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Abstract: Methane (CH4) is one of the potent greenhouse gases emitted from municipal wastewater
treatment plants. The characteristics of methane emission from municipal wastewater treatment
plants (WWTPs) have attracted lots of concern from related researchers. The present work investigated
the source of methanogens and methane emission properties from two WWTPs in Xi’an, and one
is employed in an Orbal oxidation ditch, and the other is anaerobic/anoxic/oxic (A/A/O). The
measurement of specific methanogenic activity (SMA) and coenzyme F420 concentration, together
with Fluorescence in situ hybridization (FISH), was used to determine the amount and activity
of methanogens in two WWTPs. Additionally, a combined activated sludge model was built and
predicted the growth of methanogens and other key microorganisms in the sludge. The results
showed that the average CH4 emission flux from the Orbal oxidation ditch (22.74 g CH4 /(m2·d))
was much higher than that from A/A/O (9.57 g CH4/(m2·d)). The methane emission factors in
the Orbal oxidation ditch and A/A/O processes were 1.18 and 0.21 g CH4 /(m3 INF), respectively.
These distinct methane emission characteristics between two WWTPs are mainly attributed to the
higher activity and content of methanogens, as well as the discontinuous aeration in the Orbal
oxidation ditch. Additionally, dissolved oxygen concentration, water temperature, and the presence
of nitrate/nitrite were also important factors that influenced methane emission. The FISH analysis
showed that Methanococcus was the dominant methanogen in both WWTPs. In addition, the
combined model successfully simulated the growth of methanogens in WWTPs. Methanogens in
WWTPs were mainly derived from the sewer system, and the cumulative effect led to an increase in
the abundance of methanogens in activated sludge. The outcomes of this study provide new insights
in the prediction and management of GHG emission from WWTPs.

Keywords: methane (CH4); Orbal oxidation ditch; anaerobic/anoxic/oxic (A/A/O); wastewater
treatment plant; greenhouse gases (GHGs)

1. Introduction

Greenhouse gases (GHGs) cause global warming, which threatens human survival.
GHGs, including carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), are
mainly released from human activities such as the production and consumption of fossil
fuels and agricultural and industrial activities [1,2]. Among the commonly reported GHGs,
CH4 attracts more attention globally due to its 25 times higher global warming potential
than CO2 [3].

In recent years, researchers reported that wastewater treatment plants (WWTPs) are
an important GHG source. The GHG emissions from WWTPs have been reported globally.
Goliopoulos et al. surveyed 31 WWTPs of various sizes in Greece [4]. The annual average
GHG emission, including emerging consumption, reached 207 kgCO2e/PE, 144 kgCO2e/PE,
and 89 kgCO2e/PE from small, medium, and large WWTPs, respectively. Aghabalaei et al.
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investigated the Mashhad wastewater treatment plant [5]. The GHG emissions were
0.63 kgCO2e/m3. Gülşen et al. also investigated a sewage treatment plant in Turkey [6].
In China, the total GHG emissions were equal to 53.0 MtCO2e in 2019 [7]. Based on the
Intergovernmental Panel on Climate Change (IPCC) protocol, the CO2 emission from
WWTPs is not considered as net GHG emission and thus should be excluded from the
GHG inventory [8]. As a result, CH4 and N2O have become the key to GHG emissions
from WWTPs.

Unlike N2O generated during nitrification and denitrification under both anaero-
bic and oxic conditions, CH4 is mainly produced by methanogens with low dissolved
oxygen concentration and nitrite/nitrate concentration during anaerobic and/or anoxic
processes [9–12]. Therefore, CH4 emissions from WWTPs previously focused on anaerobic
digesters like up-flow anaerobic sludge beds (UASBs) [6,13]. Recently, researchers also
found CH4 emission from other units in WWTPs even under oxic conditions [14–16]. These
results indicated that there are different methanogens in activated sludge responsible for
CH4 generation and emission [17]. Previous studies showed that methanogens in activated
sludge possibly originated from the sewer system [18]. However, limited studies have
reported on CH4 emission and microbial mechanisms, especially the amount and activity
of methanogens in sludge in different WWTP units.

The carbon neutrality aims and increasingly stringent effluent standards in China
require a further investigation of GHG emissions, especially CH4 emissions from different
WWTPs, to provide scientific data and technical guidelines for WWTP upgrades. In China,
oxidation ditch and anaerobic/anoxic/oxic (A/A/O) processes are the most popular
wastewater treatment processes and are used to treat nearly 50% of wastewater in China.
Therefore, it is very important to obtain the characteristics of methane emission in these
two biological nutrient removal (BNR) processes.

Some researchers employed a mathematical model to estimate GHG emissions during
the design, operation, and optimization of WWTPs [19,20]. Gulhan et al. proposed a
modified model based on activated sludge model No. 1 (ASM1). This model was success-
fully used to predict N2O emission from a full-scale WWTP in Italy [21]. Shahabadi et al.
developed a model which can simulate GHG generation in the A/A/O process [22]. Un-
fortunately, in spite of these research efforts, studies that focus on the source and release
mechanism of methane emission from WWTPs are still limited.

