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A full-scale nitrifying bioﬁlter was continuously monitored during two measurement periods (September
2014; February 2015) during which both gaseous and liquid N2O ﬂuxes were monitored on-line. The
results showed diurnal and seasonal variations of N2O emissions. A statistical model was run to determine the main operational parameters governing N2O emissions. Modiﬁcation of the distribution between the gas phase and the liquid phase was observed related to the effects of temperature and aeration
ﬂow on the volumetric mass transfer coefﬁcient (kLa). With similar nitriﬁcation performance values, the
N2O emission factor was twice as high during the winter campaign. The increase in N2O emissions in
winter was correlated to higher efﬂuent nitrite concentrations and suspected increased bioﬁlm
thickness.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Wastewater treatment using immersed bioﬁlters combines both
physical and biological processes. The beneﬁts of this technology lie
in its compactness, its small foot print, and intensiveness, i.e. its
short residence time. This type of wastewater treatment reduces
reactor size by 70% compared to conventional activated sludge
systems (Rocher et al., 2012) and can be implemented both for
carbon and nutrient removal. Bioﬁlters are therefore an alternative
to activated sludge tanks because they perfectly meet the efﬂuent
quality requirements required for large urbanized areas where
building pressure makes land availability scarce (Tchobanoglous
et al., 2003). Bioﬁltration is the most widely applied technology
in the Paris area and the second-ranked technology in France after
activated sludge (estimation based on analysis of nominal EP load
of the French Ministry of Ecology database: http://assainissement.
developpement-durable.gouv.fr/services.php).
Nitrous oxide (N2O), which has a mean residence time of 120
years in the troposphere combined with a considerable ozone-
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destroying capacity in the stratosphere, has a global warming potential 265-fold greater than carbon dioxide on a 100-year horizon
(IPCC, 2013; Ravishankara et al., 2009). Overall, N2O contributes
6e8% of the anthropogenic green-house effect, despite its relatively
low atmospheric concentration (322 ppbv) (IPCC, 2014; Montzka
et al., 2011). In wastewater treatment plants (WWTPs) the release
of N2O from nitriﬁcation and denitriﬁcation processes has been
clearly recognized (Kampschreur et al., 2009; Law et al., 2012b).
Recent studies have suggested that ammonium oxidizing bacteria
(AOBs) rather than heterotrophs could be the main source of N2O
production in WWTPs (Colliver and Stephenson, 2000; Guo, 2014;
Wunderlin et al., 2012). Until now, research has focused on monitoring nitrous oxide emissions on activated sludge WWTPs and
little is known about emissions from bioﬁlm processes. However,
recent modelling results have suggested that N2O emissions from
nitrifying bioﬁlms could be signiﬁcantly higher than those from
suspended growth systems under similar conditions (Sabba et al.,
2015). Since bioﬁltration technology is widely used, accurate
quantiﬁcation of its greenhouse gas emissions is required.
An overview of full-scale measurements indicates that the
fraction of the inlet nitrogen load emitted as N2O varies from 0 to
25% (Law et al., 2012a). Recent long-term monitoring studies reported average emission factors (EFs) of 0.12% (Rodriguez-Caballero
et al., 2014) and 2.80% (Daelman et al., 2015) and shed light on the
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high temporal variability of the emissions. This discrepancy in the
published data is probably due to differences in plant conﬁgurations and operational conditions. The methodology used for
quantifying emissions has also been identiﬁed as a source of variability (Daelman et al., 2013).
During nitriﬁcation, two major biochemical pathways are
involved in N2O production by AOBs (Wunderlin et al., 2012). In the
ﬁrst pathway, N2O is generated as a by-product of incomplete
oxidation of hydroxylamine (NH2OH) to NO2, either through
chemical decomposition of nitroxyl radical (NOH) or biological
reduction of nitric oxide (NO). In the second pathway e so-called
nitriﬁer denitriﬁcation e N2O is generated upon the reduction of
nitrites. A low dissolved oxygen concentration, nitrite accumulation and a sudden increase in nitrogen load have been identiﬁed as
the main parameters associated with N2O emission (Ahn et al.,
2010; Foley et al., 2010; Kampschreur et al., 2009; Tallec et al.,
2006a). A low dissolved concentration associated with insufﬁcient air supply is likely to cause nitrite accumulation in the liquid
phase and promote N2O production through nitriﬁer denitriﬁcation
(Colliver and Stephenson, 2000; Kampschreur et al., 2009; Tallec
et al., 2006a). An increased nitrogen load is suspected of promoting a shift in metabolism from a low hydroxylamine oxidation activity towards the maximum activity inducing higher N2O
emissions (Chandran et al., 2011; Yu et al., 2010). In addition to
environmental parameters, such as pH and temperature, transient
shifts in operating conditions have been identiﬁed as promoting
N2O production (Chandran et al., 2011; Rodriguez-Caballero et al.,
2014). The latter factor could be explained by either a disturbance
of bacterial metabolism or the fact that such transitions will lead to
a build-up of N2O production pathway intermediates such as nitrite, hydroxylamine and ammonium.
The present study is the ﬁrst monitoring campaign of N2O
emissions from a full-scale nitrifying bioﬁltration WWTP. Emissions were monitored during two periods in order to investigate
seasonal variability. The main objectives were: (i) to provide the
order of magnitude of N2O EFs for nitrifying bioﬁlters and (ii) to
evaluate the temporal variability of the emissions in relation to
process operating conditions. The ultimate goal is to provide the
practitioners with validated data to better assess bioﬁlters performances taking into account greenhouse gas emissions.
2. Material and methods
2.1. Description of the wastewater treatment plant
The measurements were taken at the Seine Aval WWTP, located
in the Paris area in 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 Paris wastewater ﬂow corresponding to about 5 million population equivalents. 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
(Food to Microorganism ratio of 0.4e0.6 kgBOD/kgMLVSS/d). The
outlet of the activated sludge system enters a ballasted ﬂocculation
unit to mainly remove suspended solids and phosphorus. Finally,
the treated wastewater containing a low total suspended solid
concentration and controlled phosphorus concentration is totally
nitriﬁed and denitriﬁed through bioﬁlters: 84 Biostyr® ﬁlters for
nitriﬁcation followed by 18 Biostyr® and 12 Biofor® ﬁlters for postdenitriﬁcation, using methanol as an external carbon source.
Each nitrifying bioﬁlter unit has a surface area of 173 m2 and a
total volume of 605 m3. Microbial support material, composed of 4mm-diameter polystyrene Biostyrene® spheres is distributed on

