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• Long-term assessment of GHG emissions
from the mainstream SCEPPHAR configu-
ration

• LowGHG emissions evenwith high nitrite
accumulation.

• Low DO set-points led to lower emissions
by hindering N2O transfer to the gas
phase.

• A peak of N2O emission was found attrib-
uted to the transient conditions of AOB.

• The intermittent aeration strategy miti-
gated N2O emissions by 40 %.
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The wastewater sector paradigm is shifting fromwastewater treatment to resource recovery. In addition, concerns re-
garding sustainability during the operation have increased. In this sense, many water utilities have become aware of
the potential GHG emissions during the operation of wastewater treatment. This study assesses the nitrous oxide
and methane emissions during the long-term operation of a novel wastewater resource recovery facility (WRRF) con-
figuration: the mainstream SCEPPHAR. The long-termN2O and CH4 emission factors calculated were in the low range
of the literature, 1% and 0.1%, respectively, evenwith high nitrite accumulation in the case of N2O. The dynamics and
possible sources of production of these emissions are discussed. Finally, different aeration strategieswere implemented
to study the impact on the N2O emissions in the nitrifying reactor. Results showed that operating the pilot-plant under
different dissolved oxygen concentrations (between 1 and 3 g O2m−3) did not have an effect on the N2O emission fac-
tor. Intermittent aeration was the aeration strategy that most mitigated the N2O emissions in the nitrifying reactor,
obtaining a reduction of 40 % compared to the normal operation of the pilot plant.
1. Introduction

Over the past years, the scarcity of natural resources and the concern for
sustainability, with particular emphasis on climate change due to green-
house gas (GHG) emissions, have shifted the wastewater sector paradigm
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er B.V. This is an open access artic
towards a resource recovery scenario. Therefore, wastewater treatment
plants (WWTPs) are being transformed into water resource recovery facili-
ties (WRRFs). The objective of these facilities is not only to achieve a good
effluent quality under the constraints of technical feasibility and cost but
also to recover resources (bioplastics, cellulose or nitrogen (N), and phos-
phorus (P) into fertilizers such as struvite), water or energy (in energy
carriers such as methane (CH4) or hydrogen) in a sustainable way. Novel
WRRFs configurations as well as innovative operational and control strate-
gies have arisen recently to promote this new paradigm shift.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

AOB Ammonia oxidizing bacteria
AOR Ammonia oxidation rate
C Carbon
CH4 Methane
CH4-EF Methane emission factor
CO2 Carbon dioxide
COD Chemical oxygen demand
CODS Soluble chemical oxygen demand
CODT Total chemical oxygen demand
DO Dissolved oxygen
DOSP Dissolved oxygen set point
DPAO Denitrifying polyphosphate accumulating organisms
EBPR Enhanced biological phosphorus removal
GHG Greenhouse gas
Mg2+ Magnesium ion
MgCl2 Magnesium chloride
N Nitrogen
N2 Nitrogen gas
N2O Nitrous oxide
N2O-EF Nitrous oxide emission factor
NH2OH Hydroxylamine
NH4

+ Ammonium
NO Nitric oxide
NO2

− Nitrite
NO3

− Nitrate
NOB Nitrite oxidizing bacteria
ORP Oxidation-reduction potential
P Phosphorus
PAO Polyphosphate accumulating organisms
PHA Poly-hydroxyalkanoate
PO4

3− Phosphate
R1-HET Heterotrophic reactor
R2-AUT Autotrophic reactor
R3-PRE Precipitation reactor
R4-INT Interchange reactor
SBR Sequencing batch reactor
SCEPPHAR Short-cut enhanced phosphorus and PHA recovery

configuration
SP Set point
SRT Sludge retention time
SI Supplementary information
TN Total nitrogen
TSS Total suspended solids
V Volume
VFA Volatile fatty acid
VSS Volatile suspended solids
WRRF Water resource recovery facility
WWTP Wastewater treatment plant
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Regarding resource recovery, P arises as a perfect candidate for its
recovery from wastewater. P is essential for our society in the production
of fertilizers. However, the main source of P is the phosphate rock and it
is estimated to be depleted in the next 50–300 years (Cieślik and
Konieczka, 2017; Cordell et al., 2011). During wastewater treatment, it is
estimated that 3 million tons of P are removed yearly, showing that the im-
plementation of P-recovery strategies would mitigate the current depen-
dency on phosphate rocks (Mayer et al., 2016). Biological P removal
during wastewater treatment is based on promoting the growth of
polyphosphate accumulating organisms (PAO) during the enhanced biolog-
ical phosphorus removal (EBPR) process.
2

Regarding GHG emissions, nitrous oxide (N2O) is produced and emitted
during biological N removal on WRRFs through nitrification and denitrifi-
cation (Kampschreur et al., 2009; Massara et al., 2017). N2O is a potent
GHG with a global warming potential 265 times higher than that of carbon
dioxide (CO2) (IPCC, 2014), therefore, the carbon (C) footprint of WRRF is
highly sensitive to N2O emissions. N2O can be produced during biological
oxidation of ammonium to nitrite via two pathways: i) the incomplete
NH2OH oxidation pathway, and ii) the nitrifier denitrification pathway
(Kampschreur et al., 2009;Wunderlin et al., 2012; Chen et al., 2020). The
parameters contributing the most to the activation of these pathways are:
low dissolved oxygen (DO) levels, NO2

− accumulation, ammonia oxidation
rate (AOR) and transient conditions from low to high activity (Law et al.,
2012; Massara et al., 2017; Vasilaki et al., 2019). During denitrification,
N2O is produced as an intermediate of the four step reduction reactions
from NO3

− to NO2
−, nitric oxide (NO), N2O and finally to nitrogen gas

(N2). In most wastewater treatment systems, the N2O reducing capacity
exceeds the capacity of producing N2O, and therefore denitrification is
often considered as an N2O sink (Conthe et al., 2019). However, under
certain conditions, N2O can also accumulate during denitrification. The
parameter that most affects N2O accumulation during denitrification
is the low chemical oxygen demand (COD) to N ratio (COD/N ratio) (Law
et al., 2012).

CH4 is also a GHG that is emitted during wastewater treatment. CH4 is
the secondmost important GHG after CO2 and has a global warming poten-
tial 21 times higher than that of CO2 (IPCC, 2014). Previous studies have
demonstrated that CH4 emitted during wastewater treatment can be pres-
ent in the influent of the WRRF, produced under the anaerobic environ-
ments in the sewer network (Guisasola et al., 2008; Gutierrez et al., 2014;
Mannina et al., 2018) or present in the reject water recirculated from the
anaerobic digester (Ribera-Guardia et al., 2019; Rodriguez-Caballero
et al., 2014).