The main objective of this paper is to survey CH4 emission from two typical BNR
processes (Orbal oxidation ditch and A/A/O) and investigate the factors which influence
CH4 emission. To this end, a mathematical model was developed to estimate the abundance
of methanogens in two BNR processes and elucidate the release mechanism of methane
emission from WWTPs.

2. Materials and Methods
2.1. Field Site

Two plants for municipal wastewater treatment in Xi’an, China, namely, the Orbal
oxidation ditch process and A/A/O process, were selected. Detailed information of these
plants is listed in Table 1, and a schematic of the treatment processes is shown in Figure 1.

Table 1. The operation parameters of the two plants (mg/L).

Characteristics
and Parameters

Wastewater Treatment Plants (WWTPs)

WWTP 1 WWTP 2

Process Orbal oxidation ditch Anaerobic/Anoxic/Oxic (A/A/O)

Treatment
capacity (m3/d) 1.0 × 105 2.5 × 105
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Table 1. Cont.

Characteristics
and Parameters

Wastewater Treatment Plants (WWTPs)

WWTP 1 WWTP 2

Aeration method Surface aeration Fine-bubble aeration

Size (L × B × H)
(m)

Anaerobic zone
Oxidation ditch

27 × 9.8 × 4.95
108.2 × 50 × 4.95

Anoxic zone 20.3 × 50 × 6
Anaerobic zone 19.3 × 50 × 6

Oxic zone 78.7 × 50 × 6

Influent parameters

pH 7.0 ± 0.8 7.0 ± 0.8
COD (mg/L) 390 380
BOD5 (mg/L) 200 190

NH4
+-N (mg/L) 20 34

TP (mg/L) 4 4.2

Effluent parameters *

pH 7.0 ± 0.8 7.0 ± 0.8
COD (mg/L) ≤50 ≤50
BOD5 (mg/L) ≤10 ≤10

NH4
+-N (mg/L) ≤5 ≤5

TP (mg/L) ≤0.5 ≤0.5
Note: * Because the monitoring of two WWTP effluents only provided qualified or unqualified final results, we
can only use the values of China’s national standard of municipal wastewater treatment plants (GB 18918-2002,
Class I-A) [23] as the effluent parameters to perform a conservative investigation.
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Figure 1. A simplified wastewater treatment process diagram of the two WWTPs. (A) WWTP 1:
Orbal oxidation ditch process; (B) WWTP 2: A/A/O process.

2.2. The Sampling and Analysis of Methane Emission from the Two BNR Processes
2.2.1. Selecting Sampling Point

A series of sampling points were selected to investigate CH4 emission from different
wastewater treatment units in the two WWTPs. Four sample points were used in the Orbal
oxidation ditch process: one sample point was set in an anaerobic tank, and the other three
sample points were set in three channels of the oxidation ditch. In terms of the A/A/O
process, one sample point was set in anaerobic and anoxic zones, and three sample points
were set along with the water stream in the oxic zone.

All the sample points were selected close to the monitoring points of the WWTPs.
On one hand, these points were representative points of each wastewater treatment. On
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the other hand, other parameters, such as temperature and dissolved oxygen, could be
obtained at these points during sampling processes.

In pre-experiments, the spatial variability in methane fluxes from each processing unit
was examined. The results showed that CH4 flux gradually changed with dissolved oxygen
along the wastewater flow in each wastewater processing unit. In the BNR processing
units with large spatial variability, gas samples were collected from multiple points, and
the mean value of CH4 fluxes was obtained. Based on data provided by the WWTPs and
pre-experiment, the sample points can be used to represent different zones of the WWTPs.

2.2.2. Sample Collection

Gas samples were collected by a hand-crafted surface emission isolation flux chamber
(SEIFC) with a circular cross-sectional area of 180 cm2. The SEIFC was filled with local
wastewater and was completely immersed beneath the surface of the water. Gas emitted by
the reactor was left to float on the water’s surface. After 2 to 3 days, gas was collected with
a sampling bag. In the aerobic zone, aeration facilitated the direct and immediate collection
of the gas samples. During the experiment, gas was collected every week of each month, at
approximately the same time each sampling day.

CH4 emission flux (ECH4 ) was calculated based on a previously reported protocol with
some modification [24]. The gas flux of the aeration tank was calculated by Equation (1); the
gas flux of the non-aeration tank was calculated by Equation (2). The CH4 emission factors
(ωCH4) were calculated by normalizing the total CH4 mass flux of the BNR process to the
treatment capacity (m3 d−1) and service population of the WWTP (Equations (3) and (4)).

ECH4 = cCH4 × Q (1)

ECH4 =
cCH4 × Vgas

∆t × ASEIFC
(2)

where ECH4 is the CH4 emission flux (g CH4/(m2·d)), cCH4 is the CH4 concentration in
the sample (g/m3), Q is the total diffuse air flow (m3/d), Vgas is the total volume of the
gas sample we collected (m3), ∆t is the time of sample collection (d), and ASEIFC is the
cross-sectional area of the SEIFC (0.018 m2).