the total bioﬁlter surface area over a maximum height of 3.5 m.
Nitrifying bioﬁlters are continuously aerated through perforated
tubes located under the support material. The aeration ﬂow rate is
automatically controlled on the 14-Bioﬁlters-Pack outer ammonium concentration. The bioﬁlter washing procedure is automatically triggered when material clogging reaches a given setpoint
value. Washing consists of alternate injections of air and water in
the ﬁlter bed, which removes the excess biomass. The washing
procedure is carried out every 20e30 h and its duration is around
30 min.
2.2. N2O sampling and monitoring
Two measurement campaigns were conducted on the same
nitrifying bioﬁlter unit to evaluate N2O emissions and identify the
key inﬂuential parameters. The ﬁrst monitoring campaign e a
summer campaign e was conducted in September 2014 and lasted
1 week. The second one e a winter campaign e was conducted in
late January, early February 2015 and lasted 2 weeks. During both
campaigns, liquid and gaseous emissions were monitored
continuously.
Dedicated onsite experiments were also conducted during the
winter campaign to further investigate the impact of the aeration
pattern on gaseous emissions (during day 9 from 10 a.m. to 6 p.m.).
To this speciﬁc aim, four aeration ﬂow rates were successively
imposed and maintained for at least 2 h. The air ﬂow rate was
applied to ﬁt a ﬁxed air load (60, 80, 100 and 120 Nm3/kgN) which
was calculated according to inlet NH4 concentration and liquid ﬂow
at the beginning of each test.
After the summer campaign, a maintenance operation allowed
the measurement of the support material height. A value of 2.95 m
was measured, which is below the design value of 3.5 m. This
variation is due to typical material loss during the ﬁltration operation. After the campaign, the support material was reﬁlled and its
height was estimated to be 3.35 m during the winter campaign
considering the 3-month loss of material.
The measurement and sampling points to calculate the gaseous
and dissolved N2O emissions are presented in Fig. 1.
The dissolved N2O concentration was measured on-line through
N2O microsensors (Unisense A/S, N2O-R, Denmark). A daily twopoint calibration was systematically performed to ensure measurement error below 10%. Fresh distilled water was used for the
zero point calibration, whereas a fresh N2O concentration solution
was prepared for the second point calibration. This solution was
obtained bubbling a 500-ppmv standard gas in fresh distilled water.
The resulting dissolved N2O concentration was calculated according to Henry’s law constant and temperature.
Gaseous samples were collected using a wooden ﬂoating hood,
with a surface area of 1.6 m2, and located in the middle of the
reactor surface. This location was chosen because measurement of
gas ﬂow rate at different locations of the studied bioﬁlter (performed prior to the ﬁrst monitoring campaign, data not shown)
indicated that in that position the local gas ﬂow rate was close to
the insufﬂated air ﬂow rate. The gas ﬂow coming out from the hood
was measured using a precision ﬂowmeter (System instrumentation, DMT586b, France) with a measurement range of
2.5e150 Nm3/h. Surface gas ﬂow measured during campaigns
ranged from 7 to 30 Nm3/h/m2. A portion of the off-gas was
directed to an infra-red analyzer (AP2E, ProCeas, France) to measure its N2O concentration on-line. The analyzer has a measurement range of 0e55 ppmv and a detection limit of 50 ppbv.
Calibration was performed once a week using N2O gas standards.
Since N2O concentration in the exhausted gas was higher than the
analyzer’s upper measurement limit, dilution of the gas e with
pure N2 gas e was performed using two precision ﬂow controllers
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= Dissolved N2O sensor,
= Gaseous N2O measurement
= NH4/NO3 sensor
= O2 sensor
= pH and temperature sensor
= automatic 24-h sampler

1 biofilter
Nitrification (84 biofilters)

Fig. 1. Sampling strategy and sensor location.

(Bronkhorst, ElFlow, The Netherlands). The dilution factor was
checked every day using standard gas bottles.
Gaseous emissions from the whole bioﬁltration unit were estimated considering that surface emission rate was homogenous
over the reactor and equal to that measured at the centre of the
bioﬁlter.
Liquid ﬂow and insufﬂated air ﬂow rates were provided by the
plant’s SCADA system.