The novel mainstream SCEPPHAR (Short Cut Enhanced Phosphorus
and PHA recovery) configuration of WRRF has demonstrated at demo
scale and under real influent conditions the feasibility of implementing
resource recovery in the mainstream line (struvite and PHA-rich sludge)
(Larriba et al., 2020). The mainstream SCEPPHAR is one of the novel
technologies involved in the SMART-Plant project (www.smart-plant.
eu). The whole project aimed to prove the feasibility of novel wastewa-
ter treatment technologies at pilot-scale towards a circular economy
scenario. The mainstream SCEPPHAR pilot plant contains three se-
quencing batch reactors (SBR), the first mainly heterotrophic (R1-
HET), designed to promote EBPR, the second reactor mainly autotro-
phic (R2-AUT) and a third one that acts as an interchange vessel. During
the first long term operation of the mainstream SCEPPHAR, the pilot
plant achieved successful removal efficiencies for C, P and N under
nitrite shortcut N-removal, i.e. the N-removal via nitritation (NH4

+ to
NO2

−) and denitritation (NO2
− to N2). The advantages of the nitrite

pathway approach are the lower oxygen requirements for N oxidation,
the lower COD requirements for denitrification processes and faster
denitrification rate (Mavinic and Turk, 1987). However, nitrite accumu-
lation can have a negative effect on the N2O emissions (Law et al.,
2012). Regarding nutrient recovery results, up to 45–63 % of the
influent P load could be recovered as struvite in a separate reactor in
the mainstream line (Larriba et al., 2020), which is higher than the
12 % of influent P reported within side-stream P-recovery (Remy and
Jossa, 2015).

Therefore, the aim of this work was to monitor the long-term operation
of the mainstream SCEPPHAR pilot plant, under real conditions and under
nitrite shortcut N-removal in view of assessing the overall GHG emissions
and the dynamics of these emissions through different pilot plant cycles.
Different aeration strategies were implemented to critically assess its effect
on the N2O liquid concentration and emissions. Different parameters re-
ported to have an effect on the N2O production and emission were explored
and discussed. Finally, the measured GHG emissions were compared to
other WRRF configurations and the sources that trigger these emissions
were discussed.

http://www.smart-plant.eu
http://www.smart-plant.eu


Table 1
Average composition and temperature of the influent of the pilot plant.

Variable Value Units

PO4
3− 4.1 ± 1.3 g P m−3

NH4
+ 39.4 ± 10.5 g N m−3

NO2
− 0.2 ± 0.4 g N m−3

NO3
− 0.2 ± 0.4 g N m−3

Total COD 300 ± 128 g COD m−3

Soluble COD 179 ± 62 g COD m−3

Temperature 15.6 ± 4.2 °C
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2. Materials and methods

2.1. Pilot plant configuration and influent

The SCEPPHAR pilot plant was located in the municipal WWTP of
Manresa (Barcelona, Spain). The pilot plantwas fedwith the primary settler
effluent of the Manresa WWTP. The average composition of the influent
wastewater is shown in Table 1. The pilot plant consisted of two SBRs
(R1-HET andR2-AUT), a precipitation reactor (R3-PRE) and an interchange
vessel (R4-INT). The process diagram of the pilot plant is shown in Fig. 1.
The R1-HET reactor was an anaerobic/anoxic/aerobic SBR (V = 2.5 m3)
designed for heterotrophic processes (EBPR, carbon removal and denitrifi-
cation). The R2-AUT reactor was an aerobic SBR (V= 2.5 m3) designed for
autotrophic nitrification. R3-PREwas a precipitation reactor (V=0.15m3)
designed for struvite precipitation with controlled magnesium dosage. R4-
INT was the interchange vessel (V = 2.5 m3) designed for the exchange of
supernatants among R1-HET, R2-AUT and R3-PRE reactors. The pilot plant
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Fig. 1. SCEPPHAR pilot plant configuration and cyc
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operatedwith 70%of volume exchange ratio of R1-HET, resulting in 1.75m3

of wastewater treated per cycle. The pilot plant was operated in cycles of
8- and 12-hour duration, being able to treat 5.2 and 3.5 m3 of wastewa-
ter per day, respectively.

Each cycle of the mainstream SCEPPHAR configuration operated in the
following sequence (Fig. 1): the cycle started with the filling of R1-HET,
then an anaerobic phase for promoting COD fermentation, VFA uptake,
PO4

3− release and PHA accumulation. After an anaerobic purge to obtain
a PHA-rich sludge and the settling of the reactor, the supernatant of R1-
HET, rich in PO4

3− and NH4
+, was transferred to the R4-INT vessel. In R4-

INT, 0.15 m3 of the supernatant were sent to the R3-PRE reactor to precip-
itate struvite. The rest of the volume was transferred to the R2-AUT reactor
and, once R2-AUT was filled, an aerobic phase with controlled DO took
place to promote autotrophic nitritation. After the settling period, the su-
pernatant of R2-AUT, rich in PO4

3− and NO2
− was transferred back to R1-

HET. The next phase of R1-HET was an anoxic phase in which DPAO took
up P while reducing NO2

−. The last phase of R1-HET was aerobic, when
PAO captured all the remaining P. After settling, the R1-HET supernatant
was discharged to the effluent and the cycle started again. The detailed se-
quence of the cycles and the duration of each step for the 8- and 12-hour
configuration are shown in Table S1 of the supplementary information
(SI) section.

2.2. Pilot plant monitoring and control architecture

The pilot plant was highly equippedwith onlinemonitoring sensors and
automatic control loops. R1-HET, R2-AUT and R4-INT had on-linemonitor-
ing of reactor level (Micropilot FMR20, Endress Hauser), whichwas key for
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the automation of the interexchange steps between the reactors. The super-
natants were transferred through centrifugal pumps (JP6 B-A-CVBP,
Grundfos). R1-HET, R2-AUT and R3-PRE were stirred (HR4A-020/100,
Milton Roy Mixing) during the reaction phases. R1-HET and R2-AUT
were equipped with probes for temperature (Pt1000, Axiomatic), DO
(LDO sc, Hach), pH (PC1R1N, Hach) and oxidation-reduction potential
(ORP) (RC1R5N, Hach). In addition, R2-AUTwasmonitoredwith an online
ion-selective electrode for ammonia (AN-ISE sc, Hach). Dosing pumpswere
used for sludge purge (PS2, Seko) and magnesium addition (Tekna EVO,
Seko). DO in R1-HET and R2-AUT was controlled by manipulating the aer-
ation flowrate through electric control valves (Type 3241/3374, Samson
Instruments), based on the DO measurement and a proportional-integral
(PI) algorithm implemented in the control system. The aeration flow to
each reactor was monitored with gas rotameters (Iberfluid). The aerobic
phase length in R2-AUT was controlled via the online ammonium sensor,
i.e. the control system deactivated the DOPI controller and stopped the aer-
ation when the ammonium was depleted (Larriba et al., 2020). N2O and
CH4 gas emissions during the aerobic phases were continuously analysed
via an online infra-red gas analyser (VA 3000, Horiba). The typical location
of the gasmeasurement analyserwas R2-AUT.However, in some cycles, the
analyser monitored R1-HET. The dissolved N2O in the liquid phase was
monitored in R2-AUT with an on-line dissolved N2O microsensor (N2O-R,
Unisense A/S). All the sensors and the mechanical equipment were con-
nected to a computer (PPC-3170, Advantech) through a data acquisition
system (PCI-1711U, PCLD-8710, PCLD-885 I/O, Advantech). The software
AddControl developed by the research group was used for automating all
the operation, monitoring and control.
2.3. Chemical analysis