ωCH4, INF
= ECH4 × ABNR × 1

QINF
(3)

ωCH4, person = 365 × ABNR ×
ECH4

Qperson
(4)

where ωCH4, INF
is the emission factor calculated by treatment capacity (g CH4 /(m3 INF)),

ABNR is the surface of treatment units (m2), QINF is the treatment capacity of the WWTP (m3/d),
ωCH4,person is the emission factor calculated by the population served (g CH4/(person·year)),
and Qperson is the service population of the WWTP.

2.2.3. Analytical Methods

The CH4 concentration of the gas samples was analyzed by gas chromatography
(Agilent 6890 N) equipped with a Thermal Conductivity Detector (TCD) and stainless
steel packed columns of TDX-01. The temperature of the injection port, detector, and land
column oven was 100 °C, 160 °C, and 100 °C, respectively. Pure Ar (99.999%) was supplied
as the carrier gas at a flow rate of 50 mL/min.

The dissolved oxygen (DO) concentration, pH, and water temperature of the activated
sludge mixed liquor were measured on-site. Soluble chemical oxygen demand (sCOD),
ammonium (NH4

+-N), nitrate (NO3
−-N), nitrite (NO2

−-N), mixed liquor suspended solids
(MLSSs), and volatile suspended solids (VSSs) were measured using APHA Standard
Methods for the examination of water and wastewater [25].
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2.3. Specific Methanogenic Activity and Coenzyme F420 Tests

The specific methanogenic activity (SMA) test is an efficient method used to determine
the methanogenic activity of anaerobic sludge. F420, a widely present coenzyme distributed
in methanogens, is involved in CH4 formation [26]. Both SMA and F420 could be used as
indicators in monitoring the activity of methanogens. All batch tests were performed in
triplicate. The SMA tests of acetate, propionate, and butyrate were conducted in 200 mL
serum bottles at 35 ± 1 ◦C under anaerobic conditions. Prior to addition into the test
bottles, the substrate solution was adjusted to approximately pH 7.0, and the bottles were
flushed with Ar/CO2 (80%/20%). The concentration of methane in the headspace well
and the volume of biogas produced were measured every two hours because of the low
gas production of the sludge. The volume of biogas accumulated in the bottle headspace
was measured using gas chromatography. At the end of the tests, precise biomass was
quantified through gravimetric analysis [25]. Finally, SMA was calculated according to the
following equation:

µmaxCH4 = 4 ×
dcCH4 × VCH4

dt
× 1

X
(5)

where µmaxCH4 is the maximum SMA [mg COD/(gVSS·d)], 4 is the conversion coefficient

of CH4 to oxygen,
dcCH4

×VCH4
dt is the CH4 production rate (mg-CH4/d), and X is the total

biomass present in the serum bottle (g VSS).
Based on differences between the molar extinction coefficient of F420 under acidic and

alkaline conditions, the concentration of F420 was measured through spectrophotometry
at 420 nm. The concentration of coenzyme F420 was determined according to the method
proposed by Wu et al. [27]. Finally, F420 concentration was calculated according to the
following equation:

CF420 =
A f
εLx

(6)

where CF420 is the concentration of coenzyme F420 in the sludge, A is the absorbance of
the sample at pH 13.5 at 420 nm by comparison with the sample at a pH less than 3,
f is the dilution multiple, ε is the absorbance coefficient of coenzyme F420 at pH 13.5
(54.3/(cm·mM)), L is the thickness of the cuvette, and x is the biomass of the sludge (g/L).

2.4. Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) was used to investigate the concentration
of methanogens, ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB),
and polyphosphate-accumulating organisms (PAOs) in the two WWTPs. The rRNA-
targeted oligonucleotide probes used in the experiment are presented in Table 2. During
the experiments, the mixture of liquids and sludge was sampled. Then, the sludge samples
were obtained after centrifugation. The sludge samples were pretreated according to the
protocol described previously by Amann et al. [28]. FISH was performed according to
standard protocols [25]. In brief, the hybridization buffer (Table 2) and fluorescent probe
were mixed gently. Then, hybridization was performed in an equilibrated chamber. After
washing in the washing buffer, rinsing with distilled water, and air drying, the slide was
mounted with a drop of Citiflour (Sigma, New York, NY, USA). FISH images were collected
and recorded by a laser scanning confocal microscope (Leica TCS SP8, Wetzlar, Germany).
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Table 2. rRNA-targeted oligonucleotide probes used in this research.

