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Abstract

Clark-Type nitrous oxide (PD) sensors‘are ‘routinely used to measure dissoN«d
concentrations in wastewater treatm%(ww,ﬂﬁw have never before been applied
to assess gas-phaseNemissi [l-scale WWTPs. In this studyull-écale NO gas
sensor was tested and vali online gasum&agnts, and assessed with respect to its

linearity, temperatuQe nce, signal saturatnal drift prior to full-scale application. The
sensor was li oncentrations testedd@?-3, 0 — 50 and 0 — 10 ppmy@®) and had
a linear to 2750 ppmONAN exponential correlation between temperatack a
sensor al-was described and predicted usirgilblé exponential equation while the drift
did not have a significant influence on the sigiiak NO gas sensor was used for onlingON
monitoring in a full-scale sequencing batch rea¢8BR) treating domestic wastewater and
results were compared with those obtained by a cential online gas analyser. Emissions
were successfully described by the sensor, beieg evore accurate than the values given by
the commercial analyser at® concentrations above 500 ppmv. Data from thid\g@ssensor

was also used to validate two models to predigD Nemissions from dissolved -8
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measurements, one based on oxygen transfer ratbenther based on superficial velocity of
the gas bubble. Using the first model, predictifams\.O emissions agreed by 98.7% with the
measured by the gas sensor, while 87.0% similesdty obtained with the second model. This
is the first study showing a reliable estimatiorga emissions based on dissolve® Mnline

data in a full-scale wastewater treatment facility.

Keywords: Greenhouse gas (GHG) emissions; Wastewater Treat Q{%"PS),
m

Nitrous Oxide (NO); Online NO monitoring; Microsensors; Liquid-

Nitrous oxide (NO) is an important greenhouse gas with an apprdeirgbbbal warming

ansfe

1. INTRODUCTION

potential 300-fold stronger than carbon dioxid 3). Wastewater treatment plants
(WWTP) have been shown to releas s%nt ansowi NbO and contribute to
anthropogenic emissions, where it is@ dunitrification and denitrification (Ahn et
al., 2010; Foley et al., 2010; Ka reur et281Q9). An emission factor as low as 0.5% of
d to emissions comparable to the indE&gtemissions

total nitrogen removed
related with energ @m ion in conventionaldgaal nutrient removal WWTPs (de Haas
ile'

and Hartley 2

n some case®©Nemissions have been found to contribute over 80%
of the t enhouse gases emitted from WWTRelfDan et al., 2013a; Daelman et al.,
201 )mt al., 2010 reported emission fadtotbe range of 0.01-1.8% and other studies
have shown similar or even higher emission factat®obakar et al., 2013; Daelman et al.,
2015; Kampschreur et al., 2009; Rodriguez-Cabak¢ral., 2015; Ye et al., 2014). This high
variability of emissions and the importance thaDNhas on the greenhouse gas budget of
WWTPs highlights the need for assessingdMn an individual WWTP basis to be able to

implement effective mitigation strategies suitafoleeach facility.
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N20 emissions from fully covered WWTPs can be deteemhiwith measurements of outlet
N20 gas concentrations and the total gas flow ratevé¥er, most WWTPs are open-surface
sludge systems, which are typically assessed uBafloating chamber methodology, where
the NO flux is captured (Law et al., 2012; Ye et al.12P The NO gas measurements can
then be analysed off-line via e.g. gas chromatdyrg&C) by the use of grab samples or
preferably via online commercial2® gas analysers, which can capture the Qﬁ:}he
emissions over time. However, these analysers nequieconditioning o ga
(removing humidity and particles) and a minimum ¢asv (O.5-1L/Qde ing on the
analyser). This last step dilutes the concentraifdxO, increasin@

ample

inty at the low\

concentration range (Marques et al., 2014). To awee itation, a Clark-type 20

microelectrode (Unisense Environment A/S) was easure O in the gas phase, and

bioreactors (Marques et al., 2014). Howe

was recently shown to be able to describe well phase YD emissions from lab-scale
,&%rs have not previously been applied to

full-scale WWTPs, where the highly d condiganherent to WWTPs could have an

pcat

to compare iteetiveness with conventional infrared online

important impact. Full-scale ap

this novel methodology
gas analysers. ,< zl
t

Furthermore,

is of highportance to validate the applicability of

ication of2@ emissions based on liquid-phasgONmeasurements
coupled with liquid-gas mass transfer estimatiomsstitutes an alternative methodology for
the seQﬁnt ob® emission factors in WWTPs. The®ithat is produced and accumulated
in the liquid phase can be transferred to the gase when pD is over-saturated, or stripped
by aeration that facilitates the transfer of digedl NNO. The rate of the emissions in aerated
and non-aerated zones can be estimated using visiomeass transfer coefficients (&),
liquid phase MO concentrations and the interphase transport leetweguid and gas phases,

relationships described by e.g. Schulthess andr@L$96) and Foley et al., (2010). Another

alternative method to measure the dissolve® Moncentration in the liquid phase was
4
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developed by Mampaey et al. (2015), based on gasepmeasurements and mass transfer
correlations. However, the use of liquid@Imicrosensors for continuous estimation of gas-
phase MO emissions has not previously been reported gddst of our knowledge, and could
simplify the methodological procedure for asses®ip@ emissions.