Chemical analysis of the influent and effluent COD, NH4
+, NO2

−, NO3
−

and PO4
3− concentrations was periodically performed. In addition, one

cycle per week was thoroughly monitored. Soluble components were fil-
tered with a 0.22 μm filter (Millipore). COD was analysed using Lovibond
kits (COD Vario Tube Test LR and COD Vario Tube Test MR) and the
MD100 spectrophotometer (Lovibond). Soluble COD (CODS) wasmeasured
after the sample filtration while total COD (CODT) was not filtered. NH4

+

was measured with an ammonium analyser (AMTAXsc, Hach Lange). Phos-
phate was measured with an analyser based on the Vanadomolybdate yel-
low method (115 VAC PHOSPHAX sc, Hach-Lange). NO2

− and NO3
− were

analysed with Ion Chromatography (DIONEX ICS-2000). Volatile
suspended solids (VSS) and total suspended solids (TSS) were analysed fol-
lowing Standard Methods (APHA, 1995).
2.4. GHG emissions and emission factor calculations

The N2O gas concentration (in mg m−3) in the off-gas was calculated
with Eq. (1):

CN−N2O mg m−3� � ¼ CN−N2O ppmv½ � � P 1 atm½ � �MWN−N2O 28 g mol−1� �
R 0:082 atm L mol−1 K−1
� � � T K½ � ð1Þ

CN−N2O [ppmv] and T[K] are the N2O gas concentration, provided by
the Horiba analyser, and temperature. MWN−N2O is the N2O molecular
weight and R is the gas constant. The emission flowrate for N2O was calcu-
lated with Eq. (2):

N2O emission rate g d−1� � ¼ CN−N2O mg m−3� � � Qgas m3 d−1� �
� 1g

1000 mg

� �
ð2Þ
4

whereQgas is the aerationflowrate, given by the data acquisition systemof the
pilot plant. Finally, the total N2O emitted per cycle is calculated with Eq. (3):

N2O emitted g½ � ¼ ∑n
i¼1 N2O emission rate g d−1� � � Δt d½ �� �

i ð3Þ

where Δt is the time interval for off-gas N2O recording (1 min) and n is the
total number of data points recorded in the cycle. CH4 emission was analo-
gously calculated using Eq. (1) for CH4 concentration (in ppmv), using the
CH4 molecular weight (16 g mol−1).

Finally, the N2O emission factor (N2O-EF) of each cycle was calculated
as the percentage of N2O-N emitted during the cycle (in R2-AUT or R1-
HET) of the total influent NH4

+-N load (Eq. (4)). Similarly, The CH4 emis-
sion factor (CH4-EF) was calculated as the percentage of influent COD
emitted as CH4 (Eq. (5)).

N2O−EF %½ � ¼ N2O� N emitted
NHþ

4 −Ninfl � VOLinfl � 100 ð4Þ

CH4−EF %½ � ¼ CH4 emitted
CODinfl � VOLinfl � 100 ð5Þ

where NH4
+-Ninfl and CODinfl are the ammoniacal nitrogen and COD in-

fluent concentrations, respectively, and VOLinfl is the influent volume
(1.75 m3). In the cycles where the emissions were measured in both
R1-HET and R2-AUT, the total emission factor was calculated as the
sum of the emission factor in each reactor.

3. Results

3.1. Long term operation of the pilot plant

The SCEPPHAR pilot plant was operated for two years. The operation of
the plant was divided into three periods (Larriba et al., 2020):

- Period I (first three months) corresponded to the start-up of the pilot
plant. During this period, the operation was adapted to achieve com-
plete nitrification and EBPR.

- Period II (from day 0 to 225) corresponded to the operation under com-
plete nitrification and high PAO activity. The pilot plantmet the effluent
legal discharge limits.

- Period III (from day 275 to 700) corresponded to the N removal via
nitrite while maintaining good PAO activity and meeting the legal
discharge limits. The plant operation was optimized by decreasing of
the cycle length from 12 to 8 h or by implementing different aeration
strategies.

The results showed in this study belong to the last 300 days of operation
of period III in which the pilot plant achieved N removal via nitrite and
GHG emissions were monitored in selected cycles of the pilot plant.

3.2. Process performance of the pilot plant

Fig. 2 shows the influent and effluent profiles for NH4
+, PO4

3− and COD
and the effluent profiles for NO2

− and NO3
− of the pilot plant during the last

300 days of operation. The influent NO2
− and NO3

− values are shown in
Table 1. NH4

+ effluent concentration was 6.0 ± 7.3 g NH4
+-N m−3. EBPR

performance was good during most of the time with an average effluent P
of 0.72 ± 0.99 g PO4

3−-P m−3. The effluent COD average concentration
was 70 ± 68 g COD m−3. Effluent NO2

−, NO3
− and total nitrogen (TN) av-

erage concentrations were 3.2 ± 2.0 g NO2
−-N m−3, 0.6 ± 0.7 g NO3

−-N
m−3 and 11.5 ± 6.8 g N m−3, respectively. Therefore, the pilot plant
was meeting the required discharge legal limits most of the time, except
for the ammonium (NH4

+ < 4 g NH4
+-N m−3, P < 1 g PO4

3−-P m−3, COD <
125 g COD m−3 and TN < 10 g N m−3 (EEC Council, 1991)). Furthermore,
good removal efficiencies were obtained for TN, P and COD: 67 ± 23 %,
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82 ± 24 % and 76 ± 18 %, respectively. The averaged solids concentra-
tion in R1-HET and R2-AUT were similar: 2.45 ± 0.28 and 2.39 ±
0.39 gVSS·m−3 in R1-HET and R2-AUT, respectively, and 2.80 ± 0.40 and
2.86 ± 0.54 gTSS·m−3 in R1-HET and R2-AUT respectively.

On day 500, the cycle was shortened to 8 h and the pilot plant removal
efficiencies for TN, P and COD were maintained (Fig. 2), while the plant
volumetric capacity increased by 50 %. Shortcut N-removal was achieved
during the operational period III: the effluent concentration of NO2

−was al-
ways higher than that of NO3

− (Fig. 2D). Shortcut N-removal was success-
fully attained by applying two control strategies simultaneously at a DO
set point (DOSP) of 3 g O2 m−3. Both strategies aimed at reducing NOB ac-
tivitywhilemaintaining high AOB activity: i) the real-time control length of
the aerobic phase in R2-AUT using the on-line NH4

+ measurement and ii)
operating with a selected sludge retention time (SRT) to remove NOB
while retaining AOB. The first strategy is based on stopping the aeration
when NH4

+ is depleted. Then, NO2
− should be accumulated due to the

lack of oxygen and NOB growth would be limited (Guo et al., 2009;
Marcelino et al., 2011). The second strategy relied in operating with a se-
lected SRT to remove NOB faster than their growth rate (Jubany et al.,
2009), Eq. (6):

μNOB,app < SRT � 1 < μAOB,app (6)

where μNOB,app and μAOB,app are the apparent growth rate of NOB and AOB,
respectively, i.e. the apparent specific growth rate minus the apparent
decay rate for each bacteria. This optimal SRT value depends on the opera-
tional conditions that affect the apparent growth rate (i.e. DO, T and pH).
5

To implement this strategy in the plant, a stepwise increase of R2-AUT
purge was applied to decrease the SRT until detecting high nitrite and
low nitrate concentration at the end of the aeration phase. Both the control
of the aeration phase length and thefixed SRT led to a gradually decrease of
theNOBpopulation and a subsequent increase onNO2

− accumulation at the
end of aerobic phases (Larriba et al., 2020).