Probe Name Target Sequence (5′-3′) Formamide
% Reference

EUB 338 Eubacteria GCT GCC TCC CGT AGG AGT 35

[29]
EUB 338II To be used in combination with

probe EUB338 GCA GCC ACC CGT AGG TGT 35

EUB 338III To be used in combination with
probe EUB338 GCT GCC ACC CGT AGG TGT 35

ARC 915 Archaebacteria GTG CTC CCC CGC CAA TTC CT 35 [30]

Nso1225 Betaproteobacterial
ammonia-oxidizing bacteria CGCCATTGTATTACGTGTGA 35 [31]

NEU Most halophilic and halotolerant CCCCTCTGCTGCACTCTA 40 * [32]
NmV Nitrosococcus mobilis TCCTCAGAGACTACGCGG 35 [33]

Cluster6a 192 Nitrosomonas oligotropha lineage CTTTCGATCCCCTACTTTCC 35 [34]
Ntspa662 Genus Nitrospira GGAATTCCGCGCTCCTCT 35 [34]

Nit3 Genus Nitrobacter CCTGTGCTCCATGCTCCG 40 [35]
Nsm156 Nitrosomonas TATTAGCACATCTTTCGAT 5 [31]
Nsv443 Nitroso-spira, -lobus, -vibrio CCGTGACCGTTTCGTTCCG 30 [31]
PAO462 Most Accumulibacter CCGTCATCTACWCAGGGTATTAAC 35

[36]PAO651 Most Accumulibacter CCCTCTGCCAAACTCCAG 35
PAO846 Most Accumulibacter GTTAGCTACGGCACTAAAAGG 35

Note: * NEU can also be used with 35% FA.

2.5. Model Formation

In order to simulate the growth of methanogens accurately, a series of models was
employed. First of all, anaerobic digestion models No. 1 and 2 (ADM1 and ADM 2) were
used to simulate the methanogenesis with amendments. The anaerobic digestion model
(ADM) [37] is commonly used to simulate anaerobic digestion, namely methanogenesis.
Since our objective is to predict the CH4 emission from processes, the ADM is necessary.
Based on the results, nitrate/nitrite could also affect CH4 generation and emission. The
model to simulate nitrification, activated sludge model No. 1 (ASM1) [38], was used. In
the WWTPs, phosphorus-accumulating organisms (PAOs) can cause organic compounds
to compete with methanogens, also affecting CH4 formation. Therefore, activated sludge
model No. 2D (ASM2D) for phosphorus removal was merged into ASM 1. As a result, our
model was established by combining ADM with ASM1 and ASM2 to obtain more accurate
predictions for the growth of methanogens and CH4 emission.

The key processes simulated in the model are shown in Figure 2. The amendments
of model ADM2 [39] are as follows: (1) the equation of the acetic acid utilization process
remained unchanged, the stoichiometric coefficient corresponding to methanogens in
the process was set to 1, and other stoichiometric coefficients were adjusted accordingly;
(2) phosphorus which was required by methanogen growth was considered; (3) the same as
the decay of autotrophic or heterotrophic bacteria and PAOs, XS (particulate biodegradable
organic matter), XP (microbial decay of a particle state product), and XPD (particulate
biodegradable organic phosphorus) from methanogen decay were considered; and (4) in
the anoxic and aerobic tank, sludge floc can form an anaerobic environment inside the floc
for methanogen growth, because bacteria outside the floc consume dissolved oxygen and
nitrate. Therefore, to make the model simulate the growth of methane bacteria in anoxic
and aerobic tanks, a double switch function was added to the methanogen growth kinetics
equation. In the anaerobic tank, the dissolved oxygen and nitrate concentration was almost
0; then, the switching function value was 1. In the aerobic and anoxic tank, the larger the
dissolved oxygen and nitrate concentration, the smaller the switching function value.
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ASM 1 used in our model was also modified and combined with the ADM to simulate
the growth and decay of methanogens with acetic acid in WWTPs. Meanwhile, the modi-
fied ASM 1 can also simulate carbon oxidation and nitrogen removal (i.e., nitrification and
denitrification). Part of the phosphorus removal of activated sludge model No. 2D (ASM2D)
was combined with ASM1 [40]. In order to make the decay of phosphorus-accumulating
organisms (PAOs) correspond with the decay of autotrophic and heterotrophic bacteria
in ASM1, a new component XPD (particulate biodegradable organic phosphorus) and a
stoichiometric coefficient VP (phosphorus content of Attenuation product) were introduced
into the modified model. To make the hydrolysis of XPD correspond with the hydrolysis
of XND and XS, the hydrolysis of entrapped organophosphate was also introduced. Con-
sequently, the ADM-modified ASM1 model can simulate methanogen growth and decay,
as well as carbon oxidation and nitrogen and phosphorus removal, at the same time. The
composite model matrix is shown in Table 3.

µm,me
SS

KS + SS

KOHme
KOHme + SO

KNOme
KNOme + SNO

Xme (7)

where KOHme
KOHme+SO

KNOme
KNOme+SNO

is the double switch function; KOHme and KNOme are the in-
hibition coefficients of the oxygen and nitrate of the anaerobic zone switching function
coefficient inside of the sludge floc, respectively.

The total conversion rate of methanogens (Xme) is r19 = ∑19
j=18 υ19jρj, where ρj is

the kinetic equation of the j process; υ19j represents the corresponding stoichiometric
coefficients of the Xme component in the process j.
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Table 3. Process kinetics and stoichiometry for carbon oxidation, nitrogen, and phosphorus removal as well as the methanogens’ growth.