2.3. Wastewater sampling and analysis
To characterize the bioﬁlter operating conditions and performance, a combination of on-line sensors, grab samples and composite samples was used (Fig. 1).
The following on-line measurements were taken: dissolved
oxygen (HACH, LDO, Germany), pH/temperature (WTW, 197I, USA)
and NO3/NH4 (WTW, Varion, USA). Grab samples were regularly
collected every day both to check sensors signal, especially for NH4/
NO3, and to measure NO2 concentration. Probes were manually
cleaned every morning.
Refrigerated auto-samplers were used to collect inlet and outlet
samples during working days. During weekends, the inlet and
outlet pollutant concentrations were estimated from on-line
measurements and SCADA data sets for liquid ﬂow rates. Calculated and experimental 24-h composite samples were compared
and considered to be similar. Samples were analysed for NH4, NO3,
NO2, total COD, soluble COD, BOD and TSS using both colorimetric
Hach Lange test kits and French standard methods (AFNOR, 1994).


 28  109
FN2O;t ¼ Cgas; t  Q air;t  DF 
Vm

with Cgas the concentration of N2O in the exhaust gas at time t
(ppmv), Qair,t the gas ﬂow coming out of 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 (kgN/d) were calculated as the cumulative
sums of dynamic emissions during an entire day.
The average N2O emission factor (EF, %) was calculated by
dividing daily liquid and/or gaseous N2O emission rates (FN2O, kgN/
d) by the daily nitrogen load (FN, kgN/d). The latter can be either the
daily inﬂuent or removed ammonium rate. The detail of the EF
uncertainty calculation is presented in APPENDIX A.
2.5. Statistical analysis
Possible links between bioﬁlter operating conditions and N2O
emissions were examined via multivariate regression modelling
using R software. The procedure followed, detailed by Cornillon
et al. (2012), is presented in Fig. 2.
To start with, 3-h average values, corresponding to around 10
times the hydraulic retention time, were computed to smooth
operating parameters and N2O emissions. Only continuous data
and independent parameters were considered. For example,
efﬂuent nitrite concentration, achieved through manual sampling,
was not included in the model because the number of limited data
did not allow the calculation of average concentrations over several
periods, especially at night.
After data set standardization and normality check (not shown),

2.4. Quantifying emissions and emission factor
The dynamic ammonium removal rate at time t (kgN/min) was
calculated using continuous inﬂuent and efﬂuent ammonium
concentrations and the liquid ﬂow, as shown in Equation (1).



FNH4 removed ;t ¼ ½NH4influent;t  ½NH4effluent;tþHRT
 Qinfluent;HRT

1

1000



• Data set smoothing (3-h average)
• Data set standardization
• Normality check (Shapiro-Wilk test)

(1)

with [NH4]inﬂuent,t the inﬂuent ammonium concentration at time t
(mgN/L), [NH4]efﬂuent, tþHRT the efﬂuent ammonium concentration
at time tþHRT (mgN/L) and Qinﬂuent, HRT the average inﬂuent ﬂow
rate between t and tþHRT (m3/min).
The dynamic gaseous N2O emission rate at time t (FN2O,
kgN2OeN/min) was calculated using Equation (2).

(2)

• Parameter choice (AIC criteria)
• Multiple linear model development

Fig. 2. Statistical analysis procedure.
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explanatory variables were selected based on Akaike information
criterion (AIC). Using these explanatory variables, a multiple linear
model was then established.
3. Results
3.1. Operating conditions and removal efﬁciency
Table 1 and Fig. 3 present the operating conditions and removal
rate values obtained during the two monitoring campaigns. The
calculation formulas of these parameters are given in APPENDIX B.
Liquid ﬂow rates and hydraulic loads were on the same order of
magnitude during both measuring campaigns. However, their
ﬂuctuations were greater during winter due to rainy episodes
(relative standard deviation, 10% and 19% for summer and winter
campaigns, respectively).
With similar liquid ﬂow, volumic loads (applied, removed and
oxidized) were slightly lower during winter. This result could be
explained by the increase in the material height due to support
material reﬁlling between the two measurement campaigns.
During the winter campaign, the average applied air load
(deﬁned as the ratio of air ﬂow to ammonium load) was 10% higher
than during the summer campaign. Whereas the average ﬁltration
time was 23.6 h a day in summer, it decreased to 21.1 h a day in
winter.
The performance of the bioﬁlter studied is presented in Fig. 3.
Fig. 3 a shows good removal performances during both winter
and summer campaigns with an average ammonium removal of
82% and 83%, respectively. Ammonium conversion into nitrate
(Fig. 3b) was on average 87% and 88% for winter and summer
campaigns, respectively. The remaining share (13 and 12% of the
ammonium removed) is related to bacterial growth and N2O losses.
These results are in accordance with those published by Rocher
et al. (2012) for similar operating conditions. High removal was
obtained with both the low inlet COD-to-NH4 ratio (1.25e1.6
mgCOD/mgN) and effective outlet ammonium-based aeration
control.
3.2. N2O emissions
Nitrous oxide emissions as well as efﬂuent temperature and
ammonium load are presented in Fig. 4. Daily gaseous, liquid and
total N2O emission factors are reported in Table 2.
A signiﬁcant variability of the ammonium load and N2O emissions was observed during both measurement campaigns. Based on
1-h average values of N2O emission rate during each ﬁltration cycle
(between two consecutive washing cycles), the relative standard
deviation of N2O ﬂux was 34% and 17% for summer and winter
campaigns, respectively. Within a single ﬁltration cycle, the N2O
maximum emission rate was on average 2.2 (in summer) and 2.0 (in

winter) times higher than its minimum value, which reﬂects the
high diurnal variability of emissions.
The average daily N2O EF was 2.26% ± 0.46% of NH4removed
during the summer campaign and twice as high during the winter
campaign (4.86% ± 0.54% NH4removed). The relative standard deviation of the EF was about 20% and 11% during the summer and
winter campaigns, respectively. The diurnal variability of the EF,
estimated based on 1-h average values, was on the same order of
magnitude as the N2O emission rate. The ratio between the
maximum and minimum EF within the same ﬁltration time was on
average 2.1 and 1.8 for the summer and winter campaigns,
respectively. These results highlight the high variability of both
emissions and EFs.
As shown in Fig. 4, the efﬂuent temperature was stable during
the summer campaign (around 22.5  C) and more variable during
the winter campaign. During the ﬁrst 3 days, the temperature was
stable (around 15.6  C) and then dropped at day 4e12.8  C (within
28 h) and remained stable at 13  C for 2 days. Afterward it increased
gradually to 15  C. These variations are related to rain and snow
episodes during the winter campaign.
The ammonium load and N2O emissions seem to be correlated
as are gaseous and liquid N2O emission rates (see also Table 2).
During the summer campaign, the liquidegas N2O partition was
relatively stable around 22% in the liquid phase and 78% in the gas
phase. However, this partition was different and more variable
during the winter campaign evolving from 30% liquide70% gas at
the beginning of the campaign to around 45% liquide55% gas at day
7. The relation between the liquidegas partition and temperature
will be further discussed below.
3.3. N2O emissions versus operating parameters
3.3.1. Usual bioﬁlter operation
Fig. 5 shows characteristic patterns of the N2O emissions and
corresponding operating parameters observed on two consecutive
ﬁltration cycles during the summer campaign (days 2 and 3).
Obviously, no ﬁltration cycle is exactly the same as another. However, the pattern presented in this ﬁgure shows typical dynamics of
both N2O emissions and operational parameters.
The N2O emission rate is dynamic given that its calculation takes
into account the variations of the liquid ﬂow (for dissolved N2O)
and of the insufﬂated air ﬂow rate (for gaseous N2O).
Analysis of data indicated a rapid decrease of emissions after
each washing cycle even though inﬂuent load before and after the
washing procedure remained stable (see Fig. 5a). During the bioﬁlter washing cycle that lasted 30 min on average, high aeration
rates were intermittently applied to unclog the ﬁlter media. The
high N2O emissions observed during this cycle are explained by an
enhanced stripping of dissolved N2O that remained in the liquid
phase during the previous ﬁltration cycle. However, N2O emissions

Table 1
Operating conditions and removal performance of the nitrifying bioﬁlter studied.
Liquid ﬂow

Hydraulic load

Applied load

(m3/d)

(m3/m2/h)

(kgN/m3/d)

Removed load

Oxidized load

Air load

Filtration time

HRT

(Nm3/kgN)

(h)

(min)

Summer campaign
(n ¼ 7)

Min
Max
Average
SD

17,962
23,619
19,564
1915

4.3
5.7
4.7
0.4

1.2
1.9
1.5
0.2

1.0
1.6
1.2
0.2

0.9
1.2
1.0
0.1

62.8
73.2
66.9
3.3

22
26
23.6
1.5

27.8
36.8
33.9
3.1

Winter campaign
(n ¼ 15)

Min
Max
Average
SD

16,111
26,791
20,426
3890

3.9
6.5
4.9
0.9

1.1
1.5
1.2
0.1

0.9
1.2
1.0
0.1

0.8
1.2
0.9
0.1

63.9
80.8
73.9
5.5

20
22
21.1
0.6

23.0
38.7
30.7
4.8

SD, standard deviation.
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Fig. 3. Removal efﬁciency of the nitrifying bioﬁlter studied: a) ammonium consumption and b) nitrate production (3-h average values).
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Gaseous N2O

Dissolved N2O

Temperature

NH4 load / 5

Fig. 4. 1-h average values for N2O emission rate, ammonium load and efﬂuent temperature for the a) summer campaign, b) winter campaign. Washing cycles are indicated by arrows.

during the washing cycles are negligible because they account on
average for only 1% of the daily N2O ﬂux.
A trend toward an increase of emissions during the ﬁltration
cycle has been commonly observed, even when the inﬂuent load
and aeration ﬂow rate seem relatively stable (see in Fig. 5 between
9/17 5:16 p.m. and 9/18 02:52 a.m.).
The nitrite concentration in the top zone of the reactor was
more than twice as high during the winter campaign as in the
summer campaign, whereas the opposite was found for dissolved
oxygen. Based on grab sample measurement, the average nitrite
concentration was 0.25 ± 0.09 mgN/L (n ¼ 37, [0.06e0.46]) during
the summer campaign, whereas it was 0.68 ± 0.22 mg N/L (n ¼ 89,
[0.27e1.20]) during the winter campaign. Based on 1-min dynamic
values, the oxygen concentration measured in the top zone of the
reactor was higher during the winter (7.1 ± 0.6 mgO2/L) than the

summer campaign (5.6 ± 0.5 mgO2/L). However, oxygen and nitrite
within the support material were not measured and are assumed to
be different.
3.3.2. Modiﬁed bioﬁlter operation: impact of the air ﬂow rate
The impact of the applied air ﬂow rate (Qair) on N2O emissions
was investigated by imposing increasing values on day 9 of the
winter campaign. Each ﬂow rate was maintained relatively constant for 2 h N2O emission rate and emission factors (related to the
ammonium removal) during these experiments are presented in
Fig. 6. Each point of this ﬁgure represents a 10-min average after
30 min of stabilization.
Increasing the air ﬂow rate did not have a signiﬁcant impact on
the total N2O emission rate. A slight decrease in the N2O liquid ﬂux
concomitant to a slight increase in the N2O gaseous ﬂux was
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Table 2
Daily gaseous, liquid and total N2O emission factors for summer and winter campaigns.
Day