Fig. 3 shows an example of the SCEPPHAR cycle operation (day 410),
when the pilot plant was operated under a 12-hour cycle configuration.
Fig. 4 shows all the monitored variables of the pilot plant for the same
cycle. The influent composition for this cycle was 5.8 g PO4

3−-P m−3 and
41.0 g NH4

+-N m−3. The cycle started with the feeding of R1-HET (step 1
of R1-HET in Fig. 1 and Table S1 of SI). The first measurement just after
the feeding ended (time = 0.63 h, Fig. 4A) was 14.8 g PO4

3−-P, showing
that during the feeding some P was released by PAO. During the second
step of R1-HET, the anaerobic phase, the PO4

3− concentration increased
up to 31.8 g P m−3 (Fig. 3A) due to the P-release linked to VFA consump-
tion by PAO. The ORP probe (Fig. 4D) shows that anaerobic conditions
were reached (ORP value below zero) after the feeding of the reactor was
completed. The ORP probe signal stabilized at 3 h of the cycle while com-
plete anaerobic conditions were maintained. When the anaerobic phase
ended (at time= 6 h), part of the biomass was purged (step 3) and the su-
pernatant of the reactor was settled (step 4). Then, the supernatant account-
ing for 70 % of R1-HET volume was transferred to the interchange reactor
R4-INT (step 5). The following step of R1-HET (step 6) was the filling of the
reactor with the supernatants from R2-AUT (from the previous cycle) and
R3-PRE. Then, the anoxic phase started (step 7). At the beginning of the an-
oxic phase, the PO4

3− concentration (Fig. 3A) decreased to 24.1 g P m−3

(compared to that the end of the aerobic phase of R2-AUT) due to:
i) struvite precipitation decreased the P concentration of the supernatant
of R3-PRE returned to R1-HET, ii) slightly decrease on the P concentration
due to P-uptake in R2-AUT (Fig. 3B) and iii) decrease on P concentration
during the filling process of R1-HET due to anoxic conditions. The NH4

+

concentration considerably decreased due to the dilution of R1-HET,
since the NH4

+ concentration in the supernatant from R2-AUT returned to
R1-HET was negligible. During the anoxic phase, the remaining NO2

− was
used by DPAO as the electron acceptor. In the presented cycle, NO2

− con-
centration at the beginning of the anoxic phase was already negligible,
meaning that all NO2

− was denitrified during the anoxic filling period of
R1-HET. Therefore, the observed P-uptake during the anoxic phase was
low (2.0 g PO4

3−-P m−3). Soluble COD and NH4
+ remained constant during

the anoxic phase. The next step of R1-HET reactor was the aerobic phase
(step 8). This cycle showed successful P-uptake, obtaining 0.4 g PO4

3−-P
m−3 at the end of the aerobic phase (DOSP = 3 g O2 m−3). NH4

+ was
oxidised to 0.5 g N m−3 and NO3

− was not observed in R1-HET. NO2
− con-

centration at the end of aerobic phase was 7.9 g NO2
−-Nm−3(Fig. 3A). ORP

probe signal sharply increased with the presence of oxygen as electron ac-
ceptor (Fig. 4D). When the aerobic phase ended, aeration and stirring
were turned off, supernatant was settled (step 9) and discharged to the ef-
fluent (step 10), fully accomplishing discharge limits.

In R2-AUT, the cycle started with the reactor filling with the superna-
tant of R1-HET (step 1 of R2-AUT in Fig. 1). Once the reactor was filled,
the second step was the purge of the reactor (step 2). The aerobic phase
(step 3) started after an idle phase at 0.63 h of the cycle. Temperature
was constant during the aerobic phase (Fig. 4C), with an average value of
24.2 °C. At a DOSP of 3 g O2 m−3, all the NH4

+ was oxidised to NO2
− rather

than to NO3
−, showing that there was a reduced NOB activity during this

cycle. The NH4
+ online sensor showed a constant AOR during the aeration

of the reactor, with a value of 8.5 g NH4
+-N m−3 h−1 (R2 = 0.99). The

DOcontrol systemopened the aeration valve at the beginning of the aerobic
phase (Fig. 4F) to rapidly achieve the desired DOSP and gradually closed it
considering the decrease on the NH4

+ concentration. In addition, the aero-
bic length control turned off the aeration after 2.4 h of aerobic phase
(maximum duration 3 h), when the ion-selective NH4

+ probe signal was
3 g NH4

+-N m−3. The sharp drop in the N2O profile (Fig. 3C) was a conse-
quence of the stop of aeration, which eliminated N2O stripping and thus
its emissions. pH slightly decreased due to nitritation (Fig. 4B). The redox



0

100

200

300

0

10

20

30

40

0 2 4 6 8 10 12

C
O

D
S

[g
O

2
m

-3
]

N
an

d
P

sp
ec

ie
s

[g
N

m
- 3

an
d

g
P

m
-3

]

R1-HET

0

100

200

300

0

10

20

30

40

0 2 4 6 8 10 12

C
O

D
S

[g
O

2
m

-3
]

N
an

d
P

sp
ec

ie
s

[g
N

m
-3

an
d

g
P

m
-3

]

NH4

NO2

NO3
PO4

NH4 sensor

COD

Aerobic Idle Idle

S
et

tl
in

g
,

in
te

rc
h

an
g
e

an
d

p
u
rg

e

R2-AUT

0

10

20

30

40

50

0

5

10

15

20

0 2 4 6 8 10 12

C
H

4
em

is
si

o
n

ra
te

[g
C

H
4

d
-1

]

N
2
O

em
i s

si
o

n
ra

te
[g

N
- N

2O
d

-1
]

cycle time [h]

N2O emission R2-AUT

N2O emission R1-HET

CH4 emission R2-AUT

CH4 emission R1-HET

Aerobic phase 
R2-AUT

Anaerobic Anoxic Aerobic

F
ee

d
in

g

P
u
rg

e,
s e

tt
l i

n
g

an
d

i n
te

rc
h
an

g
e

S
et

tl
i n

g
an

d
ex

tr
a c

ti
o

n

Id
le

Aerobic phase
R1-HET

A

B

C

NH4
+

NO2
-

NO3
-

PO4
3-

NH4
+ sensor

COD

N2O R2-AUT

N2O R1-HET

CH4 R2-AUT

CH4 R1-HET

Fig. 3. Example of SCEPPHAR cycle operation (A and B) and GHG profiles (C) obtained for R1-HET and R2-AUTwith a cycle length configuration of 12 h (cycle belonging to
day 410 of operation).

B. Solís et al. Science of the Total Environment 849 (2022) 157626
potential increased with the DO and the NO2
− accumulation as electron ac-

ceptors (Fig. 4D). Fig. 3B reveals some P-removal in R2-AUT (4.9 g PO4
3−-P

m−3), probably due to interchange of some biomass between reactors and
the long idle period of R2-AUT, acting as a post anaerobic zone (Larriba
et al., 2020; Wang et al., 2012). The rest of the R2-AUT steps were the set-
tling and discharge to R1-HET (steps 4 and 5, respectively, Fig. 1).