Component i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Process Rate ρj (ML−3 T−1)

Process j ↓ SI SS XI XS XBH XBA XP SO SNO SNH SND XND SALK SPO4 XPHA XPP XPAO XPD Xme

1 Aerobic growth
of heterotrophs

−1
YH

1 −
(

1−YH
YH

)
−iXB − iXB

14 −iPBM µH

(
SS

KS+SS

)(
SO

KOH+SO

)
XBH

2 Anoxic growth
of heterotrophs

−1
YH

1 − 1−YH
2.86YH

−iXB

1−YH
14×2.86YH

−
iXB
14

−iPBM µH

(
SS

KS+SS

)(
KOH

KOH+SO

)(
sNO

KNO+SNO

)
ηg XBH

3 Aerobic
growth
of autotrophs

1 −
(

4.57−YA
YA

)
− iXB

14 − 1
7YA

−iXB −
1

YA

− iXB
14 −
1

7YA

−iPBM µA

(
SNH

KNH+SNH

)(
sO

KOA+SO

)
XBA

4 Decay of
heterotrophs 1−fP −1 fP

iXB-
fP ·iXP

iPBM-
fP·vp

bH · XBH

5 Decay of
autotrophs 1−fP −1 fP

iXB-
fP ·iXP

iPBM-
fP·vp

bA · XBA

6
Ammonification
of soluble
organic
nitrogen

1 −1 1
14 Ka·SND ·XBH

7 Hydrolysis of
entrapped
organics

1 −1 Kh

XS/
XBH

KX+

(
XS/

XBH

) [(
SO

KOH+SO

)
+ ηh

(
KOH

KOH+SO

)(
SNO

KNO+SNO

)]
XBH

8 Hydrolysis of
entrapped
organic nitrogen

1 −1 ρ7

(
XND/

XS

)

9 Storage of
XPHA

−1 YPO4 1 -YPO4 qPHA .
SS

KSS+SS
.

XPP/
XPAO

KPP+
XPP/

XPAO

.XPAO

10 Aerobic
storage of XPP

-YPHA −1 -YPHA 1
qPP .

SO2
KO2

+SO2
.

SPO4
KPS+SPO4

.

XPHA/
XPAO

KPHA+
XPHA/

XPAO

.

KMAX−XPP/
XPAO

KIPP+KMAX−XPP/
XPAO

.XPAO
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Table 3. Cont.

Component i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Process Rate ρj (ML−3 T−1)

Process j ↓ SI SS XI XS XBH XBA XP SO SNO SNH SND XND SALK SPO4 XPHA XPP XPAO XPD Xme

11 Anoxic
storage
of XPP

− 1
2.86 YPAO −1 -YPHA 1 ρ10.ηNO3

.
KO2
SO2

.
SNO3

KNO3
+SNO3

12 Aerobic
growth of XPAO

−
(

1−YPAO
YPAO

)
−iXB −iPBM

−1
YPAO

1
µPAO .

SO2
KO2

+SO2
.

SNH4
KNH4

+SNH4
.

SPO4
KP+SPO4

.

XPHA/
XPAO

KPHA+
XPHA/

XPAO

.XPAO

13 Anoxic
growth
of XPAO

−
(

1−YPAO
2.86YPAO

)
−iXB −iPBM

−1
YPAO

1 ρ12 · ηNO3
·

KO2
SO2

·
SNO3

KNO3
+SNO3

14 Lysis of XPHA 1 −1 bPHA · XPHA

15 Lysis of XPP 1 −1 bPP · XPP

16 Lysis of XPAO 1−fP fP
iXB-

fP ·iXP
−1 iPBM-

fP·vp
bPAO · XPAO

17 Hydrolysis of
entrapped
organic
phosphorus

1 −1 ρ7
(
XPD /XS

)

18 Growth of
methanogens

−1
Yme

−iPBM 1 µm,me
SS

KS+SS

KOHme
KOHme+SO

KNOme
KNOme+SNO

Xme

19 Decay of
methanogens 1−fP fP

iXB-
fP ·iXP

iPBM-
fP·vp

−1 bme · Xme

Observed
conversion rates
(mL−3 T−1)

ri = ∑
j

vijρj
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3. Results
3.1. Methane Fluxes from the Two BNR Processes

Methane is formed in the sewer system as well as in anaerobic and anoxic processes in
WWTPs due to low dissolved oxygen concentration [41]. Due to low water solubility [42],
methane could be rapidly emitted from wastewater. The measured daily methane flux
ranges from each unit of the two BNR processes during the experimental period are
presented in Table 4. Figure 3 shows the monthly methane flux from the two BNR plants.
During the period of investigation, the average CH4 fluxes from the Orbal oxidation ditch
and A/A/O processes were 22.74 and 9.57 g CH4/(m2·d), respectively, indicating that the
CH4 flux from the Orbal oxidation ditch process was more than two times higher than that
from the A/A/O process. Figure 3 shows that the Orbal oxidation ditch system emitted a
significantly higher amount of methane than the A/A/O system. This result indicates that
process configuration affected methane emission. Two main factors possibly influenced
methane emission. Firstly, the aeration system played a key role in affecting methane
emission. Continuous micropore aeration in the A/A/O process was more efficient than
the intermittent surface aeration in the Orbal oxidation ditch process, resulting in higher
dissolved oxygen concentration in the former one. Since all methanogens were strictly and
obligatory anaerobic, high dissolved oxygen concentration could inhibit methane formation
directly [43]. Secondly, the absence of a primary settling tank could allow methanogens
to directly flow into the Orbal oxidation ditch with influent and thereby increase the
abundance of methanogens in the Orbal oxidation ditch system.