In this study, the BD emissions of a full-scale WWTP treating domesiastewater were
measured via gas-phase microelectrodes and a damaninfrared online gas.analyser, in
order to assess the advantages/disadvantages aeithneonitoring approa he impact of

temperature as well as the sensor range and stabére firstly as% IS purpose.

Further, dissolved Y0 dynamics were also monitored witha@imicrosensors and were used

to estimate DO emissions via mass transfer calculations ifime work was to assess the
applicability of microelectrodes for direct gas-pa easurements from a full-scale
WWTP and to assess two different methodologies siimate NO gas emissions from

dissolved NO measurements. @

2. MATERIALS AND METH
2.1. Experimental set r full-scale sensor calibration

A Clark-Type NO @ sensor was used to measup® Nmissions and a liquid 20

microsensor ed for the liquid phasgONmeasurements in this study (Unisense
Environ /S, Denmark). Both sensors contaimethi&rnal reference and a guard cathode
an efge, were connected to individual ampldfystems (Unisense Environment A/S,
Denmark) and polarised overnight following manufizet instructions (Unisense, 2014). The
Clark-Type NO gas sensor was modified, as compared with thedale version (Marques et
al., 2014), to be more robust and prepared for liremdhock impacts, and a temperature sensor
was integrated within it to measure the variatiérieonperature in the gas phase along the

measurement period (Fig. 1). To validate th®Noncentration in the tests described below, a

commercial NO online gas analyser (VA-3000, Horiba, Japan) alss used as well as a gas
5
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chromatograph coupled to an electron capture det¢@C-ECD, Thermo Fisher Scientific,
Trace GC Ultra, USA) with a column (TracePLOT TGIBD Q, 30 m x 0.32 mm x 10 um).
Three ranges of calibration curves (up to: 422.@ppf N.O, 50 ppmv of MO and 10 ppmv
of N2O) were tested according to Marques et al., (208d)r different commercial XD gas
mixtures were used in this experiment, 100%0N422.3, 104.3 and 83.7 ppm¢M (Linde,

Spain). Mass flow controllers (Applikon Biotechngio Netherlands) were u&lchieve
a

other desired DD concentrations using nitrogen as dilution gas3 A ves% s used to
perform the sensor calibration tests describedvb€ltie vessel was i rsed in a water bath
to control the temperature at the desired set-poieimperature w &measured with a
temperature probe connected to an ez-control bppl{kon i%o ogy, Netherlands). The
vessel was connected via gas tight tubing to a ' analyser. Gas tight valves were
used to seal the chamber after the volume of gas ed to reach the desirecb@

concentration. A commercial hood (ASCENT®: Flux Hood, USA) was used to collect the

gas from the full-scale wastewater reactor. Thedtéhle gas BD sensor was attached to the

hood and the gas coIIecte

2.2. Experimenta%du
Several sets S e conducted to validatentbst influential parameters on the sensor

d to the @roiab analyser via gas tubing.

signal, rmined by Marques et al., (2014)uding calibration curves at different®
concentrations, the sensor signal saturation, sairffo and temperature dependence of the

sensor were characterized prior to monitoring thstewater treatment plant.

2.2.1. Full-scale gas sensor validation
The linearity of the sensor was tested with thréer@nt NbO concentration ranges (High
range: 0-422.3 ppmv4®; Medium range: 0-50 ppmv2R; Low range: 0-10 ppmv D) using

nitrogen as dilution gas. The methodology usedsiragar to that described by Marques et al.,
6



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

(2014). The sensor signal saturation was thendesith three different concentrations (1000,
2000 and 3000 ppmv of ) to identify the upper M0 detection limit of the sensor. The
concentrations of the gas flow were simultaneoasiessed by a commercial gas analyser and
GC-ECD. The drift over time in the signal of theaf-Type NO gas sensor was measured
during 5h in a MO-free environment at a controlled temperaturesof@. The sensor drift was

very low (0.016 mV/h) indicating that this senssrsuitable for long-term exp?%s with
co

negligible influence on the target signal. Neveghsg] routine recalibration%
when measurements are performed for several days.
The temperature dependency was characterized 3isliffgrent concentrations of2. A zero

current gas mixture, 25.5 ppmv of® and 50.1 ppmv..0 .»Calibration curves were

ended

performed within the range of 15-33 °C. To desctit®influence of temperature on the sensor
signal, a double exponential equation was use@éswitbed by Jenni et al., (2012) and Marques
et al., (2014) (Equation 1):

Sn,0(T,C).= 1T+ a, x C x eP2T (1)

perature and C the concentratiemsured by the sensor, wheraral bare

where T is the te

the fitting pac

2 ull-scale liquid sensor and online commercial analyser calibration
Thehale liquid sensor was calibrated acaogydo the instructions present in the Unisense
N20O sensor manual. Briefly, the sensor was conndotad amplifier and polarized overnight
following manufacturer instructions. A saturateduson with NbO was obtained thought
bubbling, at a flow rate of 5L/min, 100%@ during 5 minutes. A three-point calibration was
obtained by adding twice 0.1 mL to 100 mL of freNvater. The online commercial analyser

(VA-3000, Horiba, Japan) was calibrated with nignggas free of pO to obtain a zero XD
7
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calibration point and with a gas mixture of 4228w of NbO to perform a two-point

calibration curve. Both systems were calibratesdimeaind after monitoring the WWTP.

2.2.3. Full-scale monitoring tests
N20 emission dynamics were monitored online at a dbic&VWTP of 48000 population
equivalents (P.E) (WWTP of La Roca del Vallés, Btona, Spain) in order to va‘u%he full-
scale NO measurements from the gas sensor with a comrhanabyser, an with

phase MO sensor (Fig. 1 A,B). The plant consists of falentical S it operational
nf@aD) and N

liquid

volume of 4684.2 rheach that were operated for chemical oxyge
removal (More details can be found at Rodriguezal n% 2015). The X gas
emissions were captured by a hood placed in o (Fig. 1 C, D) and were compared
between the PO gas sensor and a commercial analyser. Simultaheauliquid-phase pO
sensor was applied in the same zone of R sensor. Temperature in the liquid-

phase varied between the range of 16. 7.9 °C.

2.2.4. Data acqt& d N2O emission calculations
2.2.4.1. Emissions measured by the Gas sensor and Conafreameiyser
On-line proce % the SBR tank was acquiiced the data acquisition system of the

WWTvaa es were used to calcula®® Bimissions during the reactor monitoring. The

N20.gas emitted in the aerated phases was calculaied the following equation 2:

NZO gas emitted(aerated): [Z(CNZO X ans(aerated) X At)] (2)
Where,
* N20 gas emittegerated— NoO gas emitted during aerated operational timesNANgO);

+  Cn2o(mg N-NO.nP) = Guzo (ppmv NeO) x 1/0.08205 atm.L.madIK? x (28/T(K));
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*  Qgas(acratedy- gas flow coming out of the reactor during aatatenes (md™?);
* At -time interval by which the off-gas concentratigas recorded (d);
While during the non-aerated phases the gas emithsdtalculated according to the following

equations 3 and 4:

N;0 gas emitted (non—aerated)= [(Z(CNZO X Qin(non—aerated) X At)) X (A_Tank)]

Anhood

3)

Where, A\(Q
t

* N20 gas emitte@on-aeratea- N2O gas emitted during non-ae ional tigmes
N-N20);
*  Anhood— Area of the tank covered by the hood)

«  Arank— Aeration field size (R);

*  Qin (L/min) - Flow at which the sample @@@m pumps gas into the analyser
(0.5 L/min); $

2.2.4.2. N20 emissio Iculated using liquid-phase measuresme
Estimation based on t iISSO ensor data and the&of N;O was also applied to this

full-scale SBR W Quring the cycle the react@svoperated with both aerated and non-
S.

aerated phase ration was performed ugfogedl aerators situated near the bottom of
the tank. The gas emitted during aeration was calculated basethe mass transfer

e input of the air flow, the voluroéthe reactor, the Henry’'s coefficient and the

concentration of dissolved2® through applying Equation 4 (Schulthess and G4f@96):

Kja
L NZOTProcess>< VR

HN,0,Tprocess Qgas X

Gas emltted(aeratEd)zHNZOerrocessXSNonComp.X 1—e

ans(aerated) x At (4)

9
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Where,
» Gas emitted (aerated) — Emissions eONluring the aerated phases (mg bON
*  Sw2o0Tcomp— Concentration of PO in the liquid measured by the® liquid
microsensor, after temperature compensation (Mg®4N3);
*  Hn20Tprocess— HeNry's constant at the process temperaturee(dimonless);

*  KLaNoOrprocess— N2 O mass transfer coefficient at the process temyreréti);

Q

For non-aerated periods, a typicalakfor NO of 2d* for an anoxi m first chosen

(Schulthess and Gujer, 1996), and later estimatateacribed below (equation 8). The rate of
N20O emissions were then calculated using equatitﬁc% Gujer, 1996):

CN,0,ai
#‘m’) X VR X At
Comp. HNZO,Tprocess

5) tZy
Where,
* Gas emitted (non-aerat issions g Muring the non-aerated phases (mg N-

N20);

Gas emitted(non—aerated)zKLaNZO(non—aerated) x\S

*  KLaNeOrprocesgnon-aera O mass transfer coefficient during non-aerated ghé&s

l). @
« Cn o,%v age concentration of@lin the atmosphere of the northern

misphere, 0.326 mg-Nfmaccording to (Blasing, 2009);
Thr%arranging equation 5, the mass transfefficient was estimated for non-aerated
operational times using thee® emissions measured in the gas-phase and ingihd-phase

sensors, as shown in equation 6:

SNzO
K a B — Gas sensor 6
LYN,0(non—aerated) ( CN,0,air ) ( )

S o ____vedair
N2 Oquuld sensor Hp,0 Tprocess

Where,
10
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*  S\20 cas sensor Concentration of pO in the gas measured by theONgas sensor, after
temperature compensation (mg NeNNT3).
*  S\20 Liquid senso— Concentration of dissolvecb® measured by the2® liquid
microsensor, after temperature compensation (Mg®4N3).
This dynamic estimation of & during non-aeration conditions was applied dutimegganoxic

phases of WWTP operation, where negativa ialues were assumed to be ze(g
(particularly

The KLa during aeration is related with many factorsluding reactor geo

aerator immersion depth), aeration bubble sizéusbf layout and li Vi ity (Foley et
al., 2010; Gillot et al., 2005). The methodologised to estimate the, ing aeration are

described in detail in the supplementary infornratiBrie ethodologies applied to

assess the i during aeration and non-aeration op

* Method 1:
o (aerated phase) based ont u%rfi!cial gas welddhe reactor (Equation S1)

as described by Foley et 010);

o (non-aerated p s ed on a typiaal #or N.O of 2d* for an anoxic tank

(Schulth&
 Method 2: <:1
o) :&(y

scribed by Foley et al., (2010);

non-aerated phase) based on Equation 6;
. Cethod 3:

o (aerated phase) based on the oxygen transfeilQat)(of the reactor, assuming

jer, 1996);

ase) based on the superficial gas tetifche reactor (Equation S1)

pure water (Equation S4);
o (non-aerated phase) based on a typiga #r N.O of 2d* for an anoxic tank

(Schulthess and Gujer, 1996);

11
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* Method 4:
o (aerated phase) based on the oxygen transfer @I®)( of the reactor,
integrating fouling, salinity and impurity factarsthe estimation (Equation S5);
0 (non-aerated phase) based on a typiga #r N.O of 2d* for an anoxic tank

(Schulthess and Gujer, 1996);

* Method 5: &
0 (aerated phase) based on the oxygen transfer @iI& e reactor
integrating fouling, salinity and impurity factarsthe e;Q’ tio uation S5);
o (non-aerated phase) based on Equation 6; C)
After obtaining the Ka of G at 20°C for each of the OT e%ods (3-5) forabated phase,
Higbie's penetration model was applied to calcutate Kla of NbO applying equation S7

(Foley et al., 2010; Van Hulle et al., 2012).(E 7, Supplemental Information). Due to

temperature variation along the dayaka enry’s constant estimations were correaed f

temperature, as described in.c

3. RESULTS AN (&JON
3.1.Full-s % nsor calibration

The semear y was tested in three differicentration ranges (0-422.3 ppmv; 0-50

he Suppiethénformation.

ppmy; O- mv) with nitrogen used as dilution.glse sensor showed high linearity and
stabillz within the ranges tested. No saturatibthe signal was observed up to the maximum
concentration tested, nor was a decrease in ligealbiserved at the lower range tested
(Supplementary information, Fig. S1). Overall, Hemsor was shown to respond linearly over
a wide concentration range os®, which is in accordance with the results obtaimeMarques

et al., (2014) for the lab-scale® gas sensors.

12
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In order to evaluate the sensor and commerciayaealesponses at high®l levels, as well

as the signal saturation of each system, a sergsiadards were performed at concentrations
above 1000 ppmv and compared with GC-ECD. A puf®d.8bO gas bottle was used and the
gas diluted in order to have three gas streamsasiticentrations of approximately 1000, 2000
and 3000 ppmv of pO. The results (Table 1) showed that at the foscentration tested, 1000
ppmv of NO, the commercial analyser was already saturatddhahable to determine this

concentration correctly. The>® gas sensor was able to follow the trend edla gas

stream well at this level. The sensor was also &bleorrectly mea@ n the gas

stream at 2000 ppmv (Table 1). A final gas stredB000 ppmv 0‘ NO w.
g

that the sensor was not able to adequately med#satehi

sed and showed
level. Further results

showed that the sensor was able to measure coat to 2750 ppmv of2 (through

additional testing), while the commercial anal ot able to adequately describe any of

the high concentrations tested. This validate cability of the sensor to measure very
high concentrations of D in gas stream

The temperature dependency.o nsor was festdak zero current and for selectegON

concentrations. There was an exponential temperaipendency on the zero current and the

tested NO concent ‘@ s for the sensors. The influendemperature was well described by
an exponenti and the coefficient of mheitgation had a value 6f0.96 (Fig. 2,A). A
similar was also found for the commidyceavailable NO microsensors in lab-
sca teﬁ)liquid and gas phase measuremiarini(et al., 2012; Marques et al., 2014).
Since the NO sensor measurements depend on temperature, erar taxperiences higher
temperature fluctuations along the day as comptrdtie liquid phase, the gas sensor can
experience high temperature fluctuations throughbet day. Correct characterization and
prediction of the temperature effect on the senisoessential for their application in full scale

systems. A double exponential equation (equatiomek)used to predict the sensor signal, using

calibration curves at different temperatures (Ejd), where only 6 measurements were needed
13
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330

331

to accurately calibrate the sensor, validatingstn@egy proposed with the lab-scale gas sensor
(Marques et al., 2014). The fitting was performath\w8 different concentrations (0, 25.5 and
50.1 ppmv of NO) at 2 different temperatures (15.5 and 33.1 fi@ugh the equation also
described well the sensor signal for these 3 cdraons at 2 additional temperatures (22.6
and 25.8C) to validate the temperature dependency. Higffficant of determination values

> 0.999 were obtained in this case between the umegsand the predicted<signal. The

maximum difference between the measured and tliBgped sensor signa s was 3.0 %.
Therefore, the temperature influence on all sensasseffectively predi u only 6 points
of experimental data for calibration. When tempaetvariations are oidable (e.g. at a

full-scale WWTP), the correction of the sensor algsh%k%erformed to obtain valid

results.

3.2.Comparing the NeO gas sensor with. the online gas analyser at fultale

The sensor was attached to the hoo placeldeirSBR at the WWTP. The2 gas

emissions were collected an w 2rized duridgy4. The sensor signal was corrected for

the temperature variati uation 1. Figh@ws the results obtained with the sensor
and the commerci as analyser. The sensor was able to descrigemed the trend in

the emissio n compared with the commercialyas@a Due to saturation of the
comme@%er atl concentrations above 500 ppmv (as indicateddynidinufacturer),

the high ssion peaks were in fact much bd#scribed by the full-scale gas sensor (Fig.
3). This shows that the wide detection range ohtieroelectrode can result in improved ability

to estimate MO emissions, and thato8 peaks measured by conventional analysers may be
underestimating the true emissions in cases whHerecbncentration exceeds their upper
detection limit (in the case of this study, 500 ppnRodriguez-Caballero et al., (2014) also

reported the importance of correctly characteripegk emissions in their study, where even

isolated peak emissions had a significant impadherglobal emissions of a WWTP.
14
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The emissions from the full-scale SBR were caledlatsing equation 2 for aerobic phases and
equation 3 for anoxic phases, where the phasesdifé@eentiated based on the measured DO
concentration in the liquid after aeration commehoe ceased. When comparing the overall
N2O emissions between the sensor and the commeradysar, there was a difference of

14.1% between both (Table 2). As shown in Fig.Hss difference is mainly due to the

underestimated XD peaks in the case of the commercial analysehind alre xceeded
its saturation signal. This difference decreasgsifitantly when analysin emissions as
assessed by the sensor and commercial analysev Bl ppmv, w the difference was

only 2.0 %. Thus, at levels below 500 ppmv, theseerand commercial-analyser achieved

highly comparable results, supporting the applitgbiof ei methodology in this
Q

concentration range. Further, peak emissions s ly characterized because tb@ N
peak emission events can significantly increase O emission factor of a WWTP.
The high variability of peak emissions ( dow), under aerated and non-aerated
conditions, varying DO, temperature a tiow flates, validate the use of the gas sensor

5 when subjected to the variable conditpresent in

a WWTP. Overall, the r alidate the use efghs sensor to measurgONemissions in a
WWTP, even achQ a wider range of emissionsrdtean currently achieved by a

commercial a

The an issions measured with both technigueze very similar (Table 2a, 2b). When
co am total emissions between the aerotmicamoxic phases, the aerobic phase was
the main contributor with over 96.1% of the totalissions. These results agree with the studies
of Ahn et al., 2010; Ye et al., 2014, where theob&r phase contributes with highep®l

emissions as compared with the anoxic due to thieehirate of MO production and stripping

during aeration.

3.3.N20 gas emission estimation through dissolved2® measurements
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The total emissions were calculated for the aerabttanoxic periods using the dissolveDN
sensor data, with five different approaches toreste the iKa of NbO during aeration. The first
approach consisted on using the superficial gazcitglin the liquid (Method 1) resulting in a
difference of 19.5 % between the calculated emisslmased on dissolveck® data and the

measured emissions with thelgas sensor (

predicted by the liquid sensor for the first 2 dgysriod_a: 32.7%), to the last 2

). During the four days of monitoring, a higherfeience was observe (&hissions
m

days (period_b: 4.4%), when comparing the resaltbe gas senior emissions (

S

3 — Method 1). This difference was likely due te @iccumulation of particles on the liquid
sensor observed during the monitoring of periodir: s), while during period_b (last 2
days) the sensor was cleaned once per .

The second approach consisted of ¢ ting the ased on the OTR (Method 3). A

difference of 12.9 % between

emissions based on di&
v;

— Method 3).

emissionasueed by the gas sensor and the calculated

a was found (
d in the previous approtehdifference in the emissions was higher

during period. a as compared to period_b. To ineréas applicability of the model equation
od 3 estimation methodology, the Mators affecting liquid-gas mass transfer

using th
in Wagewater systems were taken into accounydmady salinity ), impurities () and fouling

(F). The total estimated emissions obtained with @pproach (Method 4) were closer (8.2%)

to the emissions measured by th®Njas sensor (

— Method 4).
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When evaluating the aerobic emissions, considezauly methodology, higher agreement with
the gas sensor emissions was achieved for periodtibdifferences of 4.4, 11.4 and 16.1 %
for Method 1, Method 3 and Method 4, respectivéiile for period_a the differences between
the emissions measured by the gas sensor withreatttodology (Method 1, Method 3 and
Method 4) were 32.7, 26.9 and 23.0 %, respecti\rlythermore, the total predicted emissions

in the anoxic phase were substantially higher aspawed with the ones meas& the gas
at

sensor. This indicates that the emissions of timeagyated phases were ov , and this
overestimation compensated somewhat for the untiteedsd aer X ions during
period_a. This overestimation in the anoxic phasel® related with the use of a typicabK

for N2O of 2d! for anoxic tanks (Method 1, 3 and 4), wh ioally determined for

continuous activated sludge processes (Schult 96). This estimation of &
was thus not applicable to the present WWTP, e SBR, and required reassessment to
avoid overestimation of the ® emissions.. To correct this, the&for anoxic zones was

calculated based on the dynamic em meadwretie NO gas and liquid sensors

(Equation 6, Method 2 and 5) erage anoxectroughout the experimental period was

0.39 d', five times smaller than the previously appliediea The SBR configuration of the
studied WWTP cleQéjl%ted this mass transéafficient, as there was lower turbulence
in the SBR a @ to continuous-flow WWTPsddyic estimation of the anoxic &
increaséjﬁdence of the model equatiorsstimnate the emissions calculated using
dissolve ata, particularly for the Method 5.

A comparison between the dynamigONemissions as assessed by the gas sensor andtedtim
via the liquid sensor is shown in Figure 4 for Bitwal cycles during the monitoring of the plant
(period_b). By applying equation 6, the anoxic klas corrected according with the emission
measure by the XD gas sensor (Method 2 and 5). The predicted @nsdased on the

dissolved NO data using estimation Method 5 agreed very wighl the emissions captured by

the hood and measured with theONgas sensor. The prediction 0N emissions during
17
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period_a show higher deviation as compared to éiseptpase analysis (Fig. S2, Supplementary
information), highlighting the importance of senst@aning. It is also clear from Figure 4 that
the NO emissions were mainly attributed to aerobic potida mechanisms rather than anoxic
production and subsequent aerobic stripping. Indetde the dissolved YD concentrations
were initially high anoxically, they were gradualgduced along the anoxic and settling phases,
contributing little to the total @O emissions during this time period due to the anoxic

KiLa. Aerobically, the initial MO emissions were consistently negligi ve r-
complete denitrification during the previous anoagitd settle/deca % ith minimal
carryover of the anoxically produced® to the subsequent aer@ e where it would be
more readily emitted. These results highlight gsaimation f%\e aerobic and anoxi@K

can be useful to both quantify the totakNemissions-using dissolved® measurements and

identify operational factors that lead to thesession
The total emissions obtained from the %@a’mis study were 48.6 and 41.8 gN-