Finally, the R3-PRE reactor received 0.15 m3 of supernatant from R4-
INT with high content of PO4

3− and NH4
+. P precipitation took place after

the air sparging to increase pH and the addition of magnesium solution
(19 g Mg2+ m−3 as MgCl2). Typically, P concentration decreased around
70 % (Larriba et al., 2020) in R3-PRE. Finally, the supernatant of R3-PRE,
with low content in PO4

3− and NH4
+ was sent to R1-HET (Fig. 1).

An example of a fully monitored SCEPPHAR cycle for an 8 h cycle config-
uration on day 557 is shown in Figs. S1 and S2 of SI section. This cycle was
operated at the same DOSP of 3 g O2 m−3 (Fig. S2E of SI). The profiles ob-
tained in Fig. S1A of SI section show that the pilot plant was able to obtain
a high effluent quality with reduced anaerobic and anoxic phases length in
R1-HET and the observations were similar to those obtained on day 410
(Figs. 3 and 4). However, although NH4

+ concentration obtained at the end
of aerobic phase of R2-AUT was below discharge limits (2.9 g NH4

+-N
m−3), the AOR achieved (7.1 g NH4

+-N m−3 d−1) was lower than that on
day 410 and the aerobic phase was extended to the maximum length value
allowed (3 h). This fact is probably due to VSS concentration being 14 %
lower in the 8-hour cycle period than in the 12-hour cycle period.

3.3. Overall GHG emissions of the pilot plant

During part of period III, N2O and CH4 emissions were monitored dur-
ing the aerobic phases of the reactors. Table 2 shows the average N2O
6

and CH4 emitted per cycle and the corresponding emission factors
(Eqs. (4) and (5)) obtained for the configurations of 8 (n = 13) and 12 h
(n = 21). In addition, Figs. 3C and S1C show the N2O and CH4 emission
profiles for typical SCEPPHAR cycles of 12 and 8 h length.

The GHG emissions were monitored for a total of 43 cycles with 12-
hour configuration and 18 cycles for the 8-hour configuration. The cy-
cles in Table 2 were those with the usual operation at a DOSP of 3 g O2

m−3. Overall, the N2O emissions in R2-AUT were higher than those in
R1-HET because most of the NH4

+ was nitrified in R2-AUT (Table 2).
The N2O emissions (around 0.7 g N2O-N per cycle) and N2O-EF (around
1.0 %) were low compared to similar SBR systems (Massara et al., 2017)
for both cycle length configurations. The SCEPPHAR configuration was
capable to maintain low emissions despite NO2

− being accumulated in
the reactors. The measured N2O emissions and N2O-EF were approxi-
mately the same operating at 12 and 8 h since both configurations
had the same aerobic phase length and similar average temperatures
(21.8 ± 2.6 °C for 8 h and 22.3 ± 0.8 °C for 12-hour configuration).
Figs. 3C and S1C show how N2O emissions began when NH4

+ was
being nitrified and the emissions decreased to zero when both aeration
and reactor mixing stopped. N2O emissions from R1-HET were higher
than those from R2-AUT, which can be attributed to the higher aeration
flowrate required in R1-HET to achieve the same DOSP, increasing N2O
stripping. In any case, the factors affecting these N2O emissions are fur-
ther examined in Section 3.4, where the different DO control strategies
implemented are reported.

Regarding CH4 emissions, lower variability on the emissions were mea-
sured compared to N2O emissions, since the aeration strategy has no effect
on the CH4 production. Table 2 shows that CH4 emissions measured during
the operation of the pilot plant were low, with<1.0 g CH4 emitted per cycle
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and a CH4-EF lower than 0.20 %. CH4 emissions were clearly higher in R2-
AUT than in R1-HET and the emission rates showed a peak shape (Figs. 3C
and S1C). On one hand, the CH4 emission rate had an initial peak since CH4

was not produced during aerobic conditions but the dissolved CH4was only
stripped from the liquid phase to the gas phase. On the other hand, CH4
Table 2
Average N2O and CH4 emissions and emissions factors measured for the cycle length co

Cycle length → 12 h

Reactor → R1-HET R2-AUT Total

N2O [g N2O-N] 0.19 ± 0.18 0.44 ± 0.15 0.64 ±
N2O-EF [%] 0.28 ± 0.26 0.64 ± 0.22 0.93 ±
CH4 [g CH4] 0.25 ± 0.23 0.57 ± 0.19 0.82 ±
CH4-EF [%] 0.05 ± 0.04 0.11 ± 0.04 0.16 ±

7

emissions were higher in R2-AUT compared to R1-HET due to the sequence
of wastewater treatment in the SCEPPHAR configuration (Fig. 1): air is
sparged to the wastewater for the first time in the aerobic phase of R2-
AUT. Therefore, the emitted CH4 in R2-AUT was probably introduced dis-
solved in the influent wastewater, while a slight amountmight be produced
nfigurations of 12 (n = 21) and 8 (n= 13) hours. Standard deviation is presented.

8 h

R1-HET R2-AUT Total

0.24 0.27 ± 0.23 0.42 ± 0.37 0.69 ± 0.43
0.34 0.39 ± 0.33 0.61 ± 0.53 1.00 ± 0.62
0.30 0.06 ± 0.03 0.36 ± 0.34 0.42 ± 0.34
0.06 0.01 ± 0.01 0.07 ± 0.06 0.08 ± 0.06
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during the anaerobic phase in R1-HET. Therefore, the existing lower CH4

emissions in R1-HET during the aerobic phase were due to the 30 % of re-
actor volume that was not interchanged. Table 2 also reveals that the aver-
aged CH4 emissions from the 12-hour configuration were 50 % higher than
thosemeasured through the 8-hour configuration since, in thefirst case, the
anaerobic phase was 55 % longer. That supports the hypothesis that part of
the CH4 emitted in R2-AUT could be produced during the anaerobic phase
of R1-HET.

3.4. Effect of the aeration strategy on N2O emissions

This section shows the effect of the different aeration strategies on N2O
emissions. During this period, some changes were made on the pilot plant
cycle configuration: i) the cycle length was extended to 12 h, ii) the aerobic
phase length of the R2-AUT was incremented to 7.4 h and iii) the aerobic
phase length control through the NH4

+ ion selective probe was deactivated.
These changes were made to allow a more detailed study of N2O emissions
during nitrification in R2-AUT. In addition, a liquid N2O probe was
installed in R2-AUT to monitor the dissolved N2O concentration in order
to better understand the effect of the different aeration strategies on both
N2O production and emission.

The aeration strategies implemented are divided into: i) Different DOSP,
ii) intermittent aeration and iii) steps on the DOSP. This section reports only
the results related to R2-AUT reactor, where dissolved N2O and N2O gas
emission were measured. During these pilot plant experiments, the opera-
tion of R1-HETwas the same as showed in Table S1 of SI section and the re-
actor was operated with a constant DOSP of 3 g O2 m−3 in the aerobic
phase.