Table 4. Methane flux range and average in each processing unit.

WWTP Processing Unit
Methane Flux (g CH4/(m2·d))

Range Average

Orbal oxidation ditch
Anaerobic tank 10.82~24.92 18.13
Oxidation ditch 2.79~7.45 4.61

A/A/O
Anaerobic tank 4.55~11.34 7.57

Anoxic tank 0.39~0.89 0.65
Oxic tank 0.77~2.19 1.35
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Table 4 shows that the methane fluxes decreased from anaerobic tanks to oxidation
ditches in the Orbal oxidation ditch process, implying that the increase in dissolved oxygen
in bulk water can substantially decrease methane production. In the A/A/O process, a
similar trend was observed in anaerobic/oxic/anoxic tanks. However, due to the continu-
ous mechanical aeration stripping of dissolved methane from water in the oxic tank, the
methane emission in the oxic tank was a bit higher than that in the anoxic tank. Because
of the relatively higher oxidation/reduction potential (not conducive to the production of
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methane) and lack of aeration stripping, the anoxic tank has the lowest methane emission
in the A/A/O process.

3.2. The Methane Emission Factors of the Two BNR Processes

Emission factors were calculated by the population served and treatment capacity. For
the Orbal oxidation ditch process, the per capita emission factor ranged from 39.81 g CH4
(person·year) to 99.78 g CH4/(person · year), and the flow-based emission factor ranged
from 0.72 g CH4/(m3 INF) to 1.82 g CH4 /(m3 INF). For the A/A/O process, the range
of the per capita emission factor was 7.05–18.32 g CH4 /(person · year), and that of the
flow-based emission factor was 0.13–0.33 g CH4/(m3 INF). The average per capita emission
factors of the Orbal oxidation ditch and the A/A/O processes were 65.08 and 11.97 g
CH4/(person · year), respectively, and their average flow-based emission factors were 1.19
and 0.22 g CH4/(m3 INF), respectively. The emission factors of the Orbal oxidation ditch
process were 5.4 times higher than that of the A/A/O process. Table 5 compares methane
emission factors between our study and five other full-scale WWTPs in the literature. It can
be found that A/A/O is the wastewater treatment process that releases the least methane.

Table 5. Methane emission factors from this study and other full-scale WWTPs in the literature.

WWTP
Methane Emission Factors

Referenceg CH4 /(m3 INF) g CH4/(Person · Year)

Orbal oxidation ditch 0.72–1.82 (1.18) 39.81–99.79 (64.67) This study
A/A/O 0.13–0.33 (0.21) 7.05–18.32 (11.44)

Orbal oxidation ditch 0.90–1.40 (1.2) -
[44]A/A/O 0.30–0.50 (0.7) -

Reversed A/A/O 0.30–1.00 (0.7) -
A/A/O 0.066–0.425 8.95–63.00

[45]Sequencing batch reactor (SBR) 0.088–0.015 8.33–66.07
Note: The values in brackets are the average.

3.3. SMA and Coenzyme F420 Tests

SMA is important in evaluating the methanogenic potential of methanogens. There
are two metabolic pathways for methanogenesis, and the SMA test can indicate the rate of
methanogens using different substrates. The SMA in different systems is shown in Figure 4.
The SMA values of acetic, propionic, and butyric acids were 27.36, 20.64, and 23.81 mg
COD-CH4/(g VSS·d), respectively, in the Orbal oxidation ditch process, while they were
17.38, 14.12, and 14.60 mg COD-CH4/(g VSS·d), respectively, in the A/A/O process. In our
study, sludge from two BNRs can generate CH4 via both hydrogenotrophic methanogenesis
and acetoclastic methanogenesis. As a result, the methane production rate of sludge in the
Orbal oxidation ditch process is higher than that in the A/A/O process.

The coenzyme F420 is widely observed in methanogens, and it is a key chemical
involved in methanogenesis. The concentration of coenzyme F420 indicates the quantity
and activity of methanogens in sludge. The higher concentrations of coenzyme F420
showed a higher activity of methanogens. The concentrations of this enzyme in the Orbal
oxidation ditch and A/A/O processes were 0.0192 and 0.0134 µmol/g VSS, respectively.
The methanogenic potential activity of the sludge in the Orbal oxidation ditch process was
higher than that in the A/A/O process because SMA and F420 concentration in the former
were higher than those in the latter. SMA and F420 concentration could also explain the
high amount of methane emitted from the Orbal oxidation ditch process.
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Figure 4. SMA in the two BNR WWTPs.

