specific process units. Once the main sources of
target gas were identified, tracer gas cylinders were placed close to them in
order to properly simulate the emission of the target gas (Fig 1B1), and tracer
gas was released in the atmosphere (Fig 1B2). Proper emission simulation
with the tracer gas was always assured through a good downwind correlation
of tracer and target gases. Quantification measurements (Fig 1C) were then
taken downwind at a suitable distance away from the plant - far enough to
enable proper mixing of tracer and target gas, i.e. good gas correlation, and
close enough to get a good signal-to-noise ratio. Depending on the physical
size of the plant and the accessibility in terms of roads, the measuring dis-
tance varied from 35 to 1,300 m. Fig. 2 shows two representative examples of
downwind plumes.

Multiple transects across the downwind plume ensured that any change in
atmospheric dispersion was the same for both gases (target gas and tracer
gas) and for each individual plume measurement. Downwind traverses were
considered complete if the whole plume was recorded. This allowed identifi-
cation of background concentrations on both sides of each plume and estab-
lished a baseline to be subtracted from the measurements (Eq. 1), thereby ob-
taining only the source’s contribution to atmospheric concentrations (Fig. 2).
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Fig. 1. Hlustration of the tracer gas dispersion method applied at wastewater treatment
plants. A) The initial screening phase with Al showing on-site measurements of atmos-
pheric concentrations of target and tracer gases and A2 showing an example of on-site
screenings performed at Kéllby (SE) visualized on a Google Earth © image. CH4 (marked
in red) and N>O (marked in white) concentrations are shown above the background level.
The white arrow shows the wind direction. B) Tracer placement with B1 showing the loca-
tion of the tracer gas for source simulation and B2 showing the release of the tracer gas
into the atmosphere. C) The quantification phase showing downwind gas concentrations
measurement performed along a plume transect.



2.3 Measurement campaigns

Twenty-six measurement campaigns were conducted. Each WWTP was in-
vestigated several times (three to eight times), and, when possible, different
wind directions were used to distinguish individual on-site sources and their
associated emissions. The duration of the measurement campaigns varied
from two to 11 hours, depending on weather conditions and WWTP access.
Measurements were performed over as long a time period as possible, to cov-
er process cycles and to capture potential temporal emission variations. An
overview of the measurement campaigns can be found in the Supporting In-
formation (SI), Table S1.

2.4 Estimation of the lowest detectable emission

rate

The lowest detectable emission is a function of weather conditions, measur-
ing distance, and the analytical instrument. Thus, the detection limit is specif-
ic to conditions in each field campaign. The detection limit of the emission
rate was estimated using a novel approach based on inverse Gaussian plume
modeling. This approach is a new approach aiming at the consistent and
transparent determination of the detection limit of the tracer dispersion meth-
od, which was not applied in the previous works carried out with the same
analytical setup (Meanster et al., 2014, 2015, Yoshida et al., 2014b).

The Gaussian plume model assumes that an emitting source produces a
downwind plume, which can be described by a Gaussian distribution. The
downwind plume’s concentration is a result of atmospheric conditions, dis-
persion surface roughness, emission release height above ground level, dis-
tance from source, and the source emission rate. The model is described in
Eq. (2):

ZoHA\2 Z4H 2 2
C(x,y,z) = m '<€_0'5(?(;I)) + e_o’s(%(Hx)) >e_0’5<$) (Eq. 2)
where C is the concentration (kg m3) in any given downwind plume point
(x,y,z) measured from the source; Q is the emission rate (kg s?); u is wind
speed (m s*); o, (x) and g,(x) are the dispersion coefficients (m); and H is
the emission height above ground level (m).

The minimum detectable emission rate Q,,,;, was calculated from Eq. (2) by
considering the following parameters. The smallest detectable downwind



peak plume concentration C,,;,,(x, 0,2) was set to equal a signal-to-noise ratio
of 3 (Shrivastava and Gupta, 2011), and thus C,,;, was three times the magni-
tude of the background noise of CHs4 and N20 on individual measurement
days. C,,in(x,0,2) is the concentration in the center of the downwind plume
(y = 0), x meters from the source, and at 2 meters above the ground (z = 2)
(sample inlet of the instrument). Horizontal and vertical dispersion coeffi-
cients, o, (x) and o,(x), were calculated by following Briggs (1974) for dif-
ferent atmospheric stability classes and plume transportation in an urban area
or open countryside. Atmospheric stability classes were chosen following
Pasquill (1974), using insolation and cloud cover information as well as on-
site atmospheric measurements (Table S1 in Sl).



