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• Monitoring of N2O emissions for a full-
scale denitrifying biofilter treatment
plant.

• Most of N2O remains in the liquid phase
and is discharged with the effluent.

• Denitrification reduces part of dissolved
N2O produced during nitrification.

• N2O peak emissions were related to se-
vere carbon underdosing.
⁎ Corresponding author.
E-mail addresses: julien.bollon@irstea.fr (J. Bollon), ah

yannick.fayolle@irstea.fr (Y. Fayolle), sabrina.guerin@siaa
vincent.rocher@siaap.fr (V. Rocher), sylvie.gillot@irstea.fr

1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.scitotenv.2016.03.237
0048-9697/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 January 2016
Received in revised form 24 March 2016
Accepted 30 March 2016
Available online xxxx

Editor: D. Barcelo
In this study, nitrous oxide (N2O) emissions from a full-scale denitrifying biofilter plant were continuously mon-
itored over two periods (summer campaign in September 2014 and winter campaign in February 2015). Results
of the summer campaign showed that the major part (N99%) of N2O flux was found in the liquid phase and was
discharged with the effluent. N2O emissions were highly variable and represented in average 1.28 ± 1.99% and
0.22 ± 0.31% of the nitrate uptake rate during summer and winter campaigns, respectively. Denitrification was
able to consume a large amount of dissolved N2O coming from the upstream nitrification stage. In the absence
of methanol injection failure and with an influent BOD/NO3-N ratio higher than 3, average reduction of N2O
was estimated to be of 93%. The control of exogenous carbon dosage is essential to minimize N2O production
from denitrifying biofilters, in correlation to NO2-N concentrations in the filter.
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1. Introduction

N2O is a potent greenhouse gas with a global warming potential that
is 265 times higher than carbon dioxide on a 100-years horizon and is
also a primary ozone-depleting substance in the 21st century
(Ravishankara et al., 2009; IPCC, 2013). In wastewater treatment
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processes, nitrous oxide is recognized to be emitted during nitrification
and denitrification processes (Kampschreur et al., 2009; Law et al.,
2012). In conventional wastewater treatment processes, heterotrophic
denitrification reduces nitrate (NO3

−) -generated from the autotrophic
nitrification- to nitrogen gas (N2) via nitrite (NO2

−), nitric oxide (NO)
and nitrous oxide (N2O). This implies the action of four different denitri-
fication reductases, namely nitrate reductase, nitrite reductase, NO
reductase and N2O reductase. Depending on the organisms involved
and on the environmental conditions, the final product of heterotrophic
denitrification is not always N2, but could be in the form of undesirable
intermediates such as nitrous oxide.

During heterotrophic denitrification, N2O accumulation is thought
to result from an unbalance of its production and consumption rates.
Several parameters affecting the activity of N2O reductase enzyme and
correlated to N2O accumulation were identified. They include dissolved
oxygen, pH, nitric oxide and nitrite (or free nitrous acid HNO2) concen-
tration (Schulthess et al., 1995; Otte et al., 1996; Zhou et al., 2008;
Richardson et al., 2009). The lack of biodegradable organic carbon lead-
ing to incomplete denitrification is also an important factor governing
N2O production (Hanaki et al., 1992; Park et al., 2000). Increased N2O
emissions at low C to N ratio can be caused by the indirect effect of
NO2

−/NO accumulation (Hanaki et al., 1992; Schulthess et al., 1995;
Itokawa et al., 2001), and/or related to increased competition for elec-
trons distribution among the different steps of denitrification (Pan
et al., 2013a, 2013b). Although heterotrophic denitrification is consid-
ered as a source of N2O production in wastewater treatment plants
(WWTPs), it has also been identified as playing an important role to re-
duce the emission of N2O produced by ammonia oxidizing bacteria
(Guo, 2014; Guo and Vanrolleghem, 2014).

Until now, research focused on monitoring N2O emissions on
activated sludge WWTPs and little is known about emissions from bio-
film processes. Among the available technologies, biofiltration has been
widely deployed in urban wastewater treatment plants. It is the
most applied technology in the Parisian area and the second one in
France after activated sludge (http://assainissement.developpement-
durable.gouv.fr/services.php). It combines both physical and biological
treatment processes using immersed filter media. The latter acts both
as a filter and as a support for the biofilm development. The benefits
of this technology lie in its compactness (small foot print) and inten-
siveness (short residence time) (Rocher et al., 2012).

The present study aims at reporting and analyzing nitrous oxide
emissions from a full-scale biofilter treatment plant located in the Pari-
sian area (France). The denitrifying biofilters monitored were operated
downstream from the biological treatment (post-denitrification). Dy-
namic N2O emissions were confronted to process operating conditions
in order to identify possible key parameters influencingN2O production
and consumption during denitrification.