3.4. FISH Analysis of the Sludge from the Two WWTPs

FISH with oligonucleotide probes targeting the rRNA was used to analyze the abun-
dance of microbial populations of the two WWTPs. As shown in Figure 5, the percentages
of methanogens in the Orbal oxidation ditch process were greater than that in the A/A/O
process. The number of methanogens obtained by FISH was 2.41 × 108/gVSS in the influent
of the Orbal oxidation ditch process and 3.43 × 108/g-VSS in the activated sludge from
the Orbal oxidation ditch process. In the A/A/O process, the number of methanogens
was 1.08 × 108/gVSS in the influent and 1.93 × 108/gVSS in activated sludge. The re-
sults should be used as biological tools to explain why methane emission from the Orbal
oxidation ditch process was higher than the A/A/O process.
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Figure 5. Fluorescent in situ hybridization of sludge from two WWTPs. (A–C) Influent of Orbal
oxidation ditch process; (D,E) Influent of A/A/O process; (F,G) Orbal oxidation ditch process;
(H,I) A/A/O process; red is EUB338 mix; green is ARC915; bar = 25 µm.

Most methanogens in WWTPs are from urban sewer systems. The FISH results
showed that the influent of the Orbal oxidation ditch process contains Methanococcus,
Methanosaeta, and Methanobacteriales, while the influent of the A/A/O process contains
only Methanococcus and Methanosaeta. Methanosaeta and Methanococcus are two kinds
of methanogens in activated sludge in both WWTPs, and Methanococcus are the dominant
bacteria of methanogens. The relative abundance of Methanosaeta was low in both WWTPs.
Meanwhile, no Methanobacteriales were found in the sludge from WWTPs. The result
indicated that Methanococcus had a stronger adaptability to the environment changes than
Methanosaeta and Methanobacteriales. As a result, Methanococcus became the dominant
bacteria of methanogens in WWTPs.

3.5. Influencing Factors of Methane Emissions

Many studies reported that a number of factors could influence methane emission
from WWTPs, such as dissolved oxygen concentration, temperature, pH, organic loading
rate, and rapidly changing process conditions [46–50]. In the present study, methane
emission was observed in each biological treatment unit in the two BNR processes, with
anaerobic zone as the major source of methane emission. In addition, the total methane
emission was larger in summer than in winter. A series of water quality parameters were
analyzed to determine the main factors that influence CH4 flux from WWTPs.

3.5.1. DO Concentration

In the A/A/O process, the amount of methane emission decreased in the following
order: anaerobic tank > oxic tank > anoxic tank. The dissolved oxygen (DO) concentration
(<0.18 mg/L) in the anaerobic tank was stable, leading to the conclusion that CH4 emission
from this unit has no significant change. Interestingly, the linear relationship between
methane flux and dissolved oxygen concentration in the oxic tank (R2 = 0.70) was showed
in Figure 6. In general, the presence of oxygen inhibited methane formation and emission
in wastewater [43]. However, in this study, the generated CH4 was stored in the sludge
floc as fine bubbles which are not able to be emitted to the atmosphere. In the oxic tank,
the aeration breaks the floc down and also merges the CH4 bubbles with air, leading to
observed emission. As a result, the DO concentration in the oxic tanks had a positive
impact on the methane emission rate from the zones.
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Figure 6. The relationship between methane flux and dissolved oxygen concentration in the oxic tank
of the A/A/O process.

3.5.2. Temperature

In the A/A/O process, during the experimental period, wastewater temperature
widely varied because of changes in air temperature. Therefore, it was necessary to
determine the relationship between methane flux and water temperature. Figure 7 shows
the responses of methane flux from the anaerobic zone and oxic zone to the changing
of water temperature. The results of the linear regression analysis showed a statistically
significant correlation between the anaerobic tank (R2 = 0.87) and oxic tank (R2 = 0.75);
however, no statistically significant correlation was observed between methane emission
and wastewater temperature in the anoxic tank (R2 = 0.13).
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3.5.3. Nitrite/Nitrate Concentration

In the A/A/O process, nitrate and nitrite concentrations in each wastewater processing
tank were unstable during the experimental period. The concentration ranges of nitrate
and nitrate were 1.35–8.75 mg/L and 0.05–0.22 mg/L, respectively. The coefficient of
determination for CH4 emission versus nitrate concentration in the wastewater processing
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tanks was close to 0.23. The relationship between CH4 emission and nitrite concentration
had no significant correlation (R2 < 0.15).

The relationship between the methane emission rate and nitrate/nitrite concentration
shows a marginal correlation in the A/A/O process. But recent studies indicated that
nitrite can effectively inhibit methane production in anaerobic wastewater treatment pro-
cesses [51,52]. The inhibition concentration thresholds of nitrate and nitrite for methane
production were about 8 mg/L and 0.07 mg/L, respectively. Nitrate and nitrite concentra-
tions in the A/A/O process fluctuated and were lower than their corresponding inhibition
concentration threshold many times. This result explained the absence of significant statis-
tical correlations between methane emission and nitrate/nitrite concentration.