2.5 Assessment of uncertainty due to emission
height

In most cases, CH4 and N2O will be emitted from different sources at ground
level. However, in situations where the emission occurs from an elevated
height, such as CH4 releasing from the top of anaerobic digesters, and down-
wind plume transects are performed close to the site, there is a risk of under-
estimating the measured emission. Underestimation is possible because the
target gas released at an elevated height has not completely mixed with the
tracer gas released at ground level. A new approach for assessing the poten-
tial underestimation of emission rates due to elevated emission heights was
introduced by using an indicator called “Underestimation due to Tracer
Height release” (UTH). This information is useful, as it underlines how much
a vertical misplacement of the tracer potentially could bias the results. Ele-
vated sources such as venting processes in digesters are unpredictable events
which could release from small to very large amounts of CHa, depending on
many factors (Reinelt et al., 2015; Yoshida et al., 2014b). However, leaks
from flares or stacks could also potentially bias the results. Eq. 3 expresses
mathematically the UTH as the absolute value of the difference in percentage
between the emission rates calculated with C>H> released from the ground
and emission rates calculated with C2H: released from an elevated height.

UTH (%) = |(1 — =220y . 10| (Eq. 3)
PCCszh

PCc,u,q and PCc,y,, represent the downwind peak concentration (ppb) of the
tracer gas estimated by the Gaussian plume model when the tracer is released
from ground level and from an elevated height, respectively (Eq. 2). Since
PCc,u,q > PCcu,n, UTH is reported as an absolute value, because, by defini-
tion, it expresses an underestimation. UTH is thus specific to each measuring
situation, as PCc,y,, and PCc,y,, are based on Gaussian plume modeling, us-
ing the specific input parameters mentioned in section 2.4. A more detailed
explanation about UTH is available in SI, section S2.



2.6 GHG emission rate calculation following the

IPCC international guideline

The measured CHs and N2O emission rates were compared to estimated emis-
sion rates obtained by applying the IPCC guideline (Doorn et al., 2006). For
CHs emission estimation, the IPCC guideline suggests three different tier-
based approaches, depending on the available information. All three ap-
proaches consider plant-specific information but use different EFs. Tier 1
adopts an emission estimation model with default EFs, while Tier 2 considers
the same model used for Tier 1 but uses country-specific EFs. Tier 3 allows
inputs, including country-specific EFs and emission estimation models. In
this study, the Tier 3 approach was applied to all investigated WWTPs, fol-
lowing Danish national guideline (DNG), which models CH4 emissions by
considering two main methane sources: CH4 emissions from the sewer net-
work plus mechanical and biological treatment processes according to plant-
specific pollution load, and CH4 emissions from anaerobic digestion accord-
ing to plant-specific CH4 production (Thomsen, 2016). For a further compari-
son, IPCC Tier 1 was also applied, as it models biomethane potential accord-
ing to a default CH4-producing capacity factor and a country-specific organic
pollution load per PE. Total CHs emissions were finally calculated by sub-
tracting plant-specific recalcitrant organic matter remaining in the biosolids
and plant-specific CH4 production from biomethane potential.

In order to estimate N>O emissions from WWTPs, the IPCC guideline pro-
vides only a single emission estimation model based on default EFs that con-
siders plant-specific pollution load expressed as PE. In addition, N2O emis-
sions were also estimated following the DNGs, which apply country-specific
EFs and plant-specific nitrogen loads. The applied estimation models for CHs4
and N20 emission estimation are presented in detail in the Sl sections S3 and
S4, in which plant-specific data are also reported.



3 Results and discussion

Fig. 2 shows two representative examples of tracer gas simulation of the
emission source: The relative concentrations of the target and the tracer gas
followed each other across the whole transect. This was checked constantly
during the measurements and thus was always the case. If improper source
simulation was observed, the configuration of the tracer gas release was
changed prior to emission quantification.
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Fig. 2. Examples of downwind plume transects. A) Downwind CH4 and C,H; plumes for
plant-integrated CH. emission quantification from the WWTP in Vaxjo. Al shows the
plume locations on a Google Earth © image, while A2 plots plume concentrations, includ-
ing background along the transect. B) Downwind N2O and C;H; plumes for N,O emission
quantification downwind of the reject water treatment unit at the WWTP in Holbak. B1
shows plume locations on a Google Earth © image, while B2 plots concentrations, includ-
ing background along the transect. Yellow triangles mark tracer release locations. The
white arrows define wind direction.



3.1 Plant-integrated CHs emission rates and

emission factors

Plant-integrated CH4 emission rates were between 1.1 £ 0.1 and 18.1 + 6.3 kg
CHa h? (average (AV) + standard deviation (SD)) and therefore well above
detection limits (0.1 - 5.0 kg CH4 ht) and could be quantified at facilities
with very different plant layouts and treatment technologies. The relatively
high CH4 emission rate in comparison to the low detection limit of the analyt-
ical instrument allowed for downwind detection even at distances greater than
1 km. Where possible, transects were performed over several hours, in order
to capture emission trends over time. However, none of the measurement
campaigns showed a clear temporal trend for CH4 release.

UTH values for most of the WWTPs were small (< 14%) (Table S8 in Sl),
suggesting that the measurements were performed at appropriate distances
away from the sites to capture all of their CH4 emissions. One exception was
Lynetten, where it reached 52% (during the last two campaigns). Neverthe-
less, this value did not change the reliability of the results at Lynetten, be-
cause UTH estimates the worst-case scenario when the majority of the emis-
sions occur at elevated heights, such as from the occasional venting of anaer-
obic digesters. During all measurements performed at Lynetten, nothing sug-
gested the occurrence of such venting events: Neither downwind plumes
showed sudden changes in CH4 concentrations nor quick pressure drops were
recorded in the digesters.

Emission rates from the different plants were compared using EFs. For plants
producing biogas, the literature reports CHs emissions normalized by CHs
production (e.g. kg CH4 emitted per kg CH4 produced), while CH4 emissions
from main wastewater treatment reactors are often normalized by organic
load into the plant (e.g. kg CH4 emitted per kg CODinfiuent into the plant). Fig.
3A shows both types of EFs for the performed measurement campaigns,
thereby allowing analysis of CH4 losses from both an energetic and a treat-
ment capacity perspective. EF values are compiled in Table S8 in SI.

Plant-specific EFs based on the measured plant-integrated CHs emissions
ranged between 1.1% and 21.3% as kg CH4 (kg CHa prod.)? and between
0.2% and 3.2% as kg CHa (kg COD influent) (Fig. 3A). Little variation in
EFs was seen between different measurement campaigns performed at indi-
vidual plants. Only two exceptions were recorded. At Véxjo, very high CHs
emissions were measured during the first measurement campaign compared



to the two following campaigns (Table S8 in SI). According to the plant op-
erator, a leak at the top of one of the anaerobic digesters was discovered and
repaired between the first two campaigns. At Holbak, the higher EF based on
CHg4 production was caused by an unusual 70% lower CH4 production com-
pared to the other campaigns. The lowest EFs were obtained from Lundtofte
and Lynetten, which have enclosed sludge, digestate, and biosolids storage
facilities and on-site incineration of biosolids, thereby avoiding CHs emis-
sions from the anaerobic decomposition of organic matter remaining in the
stored material. At Holbaek WWTP, final biosolids are transported off-site for
treatment at a different facility. However, a higher EF at this plant, in com-
parison to the other two Danish facilities (Lundtofte and Lynetten), could be
explained by the open storage of sludge, digestate, and biosolids and by the
use of a combined heat and power engine, which is known to have minor CHa
slippage due to incomplete combustion. At Lundtofte and Lynetten, the gen-
erated biogas is fed directly into the local gas grid. The investigated Swedish
plants (Kallby and V&xj6) have biogas upgrading systems, which are known
to emit CHs4 (Reinelt et al., 2017). Furthermore, both plants store organic ma-
terial on site—in Kallby this applies to sludge, digestate, and biosolids, and
in Vé&xjo biosolids are stored outdoors, where material can rest for several
months. On-site sludge storage in open basins and biogas upgrading technol-
ogies could thus be the reason for the higher EFs obtained from the Swedish
WWTPs.