2. Material and methods

2.1. Wastewater treatment plants description

The measurements were performed at Seine AvalWWTP, located in
the Parisian area (France). The plant was designed to receive a nominal
flow of 1,700,000 m3/d (around 20 m3/s), i.e. about 80% of the Parisian
wastewater flow corresponding to about 5 million population equiva-
lents. Wastewater is pre-treated (screening, grit removal) and passes
through primary settling tanks. The water from the primary settlers
enters a high loaded conventional activated sludge treatment (aerated
biological reactors combined with secondary settling tanks) designed
for organic carbon removal. The outlet of the activated sludge system
enters a ballasted flocculation unit to remove suspended solids and
phosphorus. Finally, the treated wastewater containing a low total
suspended solid concentration and controlled phosphorus concentra-
tion is totally nitrified and denitrified through biofilters: 84 Biostyr®

filters for nitrification followed by 18 Biostyr® and 12 Biofor® filters
for post-denitrification, using methanol as an external carbon source.
Since the main part of the nitrate load is treated in the Biostyr® filters,
it was decided to monitor this technology.

Each Biostyr® unit has a surface area of 173m2 and a total volume of
605m3. Microbial support material, composed by 3 mm diameter poly-
styrene spheres, is distributed on the total biofiltre surface area over a
maximum height of 3.5 m. Anoxic conditions are maintained in the
biofiltres in order to obtain denitrification. However air is punctually
injected during the washing procedures set up to unclog the filter
media. Moreover, addition of methanol as an exogenous carbon source
is performed to maintain an influent BOD to NO3-N ratio of 3.5.

2.2. N2O sampling and monitoring

Two measurement campaigns were performed to evaluate N2O
emissions from the denitrifying biofilters.

The first monitoring campaign (summer campaign) was conducted
in September 2014 and aimed at studying a single denitrifying biofilter
in order to identify the key operational conditions influencing N2O
emissions. The biofilter was monitored during seven days, correspond-
ing to N1000 time the hydraulic retention time (HRT), and both gaseous
and liquid N2O emissions were quantified.

A second monitoring campaign (winter campaign) was performed
in late January - early February 2015. Based on the summer campaign
results, indicating that gaseous N2O fluxes in denitrification were negli-
gible in comparison to liquid emissions–see Section 3.2–, it was decided
to monitor only the liquid phase. This was supported by the fact that, at
low temperature, i) the higher solubility of N2O and ii) the lower liquid
to gas mass transfer would induce a higher ability of N2O to stay in the
liquid phase. The winter campaign, aimed at quantifying N2O emissions
from the whole Biostyr® denitrifying biofilters during two consecutive
weeks (period corresponding to N2000 times the HRT).

The locations at which gaseous and/or liquid N2O emissions were
monitored as well as probe locations are displayed in Fig. 1.

Dissolved N2O concentration was measured on-line with N2O
microsensors (Unisense A/S, Denmark). A daily two-point calibration
was systematically performed to ensure measurement accuracy below
10%. Fresh distilledwaterwas used for the zero point calibrationwhere-
as a fresh N2O concentration solution was prepared for the second
calibration point. This solution was obtained by bubbling a 500 ppmv
standard gas in fresh distilled water. The resulting dissolved N2O
concentration was calculated according to Henry's law constant at the
tested temperature.

During the summer campaign, sensors located in the biofilter inlet
were placed downstream of the methanol injection point (see Fig. 1a).
Despite the daily cleaning procedure, the excessive development of a
biofilm certainly due to the high availability of biodegradable COD
caused the failure of the dissolved N2O sensor after 3 days of measure-
ment. To avoid this problem during the winter campaign, the sensors
and the sampler were placed upstream of the methanol injection
point (see Fig. 1b).

Gaseous samples were collected using a wooden floating chamber
located in the middle of the biofilter (surface area of 1.6 m2). The gas
flow was measured using a precision mass flowmeter (Brooks
Instrument®, SLA 5860S, USA) with a measurement range of 50 to
500 NL/h and a detection limit of 10 NL/h. During the summer
campaign, the flow was systematically measured at a value around
50 NL/h during the biofilter filtration periods. The off-gas was directed
to an Infra-red analyser (AP2E, ProCeas®, France), to measure on-line
the N2O concentration. The analyser has a measurement range of 0 to
55 ppmv and a detection limit of 50 ppbv. Calibration was performed
once a week using N2O gas standards. As N2O concentration in the
exhausted gas was higher than the upper analyser's measurement
limit, dilution of the gas (with pure N2 gas) was performed using two
precision flow controllers (Bronkhorst, ElFlow®, The Netherland). The
dilution factor was checked every day using standards gas bottles.

