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ABSTRACT
The temporal variation of greenhouse gas (GHG) emission in a petrochemical wastewater treatment plant (WWTP) was
investigated in this study. Two approaches including an in-situ continuous monitoring and a typical grab sampling methods
were also compared. The in-situ continuous monitoring method provided more detailed information regarding the temporal
variations of GHG concentrations. A sufficient sampling frequency (e.g., once every 6 hours) for the grab sampling
method is required to effectively resolve the diurnal variations of GHG concentrations. This study highlights significant
diurnal variations of GHG concentrations in different wastewater treatment units. Only with proper and reliable sampling
and analytical methods, it becomes possible to correctly identify the characteristics of GHG emissions and to develop
strategies to curtail the GHG emissions from such an important source in response to regulatory measures and international
treaties. This study revealed that N2O was the dominant species responsible for GHG emissions in the WWTP and the
emission factors of CH4 and N2O were higher in the equalization tank and final sedimentation tank compared to other
units. We further compared the GHG emission factors of this study with other literatures, showing that the GHG emission
factors were lower than those measured in Netherlands, Australia, and IPCC, but similar to those measured in Japan.
Keywords: Greenhouse gas; Wastewater treatment; In-situ continuous measurement; Grab sampling method; Diurnal
variation; Emission factor.

INTRODUCTION
Greenhouse gas (GHG) emissions by anthropogenic
activities such as production and use of fossil fuels and
agricultural and industrial activities have considerably
increased the GHG concentrations in the atmosphere (ElFadel and Massoud, 2001; Fangueiro et al., 2010; Daelman
et al., 2012; Daelman et al., 2013; Muangthai et al., 2016).
Of many sources, wastewater treatment plants (WWTPs)
represent one important source of GHGs, particularly
methane (CH4) and nitrous oxide (N2O) (IPCC, 2006a;
Amina et al., 2013; Huang and Tan, 2014). While the GHG
emissions from WWTPs may be less significant compared
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to those from energy sectors or solid waste disposal sites,
WWTPs are common components in these facilities and
their impacts ought to be discussed before determining the
importance of this particular GHG source. Although the
GHG emission fluxes of wastewater treatment plant were
higher than those of solid waste disposal, the amounts of
GHG emission from wastewater treatment plants were
relatively low due to their limited emission area compared
to other GHG sources. Previous study reported that the
wastewater treatment and discharge account for 9% of the
main source of entire greenhouse gas emissions. The
emission of carbon dioxide (CO2) in WWTPs is typically
not considered given its biogenic origin (Shahabadi et al.,
2009). As the GHG emissions in WWTPs are affected by
source water characteristics, industrial WWTPs are reported
to be more important for producing CO2, CH4, and N2O in
the fields (Kishida et al., 2004). The GHG emission was
further influenced by the compound’s physicochemical
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properties and treatment technologies of interest (Amina et
al., 2013). Due to the significant environmental impacts by
climate change attributable to global warming, there is an
increasing need to comprehensively understand the GHG
emission from industrial WWTPs and to provide detailed
and correct information for developing mitigation approaches.
Wastewater treatment is the fifth largest source for the
anthropogenic CH4 emissions in the atmosphere, contributing
approximately 9% of total CH4 emission in 2000 (USEPA,
2006; Jarosław et al., 2016). The combined emissions in
the U.S., China, India, and Indonesia accounted for 49% of
the global CH4 emission from wastewater treatment. For
N2O, wastewater treatment represents the sixth largest
contributor for anthropogenic emissions in the atmosphere
(approximately 3% of total N2O emission). The combined
emissions from wastewater treatment in the U.S., China,
India, and Indonesia contributed to approximately 50% of
total N2O emission in the atmosphere. The CH4 and N2O
emissions from treatment of wastewater are expected to
grow by approximately 20% and 13% between 2005 and
2020, respectively (Diksha and Santosh, 2012).
As CH4, and N2O represent two species of major concern
in WWTPs, their formation and emission characteristics are
different. Biological degradation of organic and inorganic
matters in wastewater is the main process that forms GHGs
in WWTPs (El-Fadel and Massoud, 2001; Shahabadi et al.,
2010; Casey, 2011; Dimoula et al., 2016). Methane is mainly
produced from anaerobic biological processes in WWTPs,
accounting for 3–19% of global anthropogenic CH4 emission.
N2O is the intermediate present in aerobic nitrification or
anoxic denitrification processes widely used in industrial
WWTPs. Three percent of the anthropogenic N2O emission to
the atmosphere was associated with the formation in
WWTPs (IPCC, 2006b; Diksha and Santosh, 2012; Rajab
et al., 2012; Tolkou and Zouboulis, 2012; Lin et al., 2015).
The Intergovernmental Panel on Climate Change (IPCC)
determined the global warming potentials of GHGs based
on the radiative efficiencies and lifetimes of GHGs in the
atmosphere (IPCC, 2006b). For example, the GWPs of
CH4 and N2O for 100-year time horizon are 28 and 265,
respectively, as the GWP of CO2 for the same time horizon
equals to unity (IPCC, 2014a).
In addition to treatment technologies, activities including
energy consumption in operation and sludge treatment and
disposal contribute to additional GHG emission in WWTPs
(Keller and Hartley, 2003; Foley et al., 2008; Ren et al.,
2013; Xu et al., 2014). With water quality and operation
variations, the campaign to manage the GHG emission from
WWTPs becomes complicated and challenging. The typical
grab sampling method (i.e., the United States Environmental
Protection Agency’s TO-17 Standard Method) collects GHG
samples at certain time intervals followed by laboratory
analysis, possibly insufficient to describe the temporal
variation of GHG formation and emission in WWTPs if
the sampling frequency is inadequate. The objective of this
study was to test an in-situ measurement that continuously
monitors the GHG emission, avoid misestimating the GHG
production in WWTPs and their emission factors. The
results were compared with those acquired by using the
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USEPA’s TO-17 Standard Method for consistency. The
data were applied to estimate the mass fluxes and emission
factors, quantifying the extents of errors that could be caused
by using different monitoring approaches. The novelty was
to indicate the importance of accurate measurement of
GHG emission in WWTPs by analyzing the emissions
continuously or with sufficient frequencies, providing reliable
information for the following management approaches.
MATERIALS AND METHODS
Wastewater Treatment Plant
A petrochemical WWTP in southern Taiwan was selected
as the study site. The WWTP is located in Kaohsiung City
of Southern Taiwan, which has been an important hub for
the national industrial development in Taiwan. The extents
of air pollutions and GHG emissions from industrial
complexes in these areas have been well known by the
public (Yang et al., 2014). The WWTP of interest treats the
wastewater generated by Renwu and Dashe petrochemical
complexes, as the contributions from these two industrial
complexes accounted for more than 80% of total GHG
emission in Kaohsiung City (Yang et al., 2014).
The treatment technologies in the selected WWTP consist
of two equalization tank in parallel (The hydraulic retention
time (HRT) is 4–9 hours), two primary sedimentation tanks
in parallel (HRT = 1–4 hours), two aeration tanks in parallel
(HRT = 4–8 hours), one sludge thickener (HRT = 6–18 hours)
and two final sedimentation tanks in parallel (HRT = 2–4
hours), as shown in Fig. 1. The sludge collected through
sedimentation is treated in a sludge thickener, followed by
dehydration and drying for disposal. Polymers and activated
carbon are added prior to the aeration tanks to enhance the
removal of compounds which are difficultly treated by the
biological process. The designed daily and maximum
treatment capacities are 3,800 and 4,000–5,000 cubic meter
per day (CMD), respectively. The treatment throughput is
typically reduced by half in summer because the industrial
activities in these complexes produce less wastewater during
the periods.
In-Situ Continuous Measurement
An in-situ measurement with a floating chamber was
developed by modifying the design by Bao et al. (2015)
and Sebastian et al. (2013) to continuously monitor the
GHG concentrations in the WWTP (Fig. 2). The equipment
consