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Abstract

This paper describes different methods to estimate methane emissions at different
scales. These methods are applied to a waste water treatment plant (WWTP) located
in Valence, France. We show that Fourier Transform Infrared (FTIR) measurements as
well as Cavity Ring Down Spectroscopy (CRDS) can be used to measure emissions
from the process to the regional scale. To estimate the total emissions, we investigate
a tracer release method (using C,H,) and the Radon tracer method (using #*?Rn). For
process-scale emissions, both tracer release and chamber techniques were used. We
show that the tracer release method is suitable to quantify facility- and some process-
scale emissions, while the Radon tracer method encompasses not only the treatment
station but also a large area around. Thus the Radon tracer method is more repre-
sentative of the regional emissions around the city. Uncertainties for each method are
described. Applying the methods to CH, emissions, we find that the main source of
emissions of the plant was not identified with certainty during this short campaign, al-
though the primary source of emissions is likely to be from solid sludge. Overall, the
waste water treatment plant represents a small part (3 %) of the methane emissions of
the city of Valence and its surroundings,which is in agreement with the national inven-
tories.

1 Introduction

Human activities cause greenhouse gases (GHGs) emissions at a large scale, chang-
ing the atmospheric chemical composition by measurable and consequential amounts.
Anthropogenic GHG emissions such as methane (CH,) now represent a significant
fraction of total greenhouse gas emissions into the atmosphere. To better understand
the anthropogenic sources of GHGs, with the goal of ultimately reducing these emis-
sions, it is essential to accurately quantify the emissions at all spatial scales, from the
process scale to the country scale. Two methods for estimating emissions are used: the
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top-down approach based on atmospheric measurements of GHGs at all scales and
the bottom-up approach, which goes from the process scale to the global scale. Here,
activity data, emission factors and flux modeling are used to calculate emissions. Pri-
mary sources of anthropogenic methane emissions are landfills, waste water treatment
plants, rice paddies, ruminants and manure management, oil and gas production and
transport activities. Combining the two approaches by using top down measurements
at all scales to validate benchmark bottom-up calculations and emission factors can
help not only improve inventories, but provide valuable information for how to prioritize
emission reduction activities. In France, methane emissions from waste management
(water treatment and landfills) accounted for about 19 % of the total methane emissions
in 2011 (CITEPA, 2013). Landfills are the largest emitter with 17 %, but waste water
treatment plants still represent a non-negligible part (2 %). However, these values are
estimated with 100 % uncertainty due to the difficulty to accurately estimate the terms
used in the equation to compute emissions (biological demand in oxygen (BOD), quan-
tity of CH, emitted by kg of BOD, fraction of treated incoming wastewater, anoxic/oxic
conditions) (CITEPA, 2013). Several studies have been conducted in different countries
to provide more accurate estimates of the emissions for WWTPs. Cakir and Stenstrom
(2005); El-Fadel and Massoud (2001) present estimations based on process model-
ing, but some studies such as Czepiel et al. (1993); Wang et al. (2011); Daelman
et al. (2012) calculate emissions using CH, measurements with mass budget. In these
papers, emissions vary from 0.011 to 0.309 kgyr’1 per inhabitant depending on the
WWTP design (e.g., aerobic or anaerobic processes, presence of a sludge digester).
For municipal waste water treatment plants using activated sludge (aerobic) treatment,
emissions still vary from 0.039 to 0.309 kg yr‘1 per inhabitant. In this study, we present
different methods — chamber measurements, dual tracer method with acetylene and
Radon — to calculate GHG emissions at the process to the plant scale and with the
Radon dual tracer method to extend the calculations to the surrounding area. We focus
on CH, from a municipal waste water plant that employs activated sludge treatment,
but the methodology could be applied to other point sources such as landfills, and other
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gases such as N,O. An intensive measurement campaign was conducted at the waste
water treatment plant in Valence, France, from 17 September to 21 September 2012.
First, we present the details of the site under study, followed by the different instruments
and measurement techniques employed during the experimental campaign. Finally, we
detail the emission estimation methods and discuss the results obtained for CH,4. All
the emission estimates hereafter refer directly to CH,, i.e. kgCH“d'1 or kgcy, yr~' per
inhabitant.

2 Description of the campaign setup
2.1 Description of the site

The waste water treatment plant is located in the south-west of the city of Valence,
around 50 m east from the Rhoéne river which flows in a north-south direction (see
Fig. 1). Valence is located in the southeastern part of France, 500 km south-east of
Paris, 100 km south of Lyon and 70 km south-west of Grenoble. The station is managed
by Veolia France and treats the water for 150 000 inhabitant-equivalents, which repre-
sents about 2800m>h~" with an exiting BOD of 35kg m™3 (http://www.valenceagglo.
fr/stations-depuration). The water follows a several step treatment (see Fig. 1). After
being filtered for solids, the water is filtered for sand particles (down to 200 microns in
diameter) by sedimentation, and oil is removed by injection of air bubbles. The water
is then distributed to three aeration basins (12000 m?> each) via a dispatcher tank. In
the aeration basins, air is periodically injected to help aerobic bacteria to digest the or-
ganic matter. The water and the sludge are sent to a degassing/dispatcher tank, then
are separated by sedimentation inside three clarification tanks (6000 m? each). The
sludge from the different steps is collected and dried before being incinerated. The
cleaned water from the overspill of the clarification tanks is discharged into the river
Rhéne. During the campaign, one of the aeration tanks was being cleaned, so only two
were in use.
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We anticipated the potential for methane release during all steps of the process.
In the aeration basins, periods of aeration with aerobic reaction alternate with rests
where anaerobic reactions can occur. Methane formed during these resting phases is
then transported to the surface when aeration restarts and provokes a mixing of water.
In the degassing pond, water is mixed and dissolved methane can be released. In the
clarification tank, as there is a slow mixing, some degassing could still be expected,
with bacteria from the active sludge still producing methane. Finally, the sludge may still
contain methane that could be emitted during centrifugation, storage and incineration.
In addition, methane dissolved in the incoming water from the city will be released at
the plant, starting from the first exposure to the atmosphere, and certainly during the
aeration process.