http://assainissement.developpement-durable.gouv.fr/services.php
http://assainissement.developpement-durable.gouv.fr/services.php


Fig. 1. Sampling strategy and sensors location for a) summer and b) winter campaign.
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2.3. Wastewater sampling and analyses

In order to characterise the biofilter operating conditions and perfor-
mances, a combination of on-line sensors, grab samples and composite
samples was used (Fig. 1). The following on-line measurements were
performed: DO (YSI, 58, USA), pH/temperature (WTW, 197I, USA),
NO3

− (WTW, Varion, USA). Grab samples were regularly collected
every day to both check sensor signal (especially for NO3

−) andmeasure
NO2

− and BOD concentrations. Probes cleaning were performed every
morning.

Refrigerated auto-samplers were used to collect inlet and outlet
samples during working days. During the summer campaign an addi-
tional auto-sampler was located upstream of the methanol injection
point. During weekends, the inlet and outlet pollutant concentrations
were estimated fromon-linemeasurements and SCADA datasets for liq-
uid flow rates. Calculated and experimental 24 h composite samples
were compared and shown to be not significantly different (data not
shown). Samples were analysed for NH4

+, NO3
−, NO2

−, total COD, soluble
COD, BOD and TSS using colorimetric Hach Lange test kits and French
standard methods (AFNOR, 1994).

2.4. Fluxes and emission factor calculations

Dynamic inlet and uptake NO3
− fluxes were calculated using contin-

uous inlet and outlet nitrate concentrations and the inlet liquid flow as
shown by Eqs. (1) and (2), respectively.

FNin;t ¼ N½ �in;t � Qin;t �
1

1000
ð1Þ

FNup;t ¼ N½ �in;t− N½ �out;tþHRT

� �
� Qin;RT �

1
1000

ð2Þ

with, FNin,t and FNup,t the dynamic NO3
− inlet and uptake fluxes at time t

(kgN/min), [N]in,t the influent nitrate concentration at time t (mgN/L),
[N]out,t + HRT the effluent nitrate concentration at time t + hydraulic re-
tention time HRT (mgN/L), Qin,t the inflow at time t (m3/min), Qin,RT the
average inflow between t and t + HRT (m3/min).

The dynamic gaseous N2O flux at time t (FN2O, kgN2O-N/min) was
calculated using Eq.(3).

FN2O;t ¼ Cgas;t � Qair;t � DF
� �� 28� 10−9

Vm
ð3Þ

with Cgas the concentration of N2O in the exhaust gas at time t (ppmv),
Qair,t the gas flow coming out from the reactor at time t (L/min), DF the
gas dilution factor [−] and Vm the gas molar volume determined for the
temperature and pressure conditions of the measurement (L/mol).
Daily N2O emissions (kgN2O-N/d)were calculated as the cumulative
sums of dynamics emissions during an entire day. The average N2O
emission factor (EF, %) was calculated by dividing daily liquid and/or
gaseous N2O fluxes (FN2O, kgN2O-N/d) by the daily nitrate uptake rate
(FN, kgN/d).

Dynamic COD flux (FCOD,t, kgO2/min) was estimated according to
Eq. (4).

FCOD;t ¼ Qmeth;t � ρmeth�CODmeth
� �þ 10−3�Qin�CODinf

� �h i
ð4Þ

with, Qmeth,t the methanol injection flow at time t (m3/min), ρmeth the
methanol density (790 kg/m3), CODmeth the COD equivalent of metha-
nol (1.4 kgO2/kgmeth), Qin the daily average influent flow (m3/min)
and CODinf the daily average influent COD concentration (mgO2/L).

The dynamic BOD flux (FBOD,t, kgO2/min) was calculated according
to Eq. (4) considering the BOD influent content (BODinf, mgO2/L) and
the BOD equivalent of methanol (BOD meth = 1 kgO2/kgmeth).

3. Results and discussion

3.1. Influent characteristics and process performances

Influent characteristics are presented in Table 1. Process perfor-
mances per active denitrifying biofilter for eachmeasurement campaign
are presented in Table 2.

The temperature during thewinter campaign (14.7± 0.8 °C) was in
average 8 °C lower than during the summer campaign (22.5 ± 0.2 °C)
based on daily average values. Influent has low suspended solid (SS)
content and is mainly composed of nitrate –N95% of NOX is as nitrate.
BOD and phosphorous content are high enough to allow a good denitri-
fication activity –BOD to applied NOX-N ratio higher than 3, and PO4-P
to applied NO3-N ratio higher than 0.01– (deBarbadillo et al., 2006;
Boltz et al., 2012; Rocher et al., 2012; Rocher et al., 2015). The influent
coming from the upstream nitrification stage contained a non-
negligible amount of dissolved N2O with an average concentration of
0.3–0.4 mgN/L.