N2O/kg N-NH:" removed for the BO nsor and the online commercial analyser,

respectively, during the tot % ement perlddderestimation of the emissions was

two methodologiestdube high peak emissions that could

evident when comparing‘the
not be effectively aQ(ed the commercial lggar. The total estimated emission values

ved® measurements were 33.3 and 38.8 gid/Kg N-NH;" for

the mem ies using Method 2 and Method 5,e@sgely. However, when taking into

account

obtained usin

eriod_b, the emissions of the licgedsor (Method 2) underestimated the gas
sensor emissions by 13.0 %, while the liquid sefl8l@thod 5) emissions agreed within 98.7
%. The estimation of the emissions using the OT&etanethod, where both the aerobic and
anoxic K a are calculated, was shown to be a reasonablesméanoviding a good estimation
of the total NO emissions, where regular cleaning of the sengorircrease the validity of

these estimations.
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3.4 Comparison of NO monitoring methodologies

The results of this study showed that the gas sessalvantageous over conventional online
gas analysers due to its higher measurement rdingegas sensor signal has a very low drift
over time and by applying the drift correction, gensor could be continuously used without
performing additional calibration during severaleks, which is comparable to conventional
analysers. The additional step required for thdiegpon of NbO gas sensors as.compared to

ertheless, this

conventional gas analysers is the calibration ategifferent temperatures. ‘@

measurements,

study showed that this can be effectively achiewath 6 experi ta
minimising labour. The gas sensor does not reqegealar cleaning, although it has a limited

lifetime (~6 months). Unlike conventional analysdrswever, S sensor does not require
pre-conditioning of the gas sample prior to . This increases maintenance
requirements to the measurement system, as enance checks are required in

conventional analysers. Thus, both syste rtehsional maintenance and/or replacement
of parts.

The dissolved BD sensor si so very stable over time, asdsuggested by the
manufacturer (Unisense Env nt, Denmark), regwnly a bimonthly calibration, which
takes around 10 es and does not involve meammnts at different temperatures.
Regarding the.c f the sensor, we obsermathprovement of the signal if the sensor
was cle n a daily basis. However, an impreeesion of this sensor to be used for full-
scale m ments is now commercially availabb{tze manufacturer claims that no regular
cleaning is needed (Unisense Environment, DenmaHe.liquid and gas-phase® sensors
have a similar lifetime. In this study it was foutitht emissions were effectively estimated
within a reasonable error based on dissolve@ Bensor signals.

For highest rigour, the simultaneous utilisationaaf NO sensor in both the gas and liquid
phases is recommended, as it also enables estinwdttbe relative importance of the aerobic

or anoxic NO production mechanisms. Furthermore, both sigraaisbe measured using only
19
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one multimeter controller, decreasing total coghefequipment. Overall, this work shows that

the analytical methodology employed to asse£3 &missions can have a significant influence

on the NO emission factor obtained for WWTPs. We recommiad this new methodology

also be applied to assessNemissions at other full-scale WWTPs.

4. CONCLUSIONS &
The main conclusions of this work are summarisdovize

The NO Clark-type full-scale gas sensor proved to beliablg%{m' to standard

methods for online detection ob@ emissions in the gas phase WTPs.

The sensor was linear at both low and high ran centrations, reaching an

upper detection limit of 2750 ppmw. Routine calibrations should be performed, and

the temperature influence on the sensor signal beuatiequately predicted.
Emissions were successfully described by the gesosgbeing even more accurate than

the values given by the commercial analyser £ Noncentrations above 500 ppmv.

Total NeO emissions@estimated by 14.0 % by therercial analyser in this

study.
The two p d thodologies to estimat® Nemissions using dissolved®l
meas ts performed by a full-scale liquiDMensor with best results agreed by

m od 5) or 87.0 % (Method 2) with the esidas measured by the gas sensor.

he first study showing a reliable estimatof gas emissions based on dissolved

T
20 online data in a full-scale wastewater treatnfi@citity.

This proposed methodology has the added advanfagienaltaneously analysing the
N20 dynamics in the liquid and gaseous phases, in am experimental setup, and
can in this way contribute to improve the charasédion of the NO emission

mechanism in the WWTP.
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Fig. 4 —Typical SBR profile at La Roca del Valles WWTP s emissions (blue dashed
line), liquid NbO concentration (orange line), DO concentrati and NO dissolved
emitted predicted (black dashed line) (KLa_OTR-IHderiod aerobic phase, B — anoxic
phase and C-settling and decant phase.