2.2 Instruments

During this one week campaign, two FTIR analyzers measuring CO,, CH,4, N,O, CO
and 6'3C in CO,, one CRDS instrument (custom prototype, Picarro Inc. Santa Clara)
measuring CH,, CO, and H,O or C,H,, CH, and H,O, a radon analyzer and a weather
station were installed to measure GHG concentrations and estimate emissions (see
Fig. 1 and Table 1). The radon analyzer and the weather station measured at the same
location throughout the campaign. One of the FTIR analyzers was used to measure
samples from the ponds and the second mostly sampled air at the same location as
the Radon analyzer but performed some measurements above the ponds as well. The
CRDS instrument was installed in a car along with a real time GPS device and was
thus mobile.

2.2.1 FTIR analyzers

An FTIR analyzer records a spectrum over a broad IR range (1800-5000 cm'1),
thereby offering the possibility to measure a large number of species simultaneously.
Spectra are stored and can be analyzed at a later date with a different method to
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get data with a higher accuracy or study new species. In the FTIR, the infrared sig-
nal passes first through a Michelson interferometer, then this modulated beam tra-
verses the sample cell. The resulting time-modulated signal is then converted into
an infrared spectrum through Fourier transform. The FTIR analyzer operated by the
LSCE is a commercially available Ecotech instrument. The instrument operated by the
Bremen University was built at the University of Wollongong, Australia. Both instru-
ments are functionally identical. A detailed description is found in Griffith et al. (2012);
Hammer et al. (2012). Here, we briefly describe the instruments as used during the
campaign. Both were installed in small shelters without air conditioning. The first one,
operated by LSCE, was installed to sample ambient air above the whole station for the
majority of the time. During the last day, air was sampled above different basins with
this instrument. The second FTIR was operated by the Bremen University, and was
used to analyze samples from a floating chamber operated in the clarification and the
aeration basins. Each of the two instruments consists of a commercially available FTIR
interferometer (IRcube, Bruker Optics, Germany) with a 1 cm™! resolution coupled with
a 3.5L multi-pass cell with a 24 m optical path length (PA-24, InfraredAnalysis, Ana-
heim, USA). The cell and the interferometer are put together on an optical bench inside
a temperature controlled chamber. An in-situ PT100 platinum resistance thermometer
(RTD) and a pressure sensor (HPM-760s, Teledyne Hastings, USA) are installed on
the multi-pass cell. High purity nitrogen (grade 4.5) is used to purge the interferometer
housing as well as the transfer-optics between the cell and the interferometer. A drying
system composed of a 24 inch counter-flow Nafion dryer (Permapure, Toms River, NJ,
USA) followed by a chemical dryer (Mg(ClO,),) was located upstream from the cell.
For the LSCE instrument, the pressure of the cell is controlled using a mass flow
sensor mounted at the outlet of the cell, and the flow is controlled by another mass
flow controller installed upstream from the drying system. Four reference gases and
a control gas were used regularly during the five days of the campaign for calibration
(once a day, 45 min for each calibration gas) and quality control (every 3—4 h). During
these five days, the temperature inside the shelter sometimes exceeded 30°C. In or-
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der to keep the performances unchanged, the FTIR and the cell were thermostated at
32°C instead of the typical 30°C. However, due to the temperature variations in the
shelter, the reproducibility error was higher than in the laboratory (0.01 vs. 0.005 %, re-
spectively) The main sampling outlet was installed on top of a building located between
the clarification and the aeration basins at about 7 ma.g.l. Ambient air measurements
took place from 17 September at 17:00 GMT to 20 September at 14:00 GMT then from
18:30 GMT to 21 September at 05:00 GMT. During the afternoon of 20 September,
measurements above the clarification, the aeration and the degassing basins were
taken.

For the Bremen instrument, direct flux measurements were performed using a float-
ing chamber (described hereafter) under different conditions in the clarification and
aeration basins. The chamber consisted of a large upside-down flower pot surrounded
by a tractor tire inner tube, which served as a floating device. The edge of the flower
pot was filled with water so that the chamber was sealed with respect to the water sur-
face. A 12V computer fan inside the chamber ensured mixing of the air in the chamber.
The volume of the chamber was 100 L, and the surface area of the water in the cham-
ber was 0.25 m?. The chamber was connected to the FTIR in situ analyzer using PFA
sampling lines and air from the chamber was circulated in a closed loop through the
analyzer with a flow rate of 1 Lmin~". The data were calibrated using a suite of sec-
ondary standards measured once during the campaign with methane concentrations
ranging from 1.8 to 40 ppm.

2.2.2 CRDS analyzers

For the mobile tracer release measurement, we used an acetylene/methane/carbon

dioxide/water vapor analyzer based on cavity ring down spectroscopy, an optical tech-

nology in which direct measurement of infrared absorption loss in a sample cell is used

to quantify the mole-fraction of the gas. This instrument (S/N DFADS2006, Picarro, Inc.,

Santa Clara, CA) is a custom analyzer based upon a standard C,H,/CH,/H,O model

(G2203, Picarro, Inc., Santa Clara, CA), to which a high precision CO, measurement
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was added. Three separate lasers are used in this spectrometer. Light from each laser,
tuned to specific near-infrared absorption features of the key analyte molecules, is
directed sequentially into an optical resonator (called the optical cavity). The optical
cavity consists of a closed chamber with three highly reflective mirrors, and it serves
as a compact flow cell with a volume of less than 10 standard cm?® into which the sam-
ple gas is introduced. The flow cell has an effective optical path length of 15-20 km;
this long path length allows for measurements with high precision (with ppb or even
parts-per-trillion uncertainty, depending on the analyte gas), using compact and highly
reliable near-infrared laser sources. The gas temperature and pressure are tightly con-
trolled in these instruments (Crosson, 2008). This stability allows the instrument (when
properly calibrated to traceable reference standards) to deliver accurate measurements
that need very infrequent calibration relative to other CO, and CH, instrumentation.
The instrument employs precise monitoring and control of the optical wavelength,
which delivers sub-picometer wavelength targeting on a microsecond timescale. Ring-
down events are collected at a rate of about 200 ringdowns s™'. Individual spectro-
grams consist of about 50—100 individual ringdowns (or 0.25-0.5 s), distributed across
10-20 spectral points around the peak. The overall measurement interval is about 1 s.
The resulting spectrograms are analyzed using nonlinear spectral pattern recognition
routines, and the outputs of these routines are converted into gas concentrations using
linear conversion factors derived from calibration using gravimetric standards or other
artifact standards. There are two modes of operation for this analyzer: a C,H,/CH,/H,O
mode, and a CO,/CH,/H,O mode. The spectroscopy of CO,, CH, and H,O is identical
to the algorithms that are used in several standard models from the same manufac-
turer (e.g., models G1301, G2301, G2401); the performance of these instruments for
atmospheric measurements of CO,, CH,, and H,O has been described in detail else-
where (Crosson, 2008; Chen et al., 2010; Winderlich et al., 2010; Rella et al., 2013;
Fang et al., 2013). The basic performance reported in these papers should be highly
representative of the performance of this analyzer. A series of laboratory tests were
performed to establish the basic performance of the analyzer, consisting of continuous
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measurements on prepared gas mixtures. The uncertainty calculated from these tests
is summarized in Table 1. The CH, measurements were calibrated using 4 gravimet-
rically prepared mixtures of methane with concentration ranging from 1.7 to 2.3 ppm,
along with ultrapure nitrogen. The C,H, measurement was not calibrated directly with
a standard. Instead, the spectroscopy calibration constant that was measured on an-
other C,H, instrument that uses the same spectral line (Model G1203, SN: DFADS002,
Picarro, Inc, Santa Clara) was applied to our measurements.

2.2.3 Radon-222 analyzer

Radon-222 (**?Rn) is a natural radioactive gas in the uranium-238 decay series. ?Rn

is emitted by soils and is therefore more abundant above continental surfaces than
over the oceans. The exhalation rate of ’Rn changes with soil type and meteorologi-
cal conditions such as atmospheric pressure, soil water content or precipitation (Schery
et al., 1984). As a noble gas, 2222n is chemically inert and its mobility depends only
on physical processes (diffusion, adsorption, advection). The variations of its concen-
tration in the atmosphere depend thus mostly on the boundary layer height variations.
Moreover, its half-life of 3.82 days makes 222Rn a good tracer for regional atmospheric
circulation studies. During the campaign, we used a radon analyzer lent and developed
by the University of Heidelberg and described in detail in Levin et al. (2002). Briefly, the
activity of the short-lived 222Rn decay products, attached to aerosols, is accumulated
on a quartz aerosol filter and assayed on line by a-spectroscopy. This analyzer can
measure %?Rn activities every thirty minutes down to 0.5Bq m= with an uncertainty
below +20 %. The radon analyzer was installed on top of a building located between
the measured ponds. The sampling height was approximately 7 m and next to the FTIR
sampling outlet operated by LSCE.

Sampling began on 17 September at 17:00 GMT and finished on 21 September
at 06:00 GMT. Due to instrument malfunction, no data were recorded between the
19 September from 08:30 GMT to the 20 September at 00:30 GMT and from the
20 September at 06:30 GMT to the 20 September at 17:30 GMT.
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2.2.4 Weather station

A weather station (WXT520, Vaisala) was installed next to the FTIR and radon ana-
lyzer inlets. Wind speed, wind direction, temperature, relative humidity and atmospheric
pressure were measured every second and averaged every minute.

3 Emission estimation methods
3.1 Chamber measurements on the basins

Depending on the basin areas under investigation, two different modes of cham-
ber measurements were employed: (a) accumulation closed-chamber measurements
(Frankignoulle, 1988) and (b) flow-through open-chamber measurements. The former
mode was employed on the clarification pond (18 September) and on the aeration pond
(19 September) outside of the aerated area of the basin, which had rather calm sur-
faces, and the latter on the aerated part of the aeration pond, where air is injected in
the basin, resulting in a large air flux and turbulent surface (see Figs. 2 and 3).

3.1.1 Accumulation (closed-chamber) measurements

The chamber is closed against ambient air and the mass flux F is calculated from
the linear increase of the measured gas mole fraction in the chamber with time (see
Fig. 3a):

Fo A_C pVMApond

" At RTA (1)

where AA—f is the fitted linear increase of the gas mole fraction in the chamber with time

(mol mol ™’ s‘1), p is the pressure in the floating chamber (atm), T the temperature (K),
R the universal gas constant (0.0821 LatmK™ mol‘1), V represents the volume of the
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chamber (L), A the water surface area enclosed by the chamber (m2), Abong the area
of the pond (m2) and M the molar mass of methane (g mol'1).

3.1.2 Flow-through (open-chamber) measurements

The chamber was modified for flow-through measurements with small holes present in
the top of the chamber to allow excess injected air to escape. During aeration times,
the air in the chamber was replaced within a few minutes. Hence, the gas concentration
in the chamber represented the concentration in the aeration air emitted from the pond,
once several mixing times in the chamber volume had occurred. Therefore, the mass
flux of the emitted gas was able to be calculated by the amount of injected air monitored
by in-situ instruments operated by the WWTP, the gas concentration within the injected
air and its integration over time (see Fig. 3b):

1% dVAeration
F= C—— 2

Z v, dt @
where C is the gas mole fraction (mol mol‘1) , Wﬁj—?‘“’” is the volume of air injected

inside the chamber per time (m3 h_1), M is the molar mass of CH, (g mol_1) and V,, is
the molar volume of ideal gases (m3 mol'1).

3.2 Radon tracer method

The Radon tracer method is described in detail in several papers (Levin et al., 1999;
Schmidt et al., 2001; Biraud et al., 2000; Messager et al., 2008; Hammer and Levin,
2009; Yver et al., 2009). Briefly, gas fluxes can be estimated using a simple one-
dimensional approach. Assuming that the gases (here CH, and 222Rn) are released
from the atmosphere at a constant rate F in a well-mixed layer of height H, we can
write the temporal variation of their concentration C (with an additional radioactive de-
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cay term for 2?Rn):

A F

A—f = ﬁ for CH4 (3)
AA—f =g-wfor222Rn (4)

with A (in s‘1) the radioactive decay coefficient for 222Rn. If we combine Egs. (3) and
(4), we eliminate the boundary layer height:

CH, szanAt
Foy, = Feeopy—— (1 = A2oop, ——— 5
CHa 222RnAszan ( ###Rn Aszan ( )
: 222 e . , ACch, .
Fezegy, is the mean “““Rn emission rate of the region of influence, ;=" is the slope
Rn

of the linear regression of half-hourly observations between CH, and 222Rn and (1-

Aoz, C:éi;”m) is the factor used to correct for ??Rn radioactive decay. Schmidt et al.
Rn

(2001) showed that during a typical night-time inversion situation lasting 8—12h, the
change in radon activity as a result of radioactive decay, offset by fresh emission from
soil, was only 3—4 %. On the basis of this work, we used a correction factor of 0.965. In
this approach, the gas fluxes are considered collocated spatially and temporally, with
no mixing of air from the free troposphere. Here, as CH, is emitted from the installations
and not from the soil, we make the assumption that we sample air high enough for the
emissions to be seen as collocated. It is however a strong assumption, as the 222Rn
sources are diffuse and the closest CH, sources are so close (i.e. the emissions from
the station). The boundary layer height and the gas fluxes are assumed to remain
constant during each event. Fg, is evaluated using the #22Rn European map available
at http://radon.unibas.ch/ and described in Szegvary et al. (2009). The average flux
for the pixels surrounding the station reaches 74 Bq m~2h~". Schmidt et al. (2001);
Yver et al. (2009) have estimated the error on the 222Rn flux to be less than 25 % for
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France and the lle-de-France region using soil map and measurements in France and
in Germany. We can reasonably assume the same uncertainty here. The total error on
the method is composed of the error of the flux, the error of the decay term and the
errors in measurements of CH, and 2222n. Schmidt et al. (2001) estimated the error
on the decay term to be 7 %. The errors on the measurements are usually less than
1% for CH, and less than 20 % for 22Rn which give us a total error of about 25 %.
During the campaign, measurements of CH, from the LSCE FTIR analyzer and 222Rn
sampled at the same location were analyzed. Events when CH, and ?22Rn seemed
correlated were selected and the Pearson correlation coefficient calculated. If it was
higher than 0.6, we calculated the emissions.

3.3 Tracer release method

The tracer release method consists in releasing a tracer gas (here C,H,) at a known
rate from a location which is collocated with the unknown emission of a trace gas to be
determined, here CH,. This method has often been used in previous studies to deter-
mine CH, from landfills (Czepiel et al., 1996; Galle et al., 2001; Spokas et al., 2006;
Fredenslund et al., 2010). Concentrations of the tracer as well as the gas of interest
are measured using a mobile instrument downwind in the co-propagating plumes. The
ratio of the area of the two plumes signals is proportional to the emission rate. Thus,
knowing the emission rate of the released gas and the concentrations of both gases,
we can calculate the emission rate of the gases of interest:

Ach, Mcn,

(6)

Fen, = Fon, 72—
t T Acyn, Moy,

with Fgy, the emissions of CH, (kg h_1), Fc,h,, the known emissions of C,H, (kg h_1),
A;JHH“ the ratio of the areas under the signals of CH, and C,H, and /\A/;SH: the ratio of
22 22
the molar masses of CH, and C,H,. As for the Radon tracer method, the emission
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sources have to be collocated in time and space. For stationary experiments, Eq. (6)
is modified such that the slope of the CH, versus C,H, linear correlation is used to
calculate the unknown flux instead of the area under the signals.

In this study, a 50L cylinder of C,H, was situated next to the degassing pond, and
the experiment repeated twice under two different wind conditions. On 18 September,
the wind was coming from the south pushing the plumes in the direction of a nearby
bridge across the Rhéne. About 10 transects of the plumes were performed. Later
that day, a stationary experiment was performed to measure the emissions from the
degassing pond with the car parked about 65m away from it. On 19 September, the
wind was stronger and coming from the north. The instruments were driven along the
roads south of the station to cross the plume. Finally, a last experiment with the C,H,
cylinder close to the clarification pond, and thus located more centrally to the station
was conducted.

In this method, uncertainties are coming from the concentrations, the tracer flux and
the correlation between the plumes. CH, and C,H, errors are small, less than 2 % and
10 % respectively for one minute average. Once the gas cylinder is installed and regu-
lated, the flow of tracer gas is steady and well-known and this error is negligible. The
main uncertainties come from the non-collocation of the plumes and from the analysis
of the plumes, especially the background determination for CH, and the calculation of
the areas. To estimate this latter error, we calculated the signal areas with two methods.
In the first one, the background is defined as the 5th percentile of the data measured
during the release. In the second one, the background for CH, is graphically defined.
Comparing the two results, discrepancies between the emissions range from 10 to
40 %. To estimate the non collocation error, we have run one experiment with the C,H,
cylinder at a different location; however, due to the small amplitudes of the signal as
well as the high noise, these data could not be used quantitatively. To reduce the error
as much as possible, we drove away far enough as was convenient with the existing
roads (500 to 1 km away) to consider the two signals punctual and collocated. We also
discuss qualitatively this assumption in the following section. Finally, we chose signals
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with a correlation coefficient between the CH, and C,H, concentrations composing
the peak higher than 0.6, to ensure a balance between high correlation and number of
selected events.

4 Results
4.1 Ambient air measurements

The CH, concentrations from the LSCE FTIR analyzer, the radon activity, the wind
speed, the wind direction and the temperature measured during the whole campaign
(except the sampling above the basins) is plotted in Fig. 4. CH, concentrations vary
between 1900 and 2300 ppb. The gaps in the data correspond to calibration periods
and sampling above the basins. The highest concentrations are observed on the first
and last days matching stable air mass (almost no wind speed and fast changes in
wind directions). On the 19 and 20 September, the wind direction is varying from north,
north-east to south, south-east. Due to several gaps in the radon measurements, it is
difficult to determine the degree to which the Radon correlates with CH,. However, the
signals seem correlated during the first hours and the last hours of the 18 September.
Wind speed varies between 0 and 10ms™" with a diurnal cycle. Temperature follows
a similar expected pattern varying between 10 and 24 °C.

During the last night, the CRDS and the FTIR analyzers were sampling next to each
other. The comparison of the two is shown in Fig. 5. Contrary to the FTIR analyzer
which was calibrated regularly during the entire campaign, the CRDS analyzer was
calibrated only once before the in-situ measurements. However, a good agreement is
observed between the two instruments with a mean difference of 2.4 + 3.9 ppb (stan-
dard deviation). The WMO recommendation for laboratory intercomparison is <2 ppb
in background air (WMO, 2011). We can then reasonably expect that if we calibrate
the CRDS instrument more often, we would reach the recommended goal even for
polluted air masses. As said before, additional FTIR measurements were performed.
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Both FTIR analyzers measured CH, from the basins but at different times and using
different methods. In Fig. 6, measurements above the clarification, aeration and de-
gassing basins with the LSCE FTIR analyzer sampling outlet 50 cm above the basins
are shown. For the aeration and the clarification ponds, the concentrations at the time
of measurement are close to the concentrations measured for the whole station. How-
ever, above the degassing pond, elevated concentrations of CH, are measured, up to
4300 ppb.

4.2 Direct flux measurements with chambers
4.21 Clarification pond

Chamber placements aimed to capture spatial flux variations and covered three ap-
proximate positions as indicated in Fig. 2a. The clarification pond possessed a rotating
arm, or mixer, that was used to gently stir the pond and encourage the drainage of ben-
thic sludge towards and out of a central hole at the bottom of the pond. Whilst the mixer
was on, the floating chamber was tethered to the rotating arm and moved very slowly
with the arm. Consequently, whilst sampling, the chambers moved about one half to
one full rotation around the pond. The movement-induced turbulence was assumed
to have a negligible effect on the flux as the arm rotated at a slow rate, covering one
rotation of 360° in approximately 30 min. During the floating chamber deployment (ac-
cumulation mode), the CH, concentration increased in the chamber over time. A total
of eight successful chamber runs were made on the clarification pond.

Where possible (see discussion below), the increase was approximated by linear
least-square fitting and the fluxes calculated. As for the errors, five main sources of un-
certainty were considered. First, the error associated with the linear fit was taken into
account and calculated as the coefficient of variation (CV). Secondly, the uncertainty
associated with the volume of the chamber was considered. This uncertainty arises
both from the initial measurement of the total volume of the chamber and from the un-
certainty associated with the water level in the chamber. The latter would, thirdly, also
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affect the water surface area enclosed by the chamber. Here, it was assumed that the
water level varied by 1cm. The uncertainties associated with the pressure and tem-
perature sensors were also considered in terms of the confidence interval provided by
the manufacturer. The overall uncertainty was calculated using Gaussian error propa-
gation. The uncertainty in volume and area contributed to the squared total error by 52
and 48 %, respectively, for all four diffusive flux measurements. The uncertainties asso-
ciated with CV, pressure and temperature were negligible. The uncertainties of volume
and surface area eventually depend on the uncertainty of the water level. Consequently,
a more accurate measurement of the water level in the chamber and a minimization of
its variation should be aimed at if lowering of the total uncertainty is desired.

Only 4 out of the 8 successful floating chamber measurements on the clarification
pond exhibited a non-ambiguous linear increase (chamber runs 2 (from minute 7 on,
see Fig. 7), 3, 4, 7). The emissions calculated from these measurements averaged
0.006 + 0.0004 kg d’ (for the individual values see Table 2). The standard deviation,
calculated to assess the spread of the individual measurements, was 0.004 kg da .
It is reasonable that upscaling to the whole pond introduces uncertainty when not all
locations on the pond were covered by our measurements. Based on our four measure-
ments, we consider the obtained average of 0.006 kg d"to give the order of magnitude
of the diffusive exchange flux, which represents the lower limit of the total emissions
from the clarification pond.

For the other four measurements, the increase cannot be linearly approximated and
it is suggested that erratic methane emissions caused this non-linearity, e.g., ebulli-
tion. Since such events might occur more frequently close to the rotating arm and the
number of measurements is too small for estimating the frequency of such events, it is
difficult to estimate the methane flux from the pond generated by erratic events. How-
ever, we can state that the highest average flux for these measurements over a 10 min
period is 0.257 + 0.016 kgd ™" (chamber run 5).

Overall it can be stated that the fluxes of methane were higher when the mixer was
on and the arm rotated. The rotating arm extended down through the water column
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and caused increased turbulence at the water-air interface, throughout the water col-
umn and within the methane-rich sediments. The increased turbulence combined with
resultant release of methane from the sediments could very likely explain the elevated
flux and the high variability of the fluxes whilst the mixer was on. Runs 1 and 5 both
show a high CH, flux that differs remarkably from the other chamber runs. These runs
were the first measurements conducted after the mixer was turned off (run 1) and on
(run 5). The switching of the mixer on and off may have momentarily increased ebulli-
tion, resulting in the non-linear and rapid increase of the concentration in the chamber
(see Fig. 7-1 and -5). Repeated measurements at different locations in the basin and
under different conditions (mixer on/off) could further reveal the actual pattern of the
fluxes from the clarification pond.

Considering the lower limit (diffusive flux) of the observed fluxes, we can state
that the emissions from the clarification due to diffusive emissions are about 0.006 +
0.004 kg d™'. In addition to the diffusive emissions, we observed erratic methane emis-
sions, most likely due to bubbles. Within the short time of measurements on the pond
(1 day), it was not possible to do a systematic study of the methane emissions due to
these erratic events. If the highest flux measured during a 10 min period is assumed
to occur for 24 h over the whole area of the pond, the emissions would sum up to
0.257kg d~". This is most probably not the case, but one can use this number to have
a very conservative upper limit.

4.2.2 Aeration pond

Within the aeration pond, two floating chamber measurements were conducted out-
side the aeration area and can therefore be characterized as accumulation chamber
measurements. These fluxes and their uncertainties were derived in the same way as
for the diffusive emissions from the clarification pond. We calculated a mean flux of
0.038 +0.002kgd ™" (0.040 +0.003kgd™" and 0.036 +0.002kgd™"). This is more than
six times higher than the diffusive flux measured on the clarification pond. We have no
measurement for non-linear fluxes on the aeration pond, therefore, the value given here
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(0.038kg d‘1) is a conservative estimate including the diffusive flux only, and would rep-
resent the lower limit of the total flux (diffusive + erratic) from this area. However, the
fluxes are very different in the area where the aeration takes place. There, the floating
chamber was operated in flow-through mode over night. Figure 8 shows the CH, mix-
ing ratios in the chamber (upper panel) and the amount of injected air (lower panel).
It can be seen that whenever the aeration starts, the methane concentration rises up
to a maximum, and decreases already before the aeration stops. We think that during
the phases when no air and thus no oxygen is injected, there is a buildup of methane
in the pond. Once the aeration starts, the methane is emitted from the pond with the
aeration air.

The night measurements cover approximately 13 h and are therefore believed to offer
a reasonably good temporal coverage for upscaling. Accordingly, 0.658 + 0.004 kg d-’
were emitted. This number is subject to a number of uncertainties and can only be
seen as a rough estimate. The error was calculated from the uncertainty of the FTIR
measurement only, the uncertainty associated with the volume of injected air was not
considered, which is why the actual uncertainty is likely higher.

It can further be seen from Fig. 8, that the methane concentration maxima are lower
during the late night than in the evening. In fact, an overall decrease of the maxima can
be observed, along with shorter periods of non-aeration. Figure 9 indicates a linear
correlation between the length of the non-aeration period and the methane maximum
that is observed during the subsequent chamber measurement (correlation coefficient
R =0.86). This supports our hypothesis that methane production occurs during non-
aeration times, which is, in turn, responsible for the high methane emitted in the sub-
sequent aeration phase.

4.3 Total emissions: tracer release and Radon tracer

Figure 10 presents measurements from CH, and C,H, during the four tracer release
episodes. During the first episode, the wind was coming from the south. Using the
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close-by bridge above the Rhéne, we transected the plumes about 10 times. During
the stationary measurements of the second episode, the winds were south south-west.
On the third episode, with northerly winds, we crossed the plumes 12 times driving
south of the station. Finally, after moving the C,H, cylinder to a more central position,
3 measurements of the plume were done. However, due to the small amplitudes of the
signal as well as the higher noise, these data are only used qualitatively. As shown in
Fig. 11 on the right part, when the acetylene cylinder is located near the degassing
pond (location A in Fig. 11), the two signals are shifted in time, depending on the direc-
tion we were driving. This shows that this location is not optimal to sample the methane
emissions from the station when still close to it (about 800 m). Judging by the horizontal
displacement of the plumes with respect to each other, and the direction of the wind,
the methane source appears to be west of the degassing pond. Once the cylinder was
moved to the clarification pond (location B), we can see a better correlation of the sig-
nals with no horizontal displacement, which indicates that the cylinder is located to the
axis of the methane plume propagating in the direction of the wind.

It was not possible to measure the small degassing pond that feeds the clarifica-
tion tanks using the floating chamber method, due to the obstructed access to this
tank. However, the mobile CRDS CH,/C,H, instrument was used to quantify the emis-
sions from this source. On 18 September, with winds originating from the SSW, driving
both immediately upwind and downwind of this tank (within 10 m) and the nearby clar-
ification tank, a clear and distinct plume from this tank was identified. No significant
emissions were observed from any of the clarification tanks consistent with the floating
chamber measurements. The C,H, gas cylinder was situated on the eastern edge of
the degassing pond, about 7 m east of the center of the 5m radius pond. The mea-
surement vehicle was parked 65m downwind of the degassing pond. This distance
is about 9 times greater than the separation of the C,H, and CH, sources. We ex-
pect plumes should be reasonably mixed at this distance, especially given the strong
afternoon turbulent mixing of the atmosphere when these measurements were made
(see Fig. 4). Under these well mixed conditions, the static plume correlation method
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can be employed to measure the relative emissions of CH, and C,H,. About half an
hour of CH, and C,H, measurements were made at this location, with the wind wafting
the plumes back and forth across the measurement location. The winds came reliably
from the SSW during this time, meaning that the measurements were not polluted by
methane from the aeration tanks or incineration building. The time series of C,H, and
CH, are shown in Fig. 10. The signals are clearly correlated. We plot methane as func-
tion of C,H,, and fit the resulting distribution to a linear function. The fit has a slope of

0.244 ppmcy, ppmale, with an R? of 0.62. Given the release rate of 410 L h™" for C,H,,

we find that the methane emissions from the degassing ponds are 1.13 kg d'. We es-
timate the uncertainty of the emissions estimate to be about +£0.240 kg d~'. Given the
wind direction, this emission number could include emissions from one or more of the
clarification tanks, but since the clarification ponds were measured via floating cham-
ber measurements to be just 0.26 kg d™" as a conservative upper limit, the emissions
from the clarification tanks can be ignored.

For the tracer release with crossing of the plumes, which aimed to estimate the
emissions for the whole plant, signals with a good correlation (> 0.6) between CH, and
C,H, were integrated and the ratio of the areas calculated. As C,H, background is
zero, there was no need to subtract it. However, for CH,, the lowest values between
two crossings of the plumes could change a lot, depending on the wind direction. The
results are summed up in Table 3. During the two days, two different C,H, emission
rates were used, 10.320 and 27.840 kg d-’ respectively. We observe a large variability
(approximately 40 %) between the plumes and between the two days. The average
value over the two days is 42+ 12 kg d~" or102+29 gyr‘1 per inhabitant. The error here
represent the standard deviation of the measurements and include therefore also the
emission variability. Part of this variability is probably due to the background definition of
the signals as well as the difficulty of sampling the plumes. It can also correspond to real
variations in emissions with for example different emitting processes being switched on
and off. We can then assume that the emissions from the plant, if these measurements
are representative, are ranging from 30 to 54 kg d~" with a 40% uncertainty at most.
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Using the FTIR and the 222Rn analyzer data, there was onlg one time period, the
18 September from 12.00 p.m. to 08.00 p.m., when CH, and 222Rn were strongly cor-
related (R2 = 0.85). Applying Eq. (4), the CH, flux reaches 0.029m_2d_1. However,
considering the duration of the event (8 h) and the average wind speed (3ms’1), the
station sampled air along a 90 km transect. During this period, the wind was mostly
coming from the north thus the estimated flux for this area would be representative not
only of the station but of the northern part of the Drome county including the whole city
and surroundings (e.g. fields) of Valence.

5 Discussion

We can compare the results at three different scales, at the process scale with the
chamber measurements, at the plant scale with the tracer release measurements and
at the regional scale with the Radon tracer method. The results are summarized in
Table 4. With only one period of good correlation, we can not estimate the uncer-
tainties attached to the regional emissions. The European Database for Global Atmo-
spheric Research (EDGAR, Olivier et al., 1996) gives for France the same value of
0.029m'2d'1. For the city of Valence, the mean value over the pixel containing the
city (approximately 10 x 10 km) is slightly higher at O.Ong‘zd‘1. If we consider this
area then the city emissions are about 1500 kg d~" and the waste water treatment plant
emissions represent approximately 3 % of the city emissions. In this 3 %, if we add
the maximum contribution from the different ponds, the emissions are approximately
4.5kg d™', i.e. 10% of the total emissions observed from the facility using the tracer
dilution method. We see then that the main source of emissions from the plant are
not these ponds but is located elsewhere. Strong concentrations were measured near
the incinerator building but due to the configuration of the site and duration of the cam-
paign, the estimation of the emissions were planned for the planned next measurement
campaign.
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In other studies presented in Daelman et al. (2012), the emissions from municipal
wastewater treatment plants using activated sludge treatment, such as the Valence
plant, varied from 0.039 to 0.306 kgyr‘1 per inhabitant. The higher limit was found for
a plant using a sludge digester producing biogas. This unit was found to emit three
quarters of the total emissions of the plant, leaving approximately 0.077 kg yr‘1 per in-
habitant emitted by the other processes. The Valence plant is situated close to this last
value (106.102 kgyr_1 per inhabitant). Most of the emissions are likely from the solid
sludge as emissions from the different tanks (clarification, aeration and degassing)
were found very small compared to the WWTP emissions.

We can also compare this number to EDGAR, which provide inventories for 2008
at 0.1 degree resolution by category. For the category “sewage treatment”, in the grid-
cell containing the waste water treatment plant of Valence, the CH, emissions are
0.247 kg yr‘1 per inhabitant. This is higher than the value measured but there is a sec-
ond, smaller waste water treatment plant in the grid cell so considering the uncertain-
ties of about 40 % for the estimation in this study and the uncertainty of the inventory
(estimated for previous inventories to be around 100 %, see http://themasites.pbl.nl/
tridion/en/themasites/edgar/documentation/uncertainties/index-2.html), the values are
in good agreement.

6 Conclusions

We measured CH, on one of the waste water plants from the city of Valence, France.
Several instruments — FTIR, CRDS, radon analyzers — combined with different meth-
ods —floating chamber, release tracer and 222Radon tracer methods — have been used.
They allow to span several scales from the process to the city. The duration of the cam-
paign, four days only, was too short to accurately quantify the emissions. However, we
have shown that all these methods are efficient to evaluate emissions at these differ-
ent scales and that they complete each other.The estimated uncertainty for any of the
method is under 50 % and could in most case be reduced by more experiments (e.g.
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fir the tracer release method) or by a more precise measurement of the experiment
apparatus (e.g. the area of the chamber in contact with the water). From a qualitative
point of view, the emissions from the waste water plant represent only a small part of
the city emissions. The estimates on three structures from the plant, the aeration, clar-
ification and degassing ponds show that even if being the largest ones, they are not
the main emitters of methane on the plant. Concentration measurements seem to indi-
cate that the incinerator building could be the main source. Finally, these estimates are
in the same range of values as found in the literature and reported in EDGAR inven-
tory. This study demonstrates the interest of new techniques, FTIR, CRDS analyzers to
estimate small scale emissions and help improve emission factors for bottom-up inven-
tories. Longer periods of measurements are however necessary to be able to sample
statistically significant numbers of events and get more accurate emission estimates.
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Table 1. Instruments used during the campaign and their specifications.

Instrument Integration Species Uncertainty for species of interest
time used in
the study
FTIR LSCE 1 min/30 min CO,, CH,4, N,O, <0.1% (CH,)
COand 6'°C
FTIR Bremen 5min CO,, CH,4, N,O, <0.1% (CH,)
COand §'C
CRDS 10s/1 min CH,,CO,, C,H,, <2% (CH,), <10 % (C,H,)
H,O
Radon analyzer 30 min 222Rn less than 20 %
Weather station 1 min Wind speed, 3%, 3°,0.3°C, 3%, 0.05%
wind direction,
temperature,

relative humidity
and atmospheric
pressure
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Table 2. Fluxes measured during chamber measurements on the clarification pond. C. E. Yver-Kwok et al.