Hydraulic and nitrate loading rates per active biofilter were on aver-
age N24% higher during the winter campaign compared the summer
one. As indicated in Table 2, the biofilters showed good removal perfor-
mances during both monitoring periods. However, denitrification effi-
ciency was lower during winter with an average value of 93% against
99% in summer. Besides, the average nitrite concentration in the effluent
increased to a value up to 0.89 ± 0.49 mgN/L in winter whereas it was
almost undetectable during summer (0.05±0.02mgN/L). These results
are in accordancewith those of Rocher et al. (2012)who reported deni-
trification rates higher than 90% in downstreamdenitrification biofilters



Table 1
Influent characteristics based on 24 h composite samples.

Summer Campaign (n = 6) Winter Campaign (n = 10)

Parameter Unit Min Max Average SD Min Max Average SD

Temperature °C 22.2 22.7 22.5 0.2 13.5 15.8 14.7 0.8
pH – 6.3 7.2 6.7 0.3 6.1 6.9 6.7 0.2
COD mgO2/L 168 208 191 15 131a 230a 191a 36a

BOD mgO2/L 111 126 116 5 73a 117a 98a 16a

TKN mgN/L 6.3 8.7 7.1 0.9 5.6 7.5 6.7 0.6
NOX mgN/L 28.5 32.7 30.3 1.6 22.0 35.5 29.3 4.8
N2Od mgN/L 0.1 0.3 0.3 0.2 0.3 0.6 0.4 0.1
TP mgP/L 1.2 1.6 1.4 0.1 0.7 1.1 0.9 0.2
COD/NOX mgO2/mgN 5.4 6.9 6.3 0.6 5.9 8.0 6.5 0.7
BOD/NOX mgO2/mgN 3.5 4.2 3.8 0.2 2.8 4.1 3.4 0.3
PO4/NOX mgP/mgN 0.021 0.026 0.024 0.002 0.007 0.027 0.016 0.006

SD, standard deviation.
a COD and BOD content calculated according to the daily average influent concentration and the dynamic methanol dosing (see Eq.(4)).
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operated with similar conditions of the present study (BOD/N N 3 and
applied nitrate load b4 kgN/m3/d).

3.2. Evaluation of N2O dynamics and emission factors

In order to evaluate N2O liquid-gas distribution, both gaseous and
liquid N2O fluxes were monitored on a single biofilter unit during
the summer campaign (data not shown). The results indicated that
the gaseous flux contributed in average to b1% of the total N2O flux
(gas + liquid), meaning that N99% of nitrous oxide flux remained in
the liquid phase andwas discharged in the ecosystemwith the effluent.
This can be explained by the weak N2O liquid-to-gas exchange due to
reduced transfer at the unit surface. Therefore, N2O emissions from
denitrifying biofilters can be quantified with an accurate monitoring of
the liquid phase.

Dissolved nitrous oxide fluxes as well as inlet nitrate loads are pre-
sented in Fig. 2. Daily emission factors and removal of dissolved N2O
are presented in Table 3.

During the summer campaign (Fig. 2a), the inlet nitrate load regular-
ly dropped to zero which corresponds to periods where the feeding of
the biofilter unit was stopped. The duration of these periods varied
from 2 min to almost 2 h. These feeding interruptions correspond
(i) to washing periods and (ii) to automatic shutdowns occurring
when the influent flow reaches a given set-point below which the low
upstream velocity causes a too high clogging speed of the biofilter.
This phenomenon was not observed on the winter campaign data
(reported in Fig. 2b) because the influent flow used to calculate the
nitrate load corresponded to the total inlet flow of the denitrifying
Biostyr® stage divided by the number of active biofilters. Hence, this lat-
ter does not reflect the high variability of theflow in the immediate inlet
of a given biofilter unit.

During both monitoring periods, the inlet dissolved N2O flux was,
most of the time, higher than the outlet flux (see Fig. 2). Daily removal
of dissolvedN2O ranged from−14% to 95% in summer (only for thefirst
Table 2
Operating conditions and process performances per active biofilter.

Operating conditions per active biofilter

Hydraulic loading rate
m3/m2/d

Nitrate loading rate

kgN/m3/d

Summer campaign (n = 7) Min 59 1.71
Max 85 2.70
Average 75 2.26
SD 10 0.37

Winter campaign (n = 14) Min 72 1.83
Max 118 3.07
Average 97 2.76
SD 15 0.33
three days of monitoring) and from 26% to almost 100% in winter (see
Table 3). Except for day 1 of the summer campaign (9/25 to 9/26), the
daily removal of N2O was always positive indicating a consumption of
part of the inlet dissolvedN2Oflux. This underlines that emission factors
reported in Table 3 do not transcribe a real production of N2O from the
denitrifying biofilters but represent the remaining part of the dissolved
N2O that has not been consumed in the denitrification stage. Under
usual process operating conditions of the summer campaign –BOD/
NO3-N N 3– apparent N2O uptake rate was estimated to be on average
of 35.5 ± 8.7 gN2O-N/m3/d. Adding the quantity of N2O produced dur-
ing the reduction of nitrate, thedaily averageN2O reduction ratewas es-
timated at 1363 ± 163.1 gN2O-N/m3/d (1 mole NO3 gives ½ mole N2O
considering no NO2

− accumulation).
Several studies have already reported a sink of N2O during biological

nitrogen removal (Foley et al., 2010; Hu et al., 2011; Filali et al., 2013).
Under optimal denitrifying conditions, N2O reductase enzyme has a
higher maximum nitrogen turnover than NO2 and NO3 reductases
(Vonschulthess et al., 1994; Wicht, 1996). This indicates not only that
N2O from the reduction of nitrites could be completely reduced during
denitrification, but also that heterotrophic denitrification can reduce
part of N2O produced by ammonia oxidizing bacteria. Those results
are consistent with the studies of Guo (2014) and Guo and
Vanrolleghem(2014),which reported that heterotrophic denitrification
plays an important role in the reduction of N2O produced by ammonia
oxidizing bacteria in a full-scale activated sludge WWTP.

Whereas on average a consumption of N2O in the denitrification
stage was monitored, several peaks of N2O with medium to high inten-
sity have been regularly observed during both monitoring periods. Sev-
eral peaks with high intensity were observed during the summer
campaign (day 1 from 9/25 to 9/26; and then day 4 to 5 from 9/28 to
9/30). Three major peaks were observed during days 9 and 10 (from
2/3 to 2/5) of the winter campaign. Analysis of the operating conditions
of the biofilter unit monitored during that campaign showed that the
medium intensity N2O production peaks happened most of the time
Number of active biofilters

Nitrate removal rate Denitrification efficiency %

1.70 98.6 11.0
2.68 99.3 18.0
2.24 98.9 16.2
0.37 0.2 –
1.78 85.7 11.0
2.98 99.3 18.0
2.66 93.1 17.2
0.33 4.2 –



Fig. 2. Influent NO3 load and dissolved N2O flux per active biofilter for a) summer campaign, left scale from 9/25 to 9/28, right scale from 9/28 and b) winter campaign.
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Table 3
Daily emission factor and removal of dissolved N2O.

Day Summer Campaign Winter Campaign

Liquid EF
N2O-N/NO3-Nuptake

(%)

Removal
N2O
%

Liquid EF
N2O-N/NO3-Nuptake

(%)

Removal
N2O
%

1 0.305 −13.6 0.002 99.9
2 0.241 64.0 0.003 99.7
3 0.019 95.4 0.012 98.9
4 4.252 0.094 93.2
5 4.121 0.187 90.2
6 0.011 0.116 93.9
7 0.008 0.152 92.6
8 0.241 86.9
9 1.216 25.9
10 0.505 68.7
11 0.194 86.2
12 0.188 85.0
13 0.114 92.5
14 0.052 97.4
Average 1.279 48.6 0.220 86.5
SD 1.990 56.1 0.314 19.2
Average* 0.11 93.0
SD* 0.08 5.3

*Values without methanol failure episodes of the winter campaign (days 9 and 10).

325J. Bollon et al. / Science of the Total Environment 563–564 (2016) 320–328
during and/or after biofilter washing procedure. Some of N2O peaks
with high intensity observed during both campaignswere linked to pro-
cess operating conditions and this part will be discussed thereafter
(Section 3.3).

The daily N2O emission factor detailed on Table 3 were highly vari-
able and were estimated to be on average of 1.28 ± 1.99% NO3-Nuptake