3.4.1. Different DOSP

The first set of experiments was conducted to assess the effect of differ-
ent DOSP on the overall N2O production and emission. The cycles were op-
erated at three different DOSP: 1, 2 and 3 g O2 m−3. Table 3 shows the
obtained average N2O emissions and N2O-EF in R2-AUT. Fig. 5 shows the
profiles of DO, air flowrate, N2O emission, soluble N2O concentration and
NH4

+ concentration for three cycles at a DOSP of 1, 2 and 3 g O2 m−3.
Fig. 5A shows that the DO in R2-AUT could be controlled properly at

different DOSP and Fig. 5E shows that full NH4
+ oxidation was achieved re-

gardless of the DOSP. The oscillations in DO concentration and air flowrate
measured at the end of the aerobic phase (Fig. 5A and B) were due to the
low linearity of the valve in the low range of actuation (valve opening
below 25%), whichmakes it difficult for the PI controller tomaintain a sta-
ble DO concentration. The AOR was very similar among the cycles: 3.48,
3.72 and 3.57 g N m−3 h−1 (R2 > 0.98) for DOSP of 1, 2 and 3 g O2 m−3,
respectively, showing that the AOR was not dependent on DO in the
range of values tested. Regarding N2O emissions, a different trend in N2O
emission was observed in each cycle when compared to the examples of
pilot plant cycles in Figs. 3 and S1. Fig. 5C shows that a N2O emission
peak was obtained for the three cycles at the beginning of the aerobic
phase of R2-AUT regardless of the DOSP. Then, it decreased rapidly to
lower constant emission rate until NH4

+ depletion. This initial emission
peak accounts from 20 % up to 60 % of the total N2O emission measured
per cycle for the cycles operated at 2 and 3 g O2 m−3 (Fig. 5) and could
be correlated to the dissolved N2O: a similar peak was detected in the
three cycles on the dissolved N2O profile (Fig. 5D). Moreover, the higher
Table 3
Average N2O emissions and N2O-EF measured in R2-AUT per cycle for different DO
set-points. n represents the number of cycles operated at each DO set-point. Stan-
dard deviation is presented.

DO set-point [g O2 m–3] N2O emission [g N2O-N] N2O-EF [%]

1 (n = 7) 0.34 ± 0.27 0.50 ± 0.39
2 (n = 6) 0.53 ± 0.30 0.76 ± 0.43
3 (n = 34) 0.43 ± 0.48 0.62 ± 0.70

8

the dissolved N2O value, the higher the N2O emission peak. The indepen-
dency from theDOSP on the peak emission rate is due to the aeration control
system fully opened the air distribution valve at the beginning of the aero-
bic phase for the three DOSP (Fig. 5B). Both gas and liquid N2O measure-
ments (Fig. 5C and D) show that N2O was continuously produced during
the pilot plant cycle, since dissolved N2O was being accumulated and
N2O was continuously emitted. A strong correlation between the stripping
of dissolved N2O and the DOSP was found; dissolved N2O increased when
operating at lower DOSP (i.e. with lower aeration flowrate) and the N2O
emissions decreased due to a reduction on the mass transfer coefficient.
However, the impact of the stripping effect was not relevant in these cycles
since most of the N2O emission was found at the beginning of the aerobic
phase during the emission peak, where the air flowrate was the same for
the three DOSP. Finally, Fig. 5D shows that the dissolved N2O concentration
decreased due to stripping to the gas phase when ammonium was depleted
and NO2

− was accumulated for the cycles operated at 2 and 3 g O2 m−3.
Table 3 shows that no correlation was found between the operating DO
and the total N2O emissions due to the high variability observed on the
N2O emissions even at the same DOSP: the average N2O emissions from
the cycles operated at DO of 2 g O2 m−3 were higher than those obtained
when operating at a DO of 1 g O2 m−3 and of 3 g O2 m−3. In addition,
the variability found in N2O emissions for the cycles operating at the
sameDOSPwas similar to that calculated for the cycles operated at different
DOSP. Therefore, in our case, the DO concentration seems to have no effect
on the N2O emissions of the pilot plant, probably because the same AOR
was achieved at different DO concentrations.

3.4.2. Intermittent aeration
The second set of experiments was conducted to assess the effect of in-

termittent aeration on the overall N2O production and emission. The inter-
mittent aerationwas implemented as an on/off controllerwhere the reactor
was aerated at a constant air flowrate and aeration was stopped when the
DO measurement increased above 2 g O2 m−3 and was turned on again
for DO below 1 g O2 m−3. This on/off control was maintained throughout
the aerobic phase of R2-AUT. The pilot plant was operated with on/off aer-
ation control under two different air flowrates: 12.5 and 5.0 m3 h−1 (100
and 40 % of the maximum air flowrate, respectively). Fig. 6 shows the pro-
files of DO, air flowrate, N2O emission, dissolved N2O concentration and
NH4

+ concentration for two typical cycles with on/off control.
Fig. 6A shows the variability of the DO concentration for both imple-

mented air flowrates through intermittent aeration. The DO ranged be-
tween 0.6 and 2.8 g O2 m−3 for the high air flowrate and between 0.6
and 2.0 g O2 m−3 when the pilot plant was operated at 40 % of the maxi-
mum air flowrate and NH4

+ was not depleted. DO values outside the
range 1–2 gO2m−3 were due to the dynamics of the DO sensor and the con-
trol valve, even though the on/off controller was sending the command to
close the aeration when the measured DOwas 2 g O2m−3 and was sending
the command to open it whenDOwas 1 gO2m−3. TheDO concentration at
high airflow rate achieved 2 g O2 m−3 at 10 min of aerobic phase, while it
lasted 2 h in the experiment operated with the low air flowrate of 5 m3 h−1

(Fig. 6B). The duration of the on phases decreased in time for both air
flowrates meanwhile the oxygen uptake rate decreased due to lower NH4

+

concentration. The same NH4
+ concentration was measured for both cycles

at the beginning of the aerobic phase and both cycles achieved full ammo-
nia oxidation to nitrite. The same AORwas achieved for both cycles (2.70 g
Nm−3 h−1, R2= 0.99), showing that the AOR was not significantly differ-
ent although the average DO levels were slightly different (1.4 vs 1.8 g O2

m−3 for low and high flowrate). The same fact was observed in results of
Section 3.4.1. The NH4

+ concentration decreased linearly over the time,
without any strong variation in the AOR due to the on/off aeration cycles.

Regarding the N2O results, a peak of dissolvedN2Owasmeasured in the
reactor at the beginning of the aerobic phase for both cycles (Fig. 6D), as in
the cycles operated at different DOSP (Fig. 5, Section 3.4.1). This peak of dis-
solved N2O caused a N2O emission peak at the beginning of the aerobic
phase (Fig. 6C), however, the emission decreased to negligible levels in
the off phases since stripping was suppressed (high flowrate scenario).
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This behaviour was not observed in the cycle operated at a low air flowrate
because the emission peak finished before the first off phase. The dissolved
N2Omeasurements shows that there was no accumulation of N2O in the liq-
uid phase during all the aerobic phase for both cycles. The net N2O produc-
tion seemed null since: i) the dissolved N2O concentration decreased
constantly once the initial peak was stripped to the gas phase, and ii) the
N2O liquid concentration remained constant during the initial peak during
the off phase of the cycle operated with the high air flowrate (zoom of
Fig. 6D). A possible explanation is that simultaneous nitrification-
denitrification was taking place and N2O was simultaneously produced
and consumed. The R2-AUT N2O-EF measured for the cycles operated at
12.5 and 5.0 m−3 h−1 were 0.40 and 0.48 %, respectively (Fig. 6). How-
ever, no correlation was found between the air flowrate and the emitted
9

N2O. The averagedR2-AUTN2O-EF of all the cycles operatedwith intermit-
tent aeration strategy (21 cycles) was 0.40 ± 0.21 %.