Chamber Run No.  Mixer  CH, Flux (kggy,d ™)

Jaded uoissnosiqg

2 The fluxes were calculated by a linear fit, because diffusive flux could be assumed.

® The observed concentration increase was not linear. The numbers are based on a linear fit
of the steepest increase over a 10 min period. The fluxes calculated then represent an upper
limit.
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Fig. 1. First panel: Aerial view (Google map) of the waste water treatment plant. Second panel:

Schematic view of the waste water treatment plant.
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A Clarification Pond B Aeration Pond

Fig. 2. Schematic of the two basins that were measured with the floating chamber. (A) clarifi-
cation pond, the yellow arrow shows the direction in which the arm rotates. The red dots and
symbols refer to the location of the chamber during runs 1, 2, 3 (symbol i), 4, 5, 7 (symbol ii)
and 6, 8, 9 (symbol iii). (B) aeration pond, the red rectangle denotes the aeration area, the
arrow the water flow.

9215

Jaded uoissnasiq | Jadeq uoissnosiq | Jaded uoissnoasiq

Jaded uoissnasiq

(®)
S

AMTD
6, 9181-9224, 2013

CH, local emissions
measurements

C. E. Yver-Kwok et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Back Close

)
=
A Closed Chamber 5 g AMTD
2 @,
gl E 6, 9181-9224, 2013
FTIR = N time o
[
analyzer — t >, L.
! e CH, local emissions
. measurements
co, @) C. E. Yver-Kwok et al.
cH, air o
(=
(2}
@,
% Title Page ‘
B Open Chamber . A
g
s f=) 1 =
loss of excess air g
(=
(2}
- - B
€0, CH, N,0 CO %
[
© B
- EEE kN

Full Screen / Esc

Fig. 3. Schematic showing different modes of chamber employment. (A) Conventional float-
ing chamber used on a calm surface (accumulation closed-chamber measurements). The
schematic concentration vs. time points out how the gas accumulates in the chamber over
time (in case of a positive net flux from water to air). This increase is linearly approximated
and from the slope, the flux is calculated. (B) Flow-through open chamber, the excess air es-
capes and the concentration measured in the chamber relates directly to the concentration in
the emitted air. Thus, here, we refer to the concentration reached in one time interval.

9216

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiq


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Temp (C) Wind speed (m/s)

09/19 09/20 09/21
Time (MM/DD)

Fig. 4. CH, concentrations from the LSCE FTIR analyzer, 222

direction and temperature during the campaign.

Rn activity, wind speed, wind

9217

AMTD
6, 9181-9224, 2013

CH, local emissions
measurements

C. E. Yver-Kwok et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 9181-9224, 2013

Jaded uoissnosiq

CH, local emissions

2080 ‘ ‘ . measurements
* * FTIR
20601 o + + CRDS|j ) C. E. Yver-Kwok et al.
i 8
2040 c
w
%)
(@) .
2020 S Title Page ‘
g o
g 2000 kel Abstract Introduction
5 e ——
o (7) e — I——
! (@]
1940 &
: IR
(@)
1920 0\ 0\ 0\ 0\ 0\ Q; L L Q\ 0\ S

Fig. 5. Comparison of CH, concentrations from the LSCE FTIR and CRDS analyzers over the
night of 20 September.

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiq

9218


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 9181-9224, 2013

Jaded uoissnosiq

CH, local emissions

4500 o measurements
[ )
° O C. E. Yver-Kwok et al.
4000 o o . ® 1 3
° o e % %
°e % i »
3500} 1 = Title Page ‘
- , T
2 + + Aeration pond
g on p S Abstract Introduction
S 3000r *= * Clarification pond | @
2500} .
e
. o G .
L Ty i 8
2000 B L e e bl S E e R & — “
(2]
(o)
35
DO e® Q® A9 99 a0 O e . A9 99 a0 O Q)
N Y S R SR R R RN SN SHGIN LN SN} = e —
Fig. 6. CH, concentrations measured by the LSCE FTIR analyzer over the different ponds. o Full Screen / Esc ‘

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiq

9219


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/9181/2013/amtd-6-9181-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

5000
_ -X-1 e =X = % = X=X -X-2 2400 _
o 4000 - [
3 X~ _3¢ X M = X=X-X200 &
= x-X-X -
¥ 3000 R - X T
) X X 2000 G
2000%¢ ~ . : . - 1800
0 5 10 15 0 5 10 15 20
time [min] time [min]
x 400
- - =-X-4 -
= 2400f -X%-3 o X X T
g 2200 SRR XHXXKX XXX 2200 2
‘_;r x—xxxx x X I<r
5 2000X % O
1800, 10 20 30 0 10 20 3020%
time [min] time [min]
2200
_ 6000[=X%-5 X=X -X -7 J@
a ’ -
é R -~ X" 100 =
L 200 x° X X 20002
O - - <
_x- X %-- > T
2000% = X¢- 1900 ©
0 5 10 15 0 2 4 6 8 10
time [min] time [min]
4000 3000
-X-8 % -%-9
Jé 3000 ol - Nl X2500 ?‘L
6“‘ . fx, . ;x - —x - 6“‘
2000% - - - 3¢- - X X=X 2000
0 5 10 0 5 10 15
time [min] time [min]

9220

Fig. 7. Floating chamber experiments conducted on the clarification pond when the mixer was
off (1-4) and on (5-9), respectively.
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vs. time. Lower panel: respective volume of injected air during the same time period.
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Fig. 10. Concentrations of CH, and C,H, during the four tracer release episodes. Episode
(a), estimation of the whole plant emission on 18 September with a south wind, C,H, cylinder
located in A; Episode (b), estimation of the degassing pond emissions on 18 September with
a south wind, C,H, cylinder located in A; Episode (c), estimation of the whole plant emissions
on 19 September with a north wind, C,H, cylinder located in A; Episode (d), estimation of
the whole plant emissions on 19 September with a north wind, C,H, cylinder located in B.
The numbers indicate the signals (peaks) that are correlated with each other with a correlation
coefficient higher than 0.6, used to calculate the CH, emissions.
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Fig. 11. Difference of correlation between CH, and C,H, depending on the location of the C,H,
cylinder. Top, the cylinder was located near the degassing pond ((A) in Fig. 1) and the shifting
in the signals indicates that the main emission source is west of the pond. Bottom, the cylinder
is located near one of the clarification pond ((B) in Fig. 1), west of the previous location and
there is no significant shifting anymore between the peaks.
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