and 0.22 ± 0.31% NO3-Nuptake during summer and winter campaigns,
respectively. It is to be noted that as both emission factors have not
been measured in the same way (single biofilter in the summer cam-
paign against whole denitrification unit during the winter campaign)
they cannot be directly compared. For example, an increase of the outlet
dissolved N2O concentration that would have happened on a single
biofilter during the winter campaign would not necessarily have been
detected in the total outlet due to the dilution with the effluent from
the other biofilters. Emission factors of the present study are compara-
ble with those estimated on a pilote-scale denitrifying biofilter (Tallec
et al., 2006). Authors reported emission factors ranging from 0.2% to
1.2% depending on the influent BOD/N ratio. Wunderlin et al. (2012)
performed batch experiments on activated sludge for wastewater treat-
ment. Reported emissions factorswere of 0.2% in pure anoxic conditions
andmuch higher (0.8% to 19%) in the presence of oxygen during nitrate
reduction.
Fig. 3. Effect of dissolved oxygen on N2O emission during and after a washing period (day 2 of
represented in this figure to allow better visibility of changes in dissolved oxygen and N2O concentr
The IPCC, 2006 Guidelines for National Greenhouse Inventories con-
sidered that 0.5% of wastewater effluent total nitrogen discharged into
rivers and/or estuaries can be emitted as N2O. In order to compare the
present resultswith the IPCC calculation, the hypothesis that the totality
of the measured outlet dissolved N2O fluxes will be transferred into the
gas phase in rivers (assuming no reduction of N2O via denitrification in
rivers) was made. No transformation of total nitrogen to N2O in rivers
was considered. In these conditions, the results of the present study in-
dicate that N2O emissions are 18 (due to the high N2O emissions during
days 4 and 5) and 2 times higher than those estimated with the default
IPCC factor for indirect emissions for summer andwinter campaigns, re-
spectively. These evaluations could be further increased if considering a
downstream transformation of total nitrogen into N2O.

3.3. Impact of operating parameters on N2O emissions

A cross analysis of N2O peaks and operating conditions of the
biofilters indicated that most of N2O production was related to the
presence of oxygen and to the variation of the influent BOD to N ratio.

3.3.1. Impact of dissolved oxygen
The biofilter washing procedure is automatically triggered when

material clogging, reaches a given set-point value (measuredwith pres-
sure loss in the filtration media). Washing consists in alternate injec-
tions of air and water in the filter unit, which removes the excess
biomass. The washing procedure was carried out every 20–30 h and
its duration was around 30 min. Fig. 3 presents the typical evolution of
N2O emissions with dissolved oxygen concentration during and after a
given washing period (day 2 of summer campaign corresponding to
the period from 9/26 to 09/27).

Whereas oxygen concentration in the effluent of the denitrifying
biofilter remained close to zero during filtration period, it increased
above 1 mg/L during the washing period (from 3:00 AM to 3:25 AM)
and decreased rapidly after the recovery of the biofilter activity. The in-
crease of oxygen concentrationwas concomitantwith both the increase
of gaseous N2O emission rate and effluent dissolved N2O concentration.
The increase of N2O in both phases indicates a production of dissolved
N2O and its subsequent transfer into the gas phase. Unlike oxygen,
N2O emissions did not decrease immediately after the recovery of the
biofilter activity and it took almost 4 h to reach the level obtained before
the washing period.

During denitrification, dissolved oxygen (DO) is known for trigger-
ing N2O emissions as oxygen inhibits both synthesis and activity of
denitrification enzymes (Otte et al., 1996). Bonin et al. (1992) showed
that N2OR was the denitrification enzyme the most sensitive to oxygen
in Pseudomonas nautica. In lab-scale experiments, a positive correlation
between N2O emissions and low DO concentrations (under 0.7 mg/L)
the summer campaign). The increase of gaseous N2O flux during the washing period was not
ation.



Fig. 4. Impact of influent BOD/N ratio on denitrification efficiency and N2O emissions (day 9 and part of day 10 of the winter campaign).

2 The amount of substrate COD used to remove 1 g nitrate can be calculated as follow:

COD
NO3�N ¼ 2:86

1�Y (Tchobanoglous et al., 2003).

With: The 2.86 conversion factor is COD to equivalent nitrate as N, Y is the heterotrophic
anoxic yield on methanol (=0.36 g COD/gCOD (Boltz et al., 2009)).
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was established by Gong et al. (2012). Authors reported nitrite accumu-
lation with increased DO concentration and linked N2O emissions to a
possible inhibition of N2O reductase by nitrite. Wunderlin et al. (2012)
reported N2O emissions factors between 4 and 90 times higher in the
presence of low DO concentrations (0.1–0.2 mg/L) compared to pure
anoxic conditions. However, these experiments were conducted in
DO-stabilized conditions and did not focus on the study of the effect of
DO changing conditions on N2O emissions.

Otte et al. (1996) studied the influence of anaerobic-aerobic transi-
tions on enzymes of Alcaligenes faecalis. They showed that oxygen appli-
cation after a non-aerated period induced a rapid N2O emission due to
the near instantaneousN2O reductase (N2OR) inhibitionwhereas nitrite
reductase and nitrate reductase maintained their activities, involving
N2O accumulation. In other experiments, changing from aerobic to an-
aerobic conditions, the same authors found that N2OR responded fast
to aerobic-anaerobic transient conditions but reached its maximum
activity within 7 h. Authors reported also that after a few cycles with re-
petitively changing aerobic-anaerobic conditions, both N2O emissions
and latency time decreased indicating bacterial adaptation to the oper-
ating conditions of the reactor. The present experimental results corrob-
orate the observations reported in the literature. The rapid increase in
N2O emission after air supply could be explained by the inhibitory effect
of DO on N2OR as described by Otte et al. (1996). The possible influence
of nitrite cannot be discussed as not enough measurements of nitrite
concentration were available during washing periods. The latency that
could correspond to the time necessary for N2OR to reach its maximum
activity was often observed but its duration was variable between each
washing period (from 1 to several hours).