Summer campaign
Gaseous EF

Winter campaign
Liquid EF

Total EF

N2O/NH4 removed (%)

Ratio gas/total

Gaseous EF

Liquid EF

Total EF

Ratio gas/total

(%)

N2O/NH4 removed (%)

1
2
3
4
5
6
7
8
9
10
11
12
13

1.72
2.07
2.40
1.41
1.62
1.84
1.31

0.44
0.54
0.62
0.35
0.55
0.51
0.41

2.16
2.61
3.02
1.76
2.17
2.35
1.72

79.6
79.3
79.5
80.1
74.7
78.3
76.2

3.41
3.17
2.40
2.96
2.92
3.22
2.63
2.23
3.08
3.61
3.76
3.58
3.67

1.31
1.23
1.30
1.83
2.19
2.11
2.16
1.89
1.68
1.73
1.69
1.64
1.73

4.73
4.40
3.70
4.79
5.11
5.33
4.79
4.12
4.75
5.34
5.45
5.22
5.40

72.1
72.0
64.9
61.8
57.1
60.4
54.9
54.1
64.8
67.6
69.0
68.6
68.0

(%)

Average
SD
Uncertainty

1.77
0.38
0.37

0.49
0.09
0.08

2.26
0.46
0.45

78.2
2.1
6.5

3.13
0.49
0.78

1.73
0.32
0.29

4.86
0.54
1.08

64.4
6.8
9.6

Fig. 5. N2O emissions and operational parameters for two consecutive ﬁltration cycles (summer campaign, days 2 and 3). Arrows surround washing cycle.

observed (data not shown) due to an enhanced liquidegas mass
transfer and therefore to N2O stripping at high aeration rates.
However, the N2O EF related to the ammonium removal decreased
while increasing the air load as ammonium oxidation increased.
Efﬂuent ammonium concentrations gradually decreased as the air
load increased, whereas nitrate concentrations increased, showing
better nitriﬁcation efﬁciency. At the same time, outlet nitrite

concentrations decreased, probably indicating higher oxygen
diffusion within the bioﬁlm.

3.3.3. Identifying the parameters governing N2O emissions
The independent variables used for the statistical analysis were:
inﬂuent NH4, NO3 and total suspended solids concentrations, air
ﬂow, inlet ﬂow, pH, ﬁltration time and total N2O emission rate.
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Fig. 6. Impact of the air ﬂow rate on N2O emissions: a) N2O emission rate and emission factor, b) nitrogen and oxygen concentrations.

Inﬂuent nitrogen concentrations were used instead of loading rates
because we considered inﬂuent ﬂow to be a key parameter because
it controls the hydraulic retention time within the bioﬁlter and this
is known to have an impact on nitriﬁcation rate. Efﬂuent nitrate and
ammonium concentrations were not considered because: (i) they
are highly dependent on inﬂuent concentration, liquid ﬂow and
aeration rate and (ii) aeration ﬂow is back-controlled by the efﬂuent
NH4 concentration.
The operating parameters’ inﬂuence on N2O emissions was
evaluated with multiple linear regression analysis, whose results
are reported in Table 3. Based on these parameters, the statistical
model managed to describe the N2O emission rate measured as
indicated in Fig. 7 (r2 ¼ 0.91).
4. Discussion
4.1. N2O liquidegas partition
The N2O liquidegas partition differed during the winter and the
summer campaigns. This change in the liquidegas partition is
suspected to be due to a modiﬁcation of the liquidegas mass
transfer.
Mass transfer between liquid and gaseous phases is inﬂuenced
by the volumetric mass transfer coefﬁcient (kLa) that controls the
transfer rate. The mass transfer coefﬁcient (kLa) is known to be
affected by ﬂuid temperature, intensity of mixing (type of aeration
device, air velocity) and wastewater characteristics (Tchobanoglous
et al., 2003). To evaluate the effect of mass transfer on the liquidegas partition, three groups of parameters (temperature, air velocity, N2O partition) were considered:
- group 1: summer campaign: 22.5  C; 3.84  103 m/s; 21.7%
liquid,
- group 2: winter campaign: 15.7  C; 3.33  103 m/s; 30.3%
liquid,
- group 3: winter campaign: 13.2  C; 3.04  103 m/s; 41.2%
liquid.

Table 3
Estimated coefﬁcients for the six-parameters of the statistical model.
Variables

Estimate value

SE

Pr (>|t|)

Efﬂuent temperature
Inﬂuent NH4 concentration
Inﬂuent ﬂow
Inﬂuent NO3 concentration
Filtration time
Air ﬂow rate

0.83553
0.46390
0.30154
0.19510
0.16610
0.15699

0.04701
0.04824
0.05727
0.04434
0.02651
0.05579

<2.00e-16
<2.00e-16
5.42e-7
2.19e-5
4.69e-9
5.63e-3

SE, standard error.

The average kLa (kLaQi,T) was calculated for each temperature as
a function of average air velocity (Equation (3)) and temperature
duit (2000).
(Equation (4)) based on the results of Gillot and He

kL aQi;20 C ¼ kL aQref;20 C 

kL aQi;T ¼

kL aQi;20 C

qð20TÞ

Qi
Qref

!m
(3)

(4)

with kLaQref and kLaQi mass transfer values at air ﬂow Qref and Qi,
respectively, and m a ﬁxed number expressing the impact of airﬂow
rate on kLa20 C. q is a parameter describing the temperature inﬂuence on kLa. kLaQref,20 C (82 h1) is the reference kLa determined by
bioﬁlter operators at an air velocity of 260 Nm/d (3.09  103 m/s)
and a temperature of 20  C. The couple (m ¼ 0.85, q ¼ 1.005) was
estimated by model calibration on nitrifying bioﬁlters of Seine Aval
WWTP by Bernier et al. (2014).
Calculated kLa values were 102.2 h1, 87.6 h1 and 79.9 h1 for
groups 1, 2 and 3, respectively. Compared to group 1, kLa decreased
by 14.2% and 21.8% for groups 2 and 3, respectively. The experimental results indicate that the liquid N2O ﬂux distribution of
groups 2 and 3 decreased by 8.6% and 19.5% in comparison with
group 1.
These results show that mass transfer reduction varies in the
same range as the global ﬂux distribution between the liquid and
gaseous phases and explain its variability with temperature and air
velocity. Moreover, these results indicate that particular attention
should be paid to accurate quantiﬁcation of dissolved N2O ﬂuxes,
especially at low temperatures because its contribution to the total
emissions may potentially increase.

4.2. Emission factor
The average daily N2O EF was 2.26% ± 0.46% of the NH4 removed
during the summer campaign and 4.86% ± 0.54% of the NH4
removed during the winter campaign.
Comparing these results with the literature is not easy since
these are, to our knowledge, the ﬁrst reported data on a full-scale
nitrifying bioﬁlters. Most studies addressing N2O emissions have
focused on monitoring conventional activated sludge WWTPs
(Daelman et al., 2015; Law et al., 2012b; Rodriguez-Caballero et al.,
2014) and few of them were conducted on fully nitrifying processes
(Desloover et al., 2011; Law et al., 2011; Tallec et al., 2006b). The
only study reporting N2O emissions from a nitrifying bioﬁlter was
conducted through lab-scale experiments by Tallec et al. (2006b).
The impact of aeration conditions on emissions was investigated by
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Fig. 7. Measured N2O emission rate versus simulated emission rate via multivariate regression modelling (3-h average values).

changing the dissolved oxygen concentration (DO) in the reactor.
Emissions were on average 0.4% of oxidized ammonium (DO
ranging from 3 to 9 mg/L) and increased up to 1% at a lower DO
concentration, with DO ranging from 0.5 to 1 mg/L. The EFs reported are ﬁve to ten times lower than those of the present study.
However, the experimental conditions between the two studies
differed signiﬁcantly. In the lab-scale study: (1) only gaseous ﬂuxes
were monitored, meaning that the EF was underestimated since the
contribution of dissolved N2O ﬂux is missing, (2) the applied
ammonium load (0.34 kg N/m3/h) was four times lower than the
load encountered during both measurement campaigns reported
herein and (3) the support material (Biolite®) was different from
that used at the Seine Aval WWTPs (biostyrene®).
A review of full-scale measurements indicates that the fraction
of the inlet nitrogen load emitted as N2O varied from 0 to 25% (Law
et al., 2012b). The average EF reported by Daelman et al. (2015) after
16 months of on-line N2O monitoring in the Kralingseveer WWTP
was 2.8% of the incoming nitrogen. The results indicated high
seasonal EF variability, with values up to 11%. In contrast, the longterm study reported by Rodriguez-Caballero et al. (2014) indicated
a lower average EF: 0.12% of incoming nitrogen after 10 weeks of
monitoring. Indeed, it seems that the EF of the nitrifying bioﬁlter
studied is within the range of data reported in activated sludge
WWTPs. When comparing the results with nitrifying processes
such as nitritation reactors, the order of magnitude of the EF is
again within the range of the reported data [1e6.6% incoming nitrogen] (Desloover et al., 2011; Law et al., 2012b).
Gaseous N2O emissions of the nitrifying bioﬁlter were compared
with those estimated using the default IPCC factor based on the
full-scale study by Czepiel et al. (1995) on a conventional secondary
treatment plant in New Hampshire, USA (3.2 gN2O/year/person and
corresponding to 0.035% of incoming nitrogen). To do so, an
inﬂuent NH4eN-to-TKN ratio of 0.9 was considered. The results
indicate that measured gaseous emissions are on average 40 and 67
times higher than those estimated with the IPCC factor for the
summer and winter campaigns, respectively. As for conventional
activated sludge processes, the IPCC factor signiﬁcantly underestimates the N2O emissions of the nitrifying bioﬁlter studied. In
the case of dissolved N2O emissions, a comparison with IPCC does
not seem to be pertinent because the outlet is not directly rejected
and passes through denitrifying bioﬁlters for nitrate reduction. One
can suspect a substantial change in the dissolved N2O concentration because heterotrophic denitriﬁcation is a production and a
consumption N2O pathway.