In general, the on-site CH4 screenings supported the notion that the main
emitting sources at the five plants were sludge treatment and energy produc-
tion units, indicated by continuous high-atmospheric CH4 concentrations (e.g.
Fig. 1A2). Only in Lundtofte and Lynetten were mechanical pretreatments a
relevant CH4 source. CH4 emissions from the main wastewater reactors oc-
curred mainly during aeration and mixing but lasted only for a few seconds.
However, the abovementioned qualitative statements should be supported
quantitatively by measurements capable of distinguishing between emissions
from various process units.
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Fig. 3. Comparison of plant-integrated EFs based on emissions measured at five WWTPs.
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Fig. 4 and Fig. 5 compare CH4 EFs obtained in this study with EFs reported
in the literature and those used in international guidelines for emission report-
ing (Clean Development Mechanism (CDM), 2012; Thomsen, 2016). CHa
EFs in the literature cover emissions measured at WWTPs as well as those
measured at individual biogas plants treating manure, organic household
waste, and industrial waste. The latter were included, as there are very few
CHas emission data available from WWTPs and as both kinds of plants use
similar process units and technologies. At WWTPs, the CHs EFs varied be-
tween 0.15% and 32.7%. The lowest CH4 emissions were observed at a Swe-
dish WWTP (Petersson, 2012), which could be due to the fact that the study
focused only on emissions from the sludge treatment line and thus did not
include potential emissions from the wastewater treatment line. In addition,
the emissions were measured by applying point measurements, whereas the
study by Yoshida et al. (2014b) and the present study applied remote sensing,
which quantifies a site’s total CHs emissions. In general, CH4 EFs measured
at biogas plants tended to be at the lower end of the range of EFs measured at
WWTPs in this study. This difference could be because biogas plants treating
organic waste earn money selling gas, and thus they have a stronger focus on
gas generation and optimization, whereas WWTPs earn money by treating
wastewater, albeit this notion cannot be confirmed. The CDM guideline does
not offer CH4 EFs specific to wastewater treatment but only gives default EFs
(ranging from 2.8 to 10% of produced CH4 depending on the type of anaero-
bic digester) for anaerobic digestion of organic material in general (e.g. ma-
nure, food waste, sewage sludge, etc.) (CDM, 2012). In general, the default
CDM EFs tended to be higher in comparison to EFs based on measurements
at biogas plants (Fig. 4). The CDM EFs were within the rather broad range of
EFs measured at WWTPs based on whole-site CH4 emissions. There was,
however, no relationship between EFs based on measurements and the specif-
ic type of anaerobic digesters at the individual plants. The EF used in the
DNG (1.3% of produced CH4 (Thomsen, 2016)) was, in most cases, lower
than the EFs obtained based on measurements.
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Fig. 5 shows EFs expressed in percentage of kg CH4 (COD influent)™* report-
ed for WWTPs in the literature. CH4 EFs were in the range 0.016% to 9.08%.
In general, EFs considering CHs emissions from the wastewater treatment
line and the sludge treatment line were comparable and lower than EFs based
on whole-site emission measurements, respectively. This was also the case at
Lynetten where it was possible to separate and quantify the CH4 emissions
from the wastewater treatment line and the sludge treatment (Fig. 4 and 5) on
an individual basis. This distinction was only possible at Lynetten (Table S8)
and was due to the plant layout with some processes being rather far from
each other. Using specific wind directions and measuring distances, the
plumes from the wastewater treatment line and sludge treatment could be
separated. Overall, the compilation of EFs in the literature shows that both
the wastewater treatment line and its sludge treatment counterpart are associ-
ated with CH4 emissions and contribute to the site’s total emissions.
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Fig. 6A shows a comparison of the measured CH4 emission rates and estimat-
ed emission rates, following the IPCC Tier 1 and the DNG (calculations are
shown in Sl, section S3). In all cases, estimated CH4 emissions following the
IPCC Tier 1 were significantly higher than the measured emissions (between
five and 29 times higher, when comparing average annual emissions) (Fig.
6A). These higher CH4 emissions could be caused by an overestimation of the
actual biomethane potential of the influent wastewater in the IPCC estimation
model (Eq. S7 in Sl), as this value is the only input dataset that is not plant-
specific in the IPCC Tier 1 model. On the contrary, the estimated CH4 emis-
sions following the DNG were lower compared to the measured emissions
(up to nine times) (Fig. 6A). The Danish guideline considers CH4 emissions
from sewer systems, mechanical and biological treatment, and from anaerobic
digestion. Following this guideline, a significant part of the CH4 was emitted
from the sewer system and mechanical and biological treatment (from 20 to