Overall, N2O emissions occurring during the 30 min of the washing
periods represented b1% of the average daily emissions. However, as
discussed above the impact of the presence of oxygen on N2O emissions
extendswell beyondwashing periods but remains low in comparison to
the impact of carbon availability described hereafter.

3.3.2. Impact of BOD/N ratio
Impact of carbon availability on N2O emissions was evaluated in

comparison to influent BOD/Ndynamics during themonitoring periods.
Fig. 4 presents the evolution of the denitrification efficiency and N2O
emissions with influent BOD/N ratio during days 9 and 10 of the winter
campaign.

Inlet BOD/N-NOX was on average of 3.8 ± 0.2 kgO2/kgN and 3.4 ±
0.3 kgO2/kgNduring summer andwinter campaigns, respectively. How-
ever, three episodes of methanol injection failure occurred at night
during days 9 and 10 of the winter campaign (from 2/3 to 2/5). During
these episodesmethanol was not added to the influent and BOD/N ratio
rapidly dropped under a value of 0.5 kgO2/kgN (see Fig. 4). The first and
second failure episodes lasted respectively 75 min and 35 min whereas
the third one actually consisted of three consecutive failures lasting 13,
21 and 33 min on a time window of 2 h. The decrease of BOD/N during
these episodes was rapidly followed by a strong collapse of denitrifica-
tion efficiency that decreased to 50%–15% depending on the duration
of the methanol injection failure. Whereas the net N2O production
rate was negative when BOD/N ratio was higher than 3 (average value
of −16.5 kgN2O-N/h), it increased up to 236, 135 and 114 kgN2O-N/h
during the three methanol injection failures.

The collapse of denitrification efficiency during episodes of metha-
nol injection failure is explained by the fact that the effluent coming
from the upstream activated sludge reactor contains a low content of
carbon (COD of 60 mg/L on average) which is the electron donor of
the reaction. Using methanol as an external carbon source, the amount
of COD required to denitrify 1 g of NO3-N would be of 4.472 – corre-
sponding to a BOD/N ratio of 3.2. Recently, Rocher et al. (2015) investi-
gated the impact of the carbon dosage on nitrite accumulation in full-
scale post-denitrification biofilters and found that the BOD/N ratio
allowing a complete denitrification with minimal nitrite accumulation
(b1 mgN/L) ranges from 3.0 to 3.2.

A lack of carbon has been widely reported as a promoting factor of
N2O emissions in activated sludge WWTPs (Kampschreur et al., 2009;
Law et al., 2012). Itokawa et al. (2001) reported that 20 to 30% of inlet
nitrogenwas converted toN2O at lowC/N ratio (i.e 3.5 and 2.4)whereas
N2O conversion lower than 1% was achieved at a COD/N ratio of 5.
Kishida et al. (2004) reported that N2O emission in the BOD/TN ratio
of 2.6 was 10 times greater than that in the BOD/TN ratio of 4.5. Results
of Hanaki et al. (1992) indicated increased N2O emissions at lower COD/
N ratios of 1.5 to 2.5. Increased N2O emissions at low carbon to nitrogen
ratio was generally explained by the indirect effect of nitrite or nitric
oxide accumulation on N2O reductase (Hanaki et al., 1992; Schulthess
et al., 1995; Oh and Silverstein, 1999). However, recent studies suggest
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that the intensity of electron competition among the different steps of
denitrification rather than C/N ratio was the main factor governing
N2O accumulation during denitrification (Pan et al., 2013a, 2013b). Re-
sults of these studies indicated that electron competition occurred
under not only carbon limiting but also carbon abundant conditions.
However, with electron supply being the limiting step, nitrite reductase
had a higher ability to compete for electrons, in comparisonwith nitrate
and N2O reductase, consequently leading to N2O accumulation.

In the present study, a rapid increase of the net N2O production rate
was observed as soon as the BOD/N ratio dropped under a value of 3;
and its intensity increased with the duration of the carbon limiting
conditions. During the first episode of methanol injection failure (the
longest one) the net N2O production rate attained 17% of inlet nitrate
load which is consistent with the results of Itokawa et al. (2001). Even
though episodes of methanol injection failure lasted b2 h, they greatly
degraded the apparent daily removal of dissolved N2O. This later
decreased to 26% and 69% at day 9 and 10 whereas it was on average
of 93% for the other days. Results of the present study indicate that car-
bon availability not only influences denitrification rate but has also a
major impact on N2O emissions in post-denitrifying biofilters.