3.6. Modeling Methanogen Growth in WWTPs

Simulative and experimental results are compared in Tables 6 and 7. A composite
model was employed for the estimation of methanogen growth in WWTPs. In the Orbal
oxidation ditch, the relative abundance of methanogens from simulation is 3.44%, and
the in situ abundance is 3.35%. Meanwhile, the relative abundance of methanogens in
A/A/O is 1.92% (simulative result) and 1.95% (actual/field/in situ results). Meanwhile,
the differences in other key microorganisms between simulative results and actual/field/in
situ results are generally less than 5% for both processes. Therefore, the model simulation
can accurately predict the amount of methanogens and other microorganisms. Previously,
Lee et al. verified methanogen growth in an oxic soil microcosm, and the result could prove
that methanogens could grow in an oxic environment [53]. Therefore, methanogens could
grow in oxic and anoxic tanks of WWTPs. The model simulative results also show that
methanogen WWTPs are mainly from the accumulation of methanogens in the influent,
and less methanogens grow in wastewater treatment systems. Therefore, the higher the
percentage of methanogens in influent and the longer the sludge retention time (SRT)
employed in the wastewater treatment system, the higher the percentage of methanogens
in activated sludge when the system is stable. The results explain why there are more
methanogens in the Orbal oxidation ditch process without a primary settling tank. In this
study, VB6.0 was used to compile simulation software. The initial value of the parameters is
the typical parameter values of ASM1, ASM2D, and ADM2. The measured data of the Orbal
oxidation ditch process and A/A/O process were used to calibrate the composite model
equation that was used to simulate calculation. These results proved that the composite
model can simulate methanogen growth in WWTPs well.

Table 6. The percentage (%) of three kinds of bacteria in the sludge from two WWTPs.

Bacteria Simulative Result Actual/Field/In Situ
Results Relative Error

Orbal oxidation ditch

Methanogens 3.45% 3.35% 2.39%
Ammonia-Oxidizing Bacteria
(AOB) and Nitrite-Oxidizing

Bacteria (NOB)
3.59% 3.60% 0.28%

Polyphosphate-Accumulating
Organisms (PAOs) 6.48% 6.32% 2.53%

A/A/O

Methanogens 1.92% 1.95% 1.54%
Ammonia-Oxidizing Bacteria
(AOB) and Nitrite-Oxidizing

Bacteria (NOB)
4.64% 4.90% 5.31%

Polyphosphate-Accumulating
Organisms (PAOs) 9.29% 9.33% 0.43%
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Table 7. The percentage (%) of soluble solids used by methanogen growth.

Simulative Results Actual/Field/In Situ
Results Relative Error

Orbal oxidation ditch 2.97% 3.39% 12.39%

A/A/O 0.29% 0.32% 9.38%

3.7. Release Mechanism of Methane Emission from WWTP

How was methane emitted from WWTPs? To determine the underlying mechanism,
we construct a physical model to describe methane generation and emission from WWTPs
(Figure 8). In the WWTPs, methanogens, which are strictly and obligatory anaerobic
organisms, may be located inside sludge flocs. In the anaerobic tank, methanogens convert
hydrogen and acetic acid, which were produced by hydrolyzing bacteria and fermenting
bacteria, into methane. In anaerobic tanks, all methanogens are in the anaerobic zone. With
the increase in dissolved oxygen concentration, the area of the anaerobic zone inside of
the sludge flocs decreases. In the anoxic tank and aerobic tank, the methanogens inside
the floc remain under anaerobic conditions, which benefits methane generation, because
bacteria outside the floc consume dissolved oxygen. Methane is rapidly emitted from
wastewater because of the poor solubility of this gas in water. In the aerobic tank, the
intensive mechanical aeration strip dissolved methane from water. Therefore, relatively
more methane is emitted from the anaerobic tank and aerobic tank.
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4. Conclusions

In conclusion, both BNR processes emitted a larger amount of methane in summer (Jun to
Aug, 26.29–30.16 g CH4 /(m2 · d)) for the Orbal oxidation ditch and 11.02–14.30 g CH4 /(m2 · d)
for A/A/O) than in winter (Dec to Feb, 13.65–16.37 g CH4 /(m2 · d)) for the Orbal oxidation
ditch and 7.78–8.28 g CH4 /(m2 · d) for A/A/O). The amount of CH4 emitted from the
Orbal oxidation ditch process was higher than that from the A/A/O process. In the Orbal
oxidation ditch, the CH4 emission flux was 22.74 g CH4 /(m2 · d), and emission factors were
1.18 g CH4 /(m3 INF) and 64.67 g CH4 /(person · year), which were 2.4 and 5.6 times higher
than those in the A/A/O process (flux: 9.57 g CH4 /(m2 · d), factors: 0.21 g CH4 /(m3 INF)
and 11.44 g CH4/(person · year). Based on the results of SMA, F420 concentration, and
the FISH test, the higher methanogenic potential activity of methanogens in the Orbal
oxidation ditch led to higher CH4 emissions. This is supported by the simulative results
of methanogens in the model, which can also accurately predict the amount of other key
microorganisms in the WWTPs’ sludge. Overall, this study provides a basis for establishing
a database of CH4 emissions from WWTPs in China and prove that a primary settling tank
could reduce CH4 emission.
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