40% of the total estimated CH4 emissions) in comparison to anaerobic diges-
tion (Table S2 in the SI). At Holbak, this share was even higher (up to 86%),
because the plant, in proportion to its pollution load, produced from seven to
14 times less CH4 than the other WWTPs. On-site CH4 screenings performed
at the investigated sites indicated CH4 emissions from biological treatment
reactors, especially during aeration (e.g. Fig. 1A2). Only at Lundtofte and
Lynetten were mechanical pretreatments a relevant CHs source. However, in
general, atmospheric CH4 concentrations were relatively low in comparison
to concentrations measured close to or downwind of the sludge treatment
units (e.g. Fig. 1A2). It is thus most likely that the EF of 1.3% applied while
estimating CH4 from anaerobic digestion actually underestimates authentic
CHs emissions from the anaerobic digesters. The best comparisons between
measured and estimated emissions were seen for Lundtofte and Lynetten,
where the two results were comparable (Fig. 6A), which is most likely be-
cause these sites have on-site incineration and thus no biosolid storage. At the
other three sites, the measured emission was on average about seven to eight
times higher than the DNG estimation, which most likely was caused by the
fact that the guideline does not consider emissions from the on-site storage of
organic materials but only losses occurring from anaerobic digesters. On-site
CHas screenings at all three sites showed elevated methane concentrations
close to stockpiles of organic material, as well as storage of sludge and diges-
tate, indicating that these units potentially were significant CHs sources.
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3.2 Plant-integrated N>O emission rates and

emission factors

N2O emission rates from the WWTPs were between 0.4 £ 0.1 and 5.7 £ 2.4
kg N2O ht (AV + SD), or below the detection limit (0.1 - 3.1 kg N2O h?).
Only at one of the plants (Kallby) were N>O emissions always below the de-
tection limit (Fig. 3B). Despite measurement periods of up to 3 hours, no sig-
nificant temporal N.O emission trends were identified. On-site screenings
showed N2O emissions from the wastewater treatment reactors mainly during
aeration and mixing (e.g. Fig. 1A2). Significant N.O emission dynamics from
biological nitrogen removal reactors have been observed in previous studies,
where N20O is often emitted during aeration, thereby showing spatial and tem-
poral variability across of the reactor surface (Aboobakar et al., 2013a; Law
et al., 2012). In the referenced studies, N2O emissions were measured at indi-
vidual reactors, using flux chambers. In this study, plant-integrated N2O
emissions were measured, which implied that the measured emission was av-
eraged over aerated and non-aerated treatment stages or units, which could
explain why no emission dynamics were seen within individual measurement
campaigns. One exception was Holbak, where the emission rates dropped
below the detection limit when aeration stopped in the deammonification
process for treating reject water. However, at this plant, the reject water
treatment unit was the main N2O-emitting source, and N2O emissions from
the other wastewater treatment units were below detection levels.