3.4.3. Steps on the DOSP

Finally, the last set of experiments was carried out to assess the effect of
varying the DOSP during the same aerobic phase of R2-AUT on the N2O
stripping and emissions. Two experiments were conducted: in the first
one, the DOSP was increased every 2 h in a stepwise manner, testing values
of 1, 2 and 3 g O2m−3. In the second experiment, the same strategywas ap-
plied but with values of 3, 2 and 1 g O2 m−3. The third step of both exper-
iments lasted until the end of the aerobic phase (3.4 h). Fig. 7 shows the
profiles of DO, air flowrate, N2O emission, dissolved N2O concentration
and NH4

+ for both experiments.
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Fig. 7 shows that the DO PI control loop reacted fast to setpoint changes,
modifying the aeration to reach effectively the new setpoint. On the first ex-
periment, the aeration control system opened the valve up to 90 % for short
periods in order to reach the increased setpoints. On the second experiment,
the aeration control system closed the air control valve down to 10 % (and
even fully closed) after decreasing the setpoint. Similar NH4

+ concentrations
were measured for both experiments at the beginning of the aerobic phase.
The AOR of the increasing DO experiment remained constant among the
DO steps (3.02 gNH4

+-Nm−3 h−1, R2=0.98) but the AOR of the decreasing
experiment decreased from 3.9 (R2 = 0.80) to 3.3 (R2 = 0.90), and 2.3 g
NH4

+-N m−3 h−1 (R2 = 0.83) in parallel with the new DOSP of 3, 2 and 1 g
O2m−3, respectively (Fig. 7E). Interestingly, neither an initial peak of soluble
N2O nor N2O emission was measured in any of the DO step experiment, in
10
contrast with other experiments. Both the emission and dissolved N2O pro-
files seemed to have a strong dependency on the air flowrate applied to R2-
AUT. In fact, N2O emissions depend on the air flowrate and the actual liquid
N2O concentration, while the liquid N2O concentration depends on both the
airflowrate (i.e. gas-liquidN2O transfer because of stripping) and theDOcon-
centration (i.e. different biological N2O production pathways). On the one
hand, the sudden opening of the air valve linked to a DOSP increase caused
a sudden increase on the N2O emissions, which decreased after the DO
reached the desired setpoint. These emissions led to a decrease in the soluble
N2O concentration. On the other hand, in the second experiment, the N2O
emissions decreased and the dissolved N2O concentration increased every
time the DOSP was decreased as the air control valve was closing. Finally,
N2O was continuously produced in both experiments since the accumulation
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of dissolved N2O increased in both experiments and a constant N2O emission
was measured. The accumulation of dissolved N2O seemed to be correlated
with the air flowrate, since the soluble N2O accumulation increased in
every DOSP change in the second experiment: decreasing the air flowrate
caused a decrease of N2O stripping. The N2O-EF measured in these tests
was higher (1.3 % when DO was increased and 1.1 % when DO was de-
creased) than that achieved through intermittent aeration, because even
though no initial N2O emission peak was measured, N2O was continuously
produced during the cycles.
11
4. Discussion

4.1. Comparison of GHG emissions with other WRRFs

Several monitoring campaigns to quantify N2O emissions have been
conducted at different full-scale WWTPs. The main objective of the moni-
toring campaigns was to quantify the N2O emissions and later to determine
the factors affecting these emissions (Ahn et al., 2010; Daelman et al., 2013;
Kampschreur et al., 2009; Law et al., 2012; Massara et al., 2017). These
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studies have shown huge variations in the N2O emissions in WWTPs even
under similar conditions, demonstrating that it was very difficult to find a
clear trend. Recent long termmonitoring campaigns have been able to cap-
ture N2O seasonal emission dynamics (Daelman et al., 2015; Gruber et al.,
2020; Kosonen et al., 2016) showing significant seasonal variabilitywith an
N2O emission factor range between 0 and 3 % of the influent N load for
most of the municipal full-scale WWTPs, The variation on the N2O-EF has
been attributed to the different configurations and operational conditions
in each WWTP, as well as to the inherent dynamic conditions of the plants,
but probably some unknown factors are still to be discovered. Therefore, it
was difficult to assess the real causes of the high N2O-EF variations and,
thus, it was difficult to design and implement novel mitigation strategies
for the plant.

This study reported the long-term operation and monitoring of the
mainstream SCEPPHAR configuration in a pilot scale treating real
municipal wastewater. The fact that the pilot plant operated within
shortcut N-removal was a priori unattractive in terms of N2O emissions,
since the accumulation of NO2

− is a major cause of N2O emissions. How-
ever, the average N2O-EF calculated during the long-term operation of
the whole pilot plant was 0.97 ± 0.70 %, which is in the same range
for most of municipal WWTPs. This shows the capability of the main-
stream SCEPPHAR configuration to obtain a high effluent quality
index while reducing aeration costs and COD requirements without
increasing N2O emissions with respect to conventional nitrification/de-
nitrification. The most likely reason for this low N2O-EF value is the fact
that this system was able to avoid nitratation while operating at a high
DOSP, thanks to the use of the aeration phase control. The combination
of high DO (mitigates N2O production) and relatively low airflow rate
(mitigates N2O emissions) was beneficial.

Regarding CH4 emissions, the range in municipal WWTPs is typically
from 0.02 to 1.13 % of the inlet COD (Daelman et al., 2013; Ribera-
Guardia et al., 2019; Rodriguez-Caballero et al., 2014). The average
CH4-EF measured in this study was 0.12 ± 0.08 % which is in the
lower band of the values reported. Regarding the possible production
of CH4 during the anaerobic phase of R1-HET, textbook knowledge
states that methanogenesis is favoured under mesophilic conditions (T
around 37 °C), strict anaerobic conditions and non-limiting acetate con-
centration for acetoclastic methanogens. However, it was experimen-
tally observed that CH4 emissions decreased by 50 % when the
anaerobic phase was shortened by 55 % suggesting that a non-
negligible amount of the emitted CH4 was produced during the anaero-
bic phase of the R1-HET cycle. The presence of methanogens in the
planktonic biomass can probably be discarded, as this sludge undergoes
aerobic conditions during part of the cycle, while methanogens are
strictly anaerobic. However, the presence of some methanogens in the
possible biofilm of the reactor walls and in the sediments that can be ac-
cumulated at the bottom of the reactor could explain this slight methane
production. The CH4 present at the end of the anaerobic phase is
stripped/emitted during the posterior aerobic phase.