List of Tables: Yy
Table 4- Emissions of RO per ﬁ/m measured by the gas sermomercial

analyser, and liquid phase-se

Table 1 —Comparison be
different mixtures with

as sensor, commercialssaraaynd GC-ECD between 3
e concentrationd.000, 2000 and 3000 ppmv of®l

Table 2 —Comparis
between the a

etween the total emissions and emisdionted up to 500 ppmv
r and the commercial analyser.

Table 3 - Eﬁissign omparison between measured with the Gas sensor, Commercial
analyser an ethodologies used to estimagahemissions using the®lliquid sensor.
The difference between the® measured with the gas sensor and the respectitredology
use Imate thex®@ emission using the liquid sensor is shown in ket

24



598

599
600
601
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606  Fig. 2— A - Exponential variation of sensor signal withg@rdiferent MO gas mixturese( 0
607  ppmv, A25.5 ppmv, m 50.1 ppmv) as a function of temperature at a range of 15 to 35 °C; B -
608  Measured (open symbols) and predicted (close syspbmnal values for concentrations of O

609 (®,0),25.5 (A,A), and 50.1,0) ppmv of NO for the sensor. Prediction equation for the
610  sensor wasio (T,C) = 1238.32%027+1 638CE&00°T,
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617  Fig. 4 —Typical SBR profile at La Roca del Valles WWTP ofNgas emissions (blue dashed
618 line), liquid NoO concentration (orange line), DO concentratiorydme) and MO dissolved
619  emitted predicted (black dashed line) (Method Zeriqul_b). A — aerobic phase, B — anoxic
620 phase and C-settling and decant phase.
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622 Table 1 —Comparison between the gas sensor, commercialssaraaypd GC-ECD between 3
623  different mixtures with approximate concentrationd000, 2000 and 3000 ppmv of®l

Average 1072 2029 2829 774 946 NT 1036 21153037
STD (%) 0.05 0.32 0.01 0.06 0.66 NT 8.81 0.81 0.06
624 NT- concentration not tested with this equipmé&ntsaturation of the D gas sensor

625 reached.
626

627  Table 2 — Comparison between the total emissions @emissions li
628  between the NO gas sensor and the commercial analyser.

N 00 ppmv

Total emissions
Aerobic

Anoxic

Aer 7.84 7.68 2.03 64l

Anoxi 0.58 0.50 13.88 042

643

644
645
646
647

648
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Table 3 — Emission comparison betweennM measured with the Gas sensor, Commercial
analyser and the methodologies used to estimatgahemissions using the®lliquid sensor.
The difference between the® measured with the gas sensor and the respectitredology
used to estimate thex® emission using the liquid sensor is shown in ket

Emissions Commercial  Liquid sensor Liquid sensor Liquid sensor Liquid Liquid sensor
Gas sensor (Method 2) sensor
analyser (Method 1) (Method 3) (Method 4) (Method 5)
Emissions Emissions
with . (with @, B, F
- Emissions
. . . Kia (non- Emissions . and
Emissions Emissions Emissions . (with a, B
aerobic) (pure water) Kia (non-
. and F) .
estimated) aerobic)
estimated)
(KgN-N20)  (KgN-N:20) (KgN-N20) (KgN-N20) (KgN-N20) (KgN-N20)  (KgN-N20)
Total emissions 19.69 16.91 15.85(19.5)  13.48(315)  17.15(12.9) 18.07(8.2)  15.70 (20.2)
Aerobic 18.93 16.27 12.92(31.7) 12.92(317)  14.22(24.8) 1514 (20.0) 15.14 (20.0)
Anoxic 0.76 0.64 2.93 0.56 2.93 2.93 0.56
Period_a 12.75 10.81 8.58 (32.7) 7.45 (41.6) 9.32(26.9) 9.81(23.0) 8.67 (31.9)
Period_a (Aerobic) 12.28 10.40 7.09 (42.2) 7.09 (42.2) 7.83(36.2) 832(322) 8.32(32.2)
Period_a (Anoxic) 0.47 0.41 1.49 0.35 1.49 1.49 0.35
Period_b 6.94 6.10 7.26 (4.4) 6.04 (13.0) 7.83(11.4) 826(16.1)  7.03(1.3)
Period_b (Aerobic) 6.65 5.87 5.83 (12.4) 5.83 (12.4) 6.39 (3.9) 6.82 (2.4) 6.82 (2.4)
Period_b (Anoxic) 0.29 0.23 1.44 0.21 1.44 1.44 0.21
K) 4
Table 4- issions of BO per ammonia removal measured by the gas sermomercial
anal ;and liquid phase-sensor.
Emissions (g N-NO/kg NH4) Total Period_a Period_b
Gas sensor 48.6 55.7 39.5
Commercial analyser 41.8 47.2 34.7
Liquid sensor (Method 2) 33.3 32.5 34.3

Liquid sensor (Method 5) 38.8 37.9 40.0
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