Whether N2O production was related to electron competition or to
the accumulation of inhibiting products such as nitrite and nitric oxide
remains unclear. Rocher et al. (2015) indicated that for important car-
bon underdosing (BOD/N b 2), biofilters denitrification effluent contains
nitrate but very few nitrite. Accumulation of nitrite was observed for
moderate underdosing conditions (BOD/N of 2.3 to 2.4). However,
these concentrationsweremeasured in the effluent and nitrite accumu-
lation in the filter media could have been more important especially in
conditions of methanol underdosing. Since methanol dosing failures
happened at night, nitrite measurement was not performed and mea-
surement of gaseousNOemissions not included in our protocol. Regard-
less the mechanism of N2O production, results of the present study
indicates that the BOD/N ratio should be maintained above a value of
3 in order to maximize the reduction of dissolve N2O coming from the
upstreamnitrification stage andminimize the accumulation of N2O dur-
ing the reduction of nitrate.

3.4. General discussion

The analysis of N2O emissions in the denitrification stage indicated
that the presence of oxygen and conditions of methanol underdosing
were responsible for most of N2O production. However some N2O
peaks with high intensity observed during the summer campaign and
measured in both the gas and liquid phases (day 1 from 9/25 to 9/26
and day 4 to 5 from9/28 to 9/30 on Fig. 2) have not been fully explained.
Indeed, during these days most of operating conditions of the biofilters
were similar to the ones occurring when low N2O emission is observed
(pH, temperature, influent characteristics, methanol dosing). The only
parameter that changed was nitrate load that decreased on days 2 and
3 and gradually increased on day 4 to reach its initial value observed
at the beginning of the campaign. One can suppose that such an increase
in the nitrate load can induce nitrite accumulation favoring N2O emis-
sions but the average concentration of nitrite in the effluent remained
very low (0.08 mgN/L). Random grab samples performed during days
1, 4 and 5 indicated that nitrite concentration was low and remained
in the same range as previous days.

The effect of carbon addition and oxygen content on N2O emissions
has been partially linked to nitrite concentration as the literature highly
reports this parameter as favoring N2O emissions. This assumption has
not been categorically verified as no sufficient data were available in
terms of nitrite concentrations during these N2O emission periods.
However, measurement of nitrite concentration clearly show that in
comparison with activated sludge, the nitrite threshold concentrations
reported are possibly different in biofilters processes. During usual deni-
trification operation (BOD/N N 3, O2 b 0.1 mg/L), specific measurements
made at different heights in the filtration media during the winter
campaign (data not shown, similar to those observed by Rocher et al.
(2015)) indicated that nitrite concentration could reach values as high
as 5 mgN/L. In these conditions no N2O emissions was measured and a
consumption of N2O was even observed. As N2O was measured in the
biofilter outlet, the effective N2O dynamics within the media could not
be observed. Additionalmeasurements to investigate the effect of nitrite
on N2O dynamics in denitrifying biofilter are required. In particular, the
possible acclimatisation of the organisms involved in the N2O cycle in
response to the presence of permanent high nitrite concentrations and
the effect of changing nitrate load on N2O emissions must be clarified.

4. Conclusions

N2O emissions from a full-scale denitrifying biofilter plant were
monitored over two periods with the objective of identifying possible
key parameters influencing N2O production and consumption during
denitrification.

Comparison of gaseous and liquid N2O fluxes indicated that N99% of
the flux remained in the liquid phase and was discharged to the receiv-
ing bodywith the effluent. From ametrological point of view, this result
suggests that in denitrifying reactors: (i) emissions can be quantified
with an accurate monitoring of the liquid phase and (ii) the currently
used methods to estimate the N2O emissions from WWTPs should
take into account effluent dissolved N2O fluxes. Moreover, denitrifica-
tion was found to be able to reduce on average 86% of the dissolved
N2O flux coming from the upstream nitrification stage. In the absence
of methanol injection failure, N2O breakdown was on average of 93%.
Analysis of the conditions of N2O appearance indicated that influent
BOD to N ratio should bemaintained above a value of 3 in order to min-
imize N2O emission.

Several N2O production events monitored during the first campaign
could not be fully understood based on the analyses performed on the
inlet and outlet of the reactor. Further investigation of the dynamic of
carbon and nitrogen oxides within the filtration media is required. Ad-
ditional full-scale measurements of N2O emissions from biofilters
WWTPs are required in order to better assess the variability of emis-
sions and to specify N2O emission factor of this technology.
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