4.2. Factors affecting N2O emissions

N2Oemissions occurred throughout all the long-termoperation. High var-
iability was detected not only due to the applied operational changes but also
when operating the plant under the same operational conditions. The DOSP in
R2-AUT did not seem to have any effect on the overall N2O emissions, since
no correlation was found between the DO concentration in R2-AUT and the
measured emissions during the operation at different DOSP between 1 and
3 g O2 m−3 (Fig. 5 and Table 3). This fact is in disagreement with previous
experimental reports where a decrease in the DO level led to an increase of
the N2O emissions (Massara et al., 2017; Peng et al., 2015). A possible expla-
nation to this is that the lowest DOSP implemented was 1 g O2 m−3, which
probably was not low enough to trigger the increase of N2O production. In
this sense, Peng et al. (2015)measured the highest N2O emissions among dif-
ferent NO2

− accumulations at 0.35 and 0.85 g O2 m−3 through a range of ap-
plied DOs from 0.35 to 3.5 g O2 m−3.
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Another interesting observation was that the AOR was neither de-
pendent on the DO concentration, as the same apparent AOR was
found during the implementation of different DOSPs during nitrification
in R2-AUT. However, the AOR changed during the long-term operation
of the pilot plant under different conditions, showing a high variability
from 8.5 to 2.3 g N m−3 h−1. Therefore, the change on the apparent
AOR could be most probably attributed to a decrease in the fraction of
autotrophic organisms in the sludge. The effect of temperature on
AOR was not assessed, since all the presented cycles were operated at
a similar temperature. Only in the cycle operating in a decreasing
DOSP step-wise manner (Fig. 7), the AOR was found to decrease with
the decrease of the DOSP, although it could also be related to the de-
crease in ammonium concentration along the cycle.

Another issue regarding the high variability of the N2O emissions
was the detected N2O emission peak at the beginning of the aerobic
phase in R2-AUT, that can represent up to the 60 % of the total N2O
emitted per cycle. Yu et al. (2010) studied the NO and N2O emissions
in a pure culture of AOB and found high N2O production linked to tran-
sient conditions (from anoxic conditions to aerobic conditions) when
NH4

+ had been accumulated. They concluded that the N2O production
by nitrifying biomass under transient conditions was attributed to a
shift in metabolism from low specific activity towards the maximum
specific activity (Yu et al., 2010). Therefore, the measured N2O emission
peak at the beginning of the aerobic conditions might be linked to tran-
sient conditions, since the aerobic phase of R2-AUT begins after the fill-
ing of the reactor with the supernatant of R1-HET reactor, with high
NH4

+ concentration. This peak was not measured in all the cycles and,
therefore, it seems to have a dependency on the conditions of the nitri-
fying biomass before the aerobic phase. Others works have also found
an effect of the transient conditions on the N2O emissions in full-scale
WWTPs (Ahn et al., 2010; Ribera-Guardia et al., 2019).

When describing the influence of the DOSP on N2O emissions, it should
be noted that a higher DOSP needs a higher airflow rate in the reactor
(Fig. 5B). The average air flowrate increased from 3.35 m3 h−1 (DOSP =
1) to 4.08 m3 h−1 (DOSP = 2) and 4.78 m3 h−1 (DOSP = 3) i.e. 22 %
and 43 % higher for 2 and 3 with respect to 1. This aeration flowrate in-
crease favours N2O stripping and may, at least in a short-term, increase
N2O emissions. The operation of the pilot plant through different DOSPs
in R2-AUT revealed the effect of the stripping between liquid and gas
phases on the N2O liquid accumulation and the N2O measured emission.
Fig. 5 shows that when the pilot plant was operated at a low DO (i.e. with
low aeration flowrate), the accumulation of N2O in the liquid increased.
This increase could be attributed to the negative effect that decreasing the
DO has on N2O production through the nitrifier denitrification pathway
(Massara et al., 2018, 2017; Peng et al., 2015) or to a decrease in the trans-
fer rate between liquid and gas phase (i.e. the N2Omass transfer coefficient
decreased due to a decrease in the air flowrate). Hence, although the N2O
production seems to increase when operating at lower DO, the mass trans-
fer between phase decreases. The accumulated N2O at the end of the aero-
bic phase of R2-AUT does not have a negative effect on the overall N2O
emissions of the cycle since, once the aerobic phase of R2-AUT is finished,
the supernatant of the reactor is sent to R1-HET to perform the anoxic
phase, where N2O is reduced to N2.

Therefore, a possible mitigation strategy is to operate at a low DO
(down to 1 g O2 m−3), because less N2O is emitted due to limited mass
transfer rate between phases and the increased accumulation of N2O will
be subsequently denitrified in R1-HET, and not emitted. This strategy shifts
the conventional paradigm for mitigating N2O emissions, as it focusses on
preventing N2O transfer from liquid to the gas phase rather than focusing
on N2O production, since the potential dissolved N2O would be denitrified
in a subsequent step.

Finally, the aeration strategy implemented that emitted less N2O was
operating the plant through intermittent aeration. The results of the inter-
mittent aeration showed a decrease of 40 % on the N2O-EF of R2-AUT
compared to normal operation of the pilot plant (0.40 ± 0.21 % vs.
0.64 ± 0.22 %). A possible explanation is that simultaneous nitrification
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and denitrification occurred during the off cycles of the aeration since the
denitrifying bacteria can denitrify even in a micro-aerobic environment
(Massara et al., 2017). Therefore, the initial peak emissions observed in
some experiments (Fig. 5c), attributed to transient conditions, could be
mitigated implementing intermittent aeration strategies leading to simulta-
neous nitrification and denitrification. Rodriguez-Caballero et al. (2015)
also proposed a cycle configuration with intermittent aeration to mitigate
the N2O emissions from a full-scale SBR treating municipal wastewater.

5. Conclusions

This study assesses the plant performance and GHG emissions of the
mainstream SCEPPHAR novel WRRF configuration at pilot scale and
under real environmental conditions and discusses the effect that different
aeration strategies have on the N2O production and emissions. The main
findings are:

- Successful removal efficiencies of C, N and P were achieved for a long-
term in the pilot plant under shortcut N-removal operating the pilot
plant at 8-hour and 12-hour configuration.

- GHG emissions (N2O and CH4) showed high variability and were in the
low range of typical emission factors measured in conventional full-
scale WWTPs, even with high nitrite accumulation, which a priori was
unattractive in terms of N2O emissions.

- Operating the R2-AUT of the pilot plant at different DOSPs did not show
a clear trend on the N2O-EF of the pilot plant, within the DO ranges ap-
plied (1 to 3 g O2 m−3). However, the operation at the lowest value re-
sulted in the lowest N2O emissions, probably due to the fact that the
lower the DO value, the lower the aeration needs and the lower mass
transfer from the liquid to the gas. Dissolved N2O accumulated in the
liquid gas and was denitrified in a posterior phase.

- A peak of N2O emission was found in many cycles of the pilot plant, at-
tributed to the transient conditions of AOB, at the beginning of the aer-
obic phase of the R2-AUT operation.

- The aeration strategy implemented that most mitigated the N2O emis-
sions in R2-AUT was the intermittent aeration, reducing the N2O emis-
sions by 40 % compared to normal operation of the plant.
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