4.3. Indicators of oxygen diffusion limitations in the bioﬁlm
Comparison of results of the summer campaign with those of
the winter campaign suggests a modiﬁcation of the bioﬁlm
properties.
Analysis of process performance indicated that ammonium
oxidation rate was similar at low and high temperatures (Table 1).
Maintaining the same nitriﬁcation rate while the temperature
dropped by about 8  C can be explained by an increase of biomass
concentration within the reactor. Similar results have been reported in a nitrifying moving bed bioﬁlm reactor where the bioﬁlm
thickness and the biomass concentration per square metre of
support media surface were higher in winter (10  C) than summer
(20  C) (Bjornberg et al., 2009). In the present study, no experiments were conducted to evaluate bioﬁlm properties. However, the
hypothesis of a thicker bioﬁlm in winter was also supported by the
comparison of the initial head loss values measured between the
two monitoring campaigns.
During the run cycle of a bioﬁlter, biomass and particles accumulation leads to the reduction of the porosity throughout the
media, which increases the head loss. For a given ammonium load,
the increase of the initial head loss (monitored just after the
backwashing of the bioﬁlter when excess of biomass and particles
was removed), indicates an increase in the level of the colonization
of the bioﬁlter (Bernier et al., 2016; Rocher et al., 2008).
Fig. 8 (a) presents trend in the initial head loss versus efﬂuent
temperature based on data coming from: (i) a nitrifying pilot-scale
biostyr® reactor operated at a relatively constant ammonium load
(0.8e1 kgNH4-N/m3/d) whom experimental results were reported
by Rocher et al. (2008) and (ii) the present study.
Values of initial head losses vary between the two studies due to
difference in the operating conditions (such as average diameter of
the polystyrene spheres). However, both studies show the same
trend, i.e. increased initial head loss at low temperature. In the
present study, average initial head loss almost doubled in winter
compared to summer whereas the oxidized ammonium load
remained constant (1.4 cm H2O/mmedia/m h1 in summer against
2.6 cm H2O/mmedia/m h1 in winter).
With higher air load and efﬂuent dissolved oxygen concentration, average nitrite concentrations in the efﬂuent were higher in
winter 0.68 ± 0.22 mg N/L-compared to summer
0.25 ± 0.09 mg N/L (see Table 1 and Fig. 7b). This result is surprising because the nitrite oxidizing bacteria (NOBs) growth rate is
known to be higher than that of AOBs at low temperatures
(Hellinga et al., 1998). Indeed, selective washout of NOBs was
achieved, in nitritation processes, at elevated temperatures
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Fig. 8. A) Trend in the initial head loss versus efﬂuent temperature based on data from Rocher et al. (2008) and the present study (average values of each monitoring campaign). B)
Efﬂuent nitrite and oxygen concentrations of the studied bioﬁlter.

(30e40  C), coupled with a dilution rate that is less than the NOB
growth rate (Hellinga et al., 1998).
In nitrifying processes, nitrite build-up has generally been
linked to an insufﬁcient dissolved oxygen concentration because
AOBs have a higher afﬁnity for oxygen than NOBs (Bae et al., 2001;
Jianlong and Ning, 2004). Since an increase of bioﬁlm thickness
during winter is highly suspected, the presence of elevated nitrite
concentrations could be linked to a lower oxygen penetration depth
within the bioﬁlm. The presence of oxygen limitations is
strengthened by the aeration control test performed in winter on
the studied bioﬁlter. Indeed, as indicated in Fig. 6b increasing air
load, above the range of applied values (60e80 Nm3/kgNH4-N)
comes with lower outlet nitrite and higher nitrate concentrations.
4.4. Relevance of identiﬁed governing parameters and implication
of the study
The statistical analysis correlated the total N2O ﬂux to several
process operating conditions. Some of them e such as ammonium
concentration, inlet ﬂow, air ﬂow rate and temperature e have
already been identiﬁed as inﬂuencing parameters in activated
WWTPs (Ahn et al., 2010; Kampschreur et al., 2009; Law et al.,
2012b; STOWA, 2010; Yu et al., 2010). However, the inﬂuence of
the ﬁltration time and the inlet nitrate concentration was also
highlighted. The latter have never been correlated to N2O production and could be related to the speciﬁc characteristics of bioﬁltration processes.
Ammonium load: During both monitoring periods, a trend
towards increased N2O emissions and ammonium load was
observed. This was conﬁrmed by the statistical analysis, which
highlighted both inlet ammonium concentration and liquid ﬂow as
positively correlated to N2O ﬂux. This result is in accordance with
several studies reporting increased N2O production with ammonium load (Chandran et al., 2011; Law et al., 2012a; Yu et al., 2010).
However, the coefﬁcient of determination between NH4 load and
N2O emissions (based on 3-h average values) was 0.54 and 0.32 for
the winter and summer campaigns, respectively. The coefﬁcient of
determination related to NH4 removal was within the same range,
with values of 0.54 and 0.34. This clearly shows that NH4 load (or
NH4 removal rate) alone does not explain N2O emissions and their
dynamics.
Nitrite: Because of the limited data on outlet nitrite concentration, this parameter was not included in the model. However,
since nitrite is known as an important factor contributing to N2O
production, a statistical analysis with a second data set including
the punctual nitrite concentration was performed. Variables were
calculated as 10-min average values centred on the nitrite sampling

time. Even if nitrite and N2O ﬂuxes were well correlated (Pearson
correlation value of 0.68), the nitrite concentration was not highlighted in the parameter choice procedure. It was only highlighted
when temperature was forced out of the model because temperature variations were evaluated as a better indicator of N2O
dynamics.
Temperature: An enhancement of N2O production during the
winter campaign was observed at low inlet temperatures (on
average 14  C). The statistical analysis conﬁrmed this observation
by highlighting temperature as a key parameter controlling N2O
emissions. However, the negative inﬂuence of temperature on
emissions is questionable since one can expect higher ammonia
oxidation rates at elevated temperatures. As mentioned in Section
4.3 above, an increase of the bioﬁlm thickness in winter is highly
suspected. Hence, the negative effect of temperature on N2O
emissions highlighted by the model actually relates to the increase
in N2O emissions with bioﬁlm thickness and the higher nitrite
concentrations. At Kralingseveer WWTP similar results were
observed (STOWA, 2010) and reported by Daelman et al. (2015).
Higher emissions during colder periods (6.1% of the incoming nitrogen at 9  C against 0.04% at 18  C) were correlated to increased
nitrite concentrations.
Filtration time: A correlation between N2O emissions and
ﬁltration time was suspected during both measurement campaigns.
Fig. 5 shows that even with a relatively stable ammonium load, N2O
seemed to increase with ﬁltration time. The statistical analysis
conﬁrmed this assumption. During the ﬁltration cycle, microbial
growth and suspended solids deposits induce an expansion of the
bioﬁlm. In nitrifying bioﬁlters, it was shown that frequent backwashing leads to complete mixing of the biomass carrier material,
which offers the advantage of a better nutrient supply and a higher
nitriﬁcation activity of the whole biomass. In addition, backwashing helps to maintain relatively thin bioﬁlms and creates
favourable conditions for oxygen diffusion (Boller et al., 1997).
Air ﬂow: The aeration ﬂow control test detailed in Section 3.3.2
showed that increasing air load within the range of 60e140 Nm3/
kgNH4eN had no signiﬁcant effect on N2O emissions. This result is
not in line with the statistical model that indicated a positive correlation between air ﬂow and N2O emissions. Understanding these
inconsistent results requires uncoupling the aeration ﬂow control
test from the usual bioﬁlter operation. During usual bioﬁlter
operation, aeration ﬂow is controlled by the efﬂuent ammonium
concentration which is inﬂuenced by applied nitrogen load. Higher
aeration ﬂow is then logically related to higher ammonium load.
The latter, as discussed above, is likely to promote N2O emissions.
During the aeration ﬂow control test, inlet ﬂow was ﬁxed, whereas
temperature and ammonium concentrations remained stable. Only
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ﬁltration time was variable. In this case, N2O emissions were highly
controlled by the inlet ammonium load, which remained stable.
This is the reason why we did not see any notable effect of aeration
ﬂow on N2O emissions during the aeration control test.
Nitrate: The inlet nitrate concentration was also highlighted by
the statistical model as correlated to N2O emissions. This result is
surprising since inlet nitrate concentration during both monitoring
campaigns remained low (2.2 ± 0.7 mgNO3eN/L) based on 1-h
average values. To our knowledge, this parameter has never been
identiﬁed as a N2O-promoting factor. The positive impact of inlet
nitrate concentration on N2O emission remains unclear and should
be addressed in future work.
The increased N2O emission factor during the winter campaign
correlated to the presence of nitrite and possible oxygen limitations
within the bioﬁlm; and the positive correlation between the
ﬁltration time and total N2O emissions highlighted by the statistical
analysis suggest that conditions leading to the expansion of the
nitrifying bioﬁlm were associated with higher N2O emissions. This
result is consistent with ﬁndings of recent modelling studies of
bioﬁlm reactors (Peng et al., 2016; Sabba et al., 2015). Peng et al.
(2016) investigated the impact of dissolved oxygen (DO) concentration and bioﬁlm thickness on N2O emissions and found that the
DO level range where N2O production occurs will be widen
signiﬁcantly with the increasing bioﬁlm thickness due to increased
oxygen limitations. Authors suggested controlling the bioﬁlm
thickness to achieve high nitrogen removal and low N2O emissions.
Simulation results of Sabba et al. (2015) explained the increase of
N2O emission with bioﬁlm thickness by hydroxylamine diffusion
from bioﬁlm aerated zones to anoxic zones where, in the absence of
oxygen, it provided reducing equivalents for nitrite reduction to
N2O. Future experimental work is needed in order to further
analyse the relationship between bioﬁlm thickness and N2O
emissions. The optimal thickness leading to high nitrogen removal
and low N2O emissions while avoiding an excessive energy supply
should be assessed considering additional operational parameters,
such as inﬂuent COD to NH4 ratio and backwashing frequency, that
have been identiﬁed as key parameters inﬂuencing nitriﬁcation
rate and/or playing a major role in the competition between
autotrophic and heterotrophic bacteria for oxygen in nitrifying
bioﬁlm reactors (Boller et al., 1994, 1997; Fdz-Polanco et al., 2000).
In this study, gaseous emissions were monitored at one location of
the bioﬁlter whereas dissolved N2O was monitored at the outlet of
the bioﬁlter. Additional full-scale measurements are needed in order to: (i) further investigate the spatial variability of N2O emissions
as well as their variation throughout the ﬁlter depth, (ii) explore the
key operational parameters involved in N2O emissions that have
been identiﬁed using the statistical procedure employed in this
study and (iii) assess the variability of emissions and specify N2O
emission factor of this technology.
5. Conclusions
In this work, N2O emissions from a full-scale nitrifying bioﬁlter
were investigated over two monitoring periods. The relationship
between process operating conditions and emissions was investigated by means of multivariate regression analysis. The main
conclusions of the present study are:
- High diurnal variability of N2O emission rate and emission factor
was observed during both monitoring campaigns in connection
with the process operating conditions. The ratio between the
maximum and minimum N2O emission factor within the same
ﬁltration cycle was on average of 2.
- Dissolved N2O accounted between 20 and 46% of the total N2O
emission rate, depending on efﬂuent temperature and air load.

This emission should be quantiﬁed in addition to gaseous
emissions.
- Estimated average N2O emission factor was 2.26% ± 0.46% of
NH4removed during the summer campaign and twice as high
during the winter campaign (4.86% ± 0.54% NH4removed).
- N2O emissions were statistically correlated to several operating
parameters including efﬂuent temperature, inﬂuent NH4 concentration, inﬂuent ﬂow rate, inﬂuent NO3 concentration,
ﬁltration time and air ﬂow rate.
- Increased N2O emission factor in winter was correlated to
higher nitrite concentrations and suspected to be linked to an
increase of bioﬁlm thickness. Further measurements of bioﬁlm
thickness are required to support this hypothesis.
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