Plant-specific EFs were determined based on measured N>O emission rates
and the recorded TN influent of the plant (percentage as kg N2O-N (kg TN
influent)?). In addition, EFs were calculated based on the nitrogen removal of
the different WWTPs (percentage as kg N2O-N (kg TN removed)?). EFs
ranged from < 0.1% to 5.2% as kg N2O-N (kg TN influent)* or from < 0.1%
t0 5.9% as kg N2O-N (kg TN removed) (Fig. 3B).

Fig. 7 shows EFs for wastewater treatment reported in the literature and nor-
malized to TN influent. Most studies have focused on measuring N2O emis-
sions from wastewater treatment reactors, and EFs vary over several orders of
magnitude (0.001% to 9.29% as kg N2O-N (TN influent)). N2O emissions
from reject water treatment tend to be at the higher end of the EFs range for
wastewater treatment reactors (Gustavsson and la Cour Jansen, 2011;
Kampschreur et al., 2008; Schaubroeck et al., 2015), whereas EFs for sludge
management (Osbhita et al., 2014) tend to be at the lower end (Fig. 7). Whole-
site NoO EFs measured using remote sensing approaches (Present study and



Yoshida et al., (2014b)) provided N2O EFs in the upper echelon of the litera-
ture range.

Even though fewer studies report EFs in percentage as kg N2O-N (TN re-
moved)?* (Fig. S1 in SI), a very similar emission pattern is observed with EFs
from wastewater treatment reactors, varying between 0.01% and 5.9%, and
relatively high EFs from reject water treatment and whole-site emissions.

Fig. 6B compares measured N2O emission rates with emission rates estimated
following the DNG and the IPCC guidelines (calculations are shown in Sl,
section S4). For all WWTPs, the measured N2O emissions were always high-
er than those estimated using the IPCC Tier 1 (up to 45 times) and the DNG
(up to nine times) (Fig. 6B). In general, the IPCC assumes that N.O emis-
sions from wastewater treatment are minor and only need to be estimated
from WWTPs operating advanced nitrification and denitrification processes.
For advanced treatment plants, the IPCC nevertheless adopts a relatively low
EF (2 to 8 g No.O PE™! yearcorresponding to 0.01% to 0.06% as kg N2>O-N
(kg TN influent)!) based on a study carried out on a WWTP without nitrogen
removal (Czepiel et al., 1995). In comparison, the DNG provides a higher
default EF of 0.32% as kg N2O-N (kg TN influent), corresponding to 24 g
N.O PE™? year? (Thomsen, 2016), which for many of the studied sites was
lower than the measured EFs (< 0.1% to 5.2% as kg N2O-N (kg TN influent)

.
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4 Conclusions and perspectives

Plant-integrated emissions rates were measured by remote sensing combining
a controlled release of tracer gas from the plant with concentration measure-
ments downwind of the plant. In addition, the mobile analytical instrument
was used for site-screening and identification of important on-site emission
sources. Plant-integrated CH4 and N2O emission quantifications were per-
formed at five Scandinavian wastewater treatment plants (WWTPSs), resulting
in emission factors (EFs) in the upper range of EFs reported in the literature
and default EFs applied in international guidelines. This is most likely a re-
sult of the measurement approach applied in this study, which quantifies total
emissions from sites, whereas most of the studies reported in the literature, to
date, have focused on the emission quantification of individual treatment
units at WWTPs, especially emissions from the wastewater treatment reactors
and reject water treatment. The main CH4 emitting sources at the five plants
were sludge treatment and energy production units. The lowest CHs EFs were
obtained at plants having enclosed sludge treatment and storage units. For the
five Scandinavian WWTPs included in this study, CHs4 and N2O emission
rates were site-specific, and currently applied default EFs used for national
emission reporting were inaccurate for site-specific emission reporting and
tended to underestimate greenhouse gas (GHG) emissions.

The advantage of measuring emissions using remote sensing approaches is
that they include the emissions from all on-site sources and thus reduce the
potential uncertainty related to overlooking individual on-site emission
sources, which could lead to an underestimation of the plant’s total emission.
Plant-integrated emission rates are needed for emission reporting, environ-
mental assessments, and documentation of GHG emission mitigation actions.
On-site measurement methods, however, are very important for identifying
leakages and quantifying emissions from specific unit processes in order to
optimize the daily operation of the plant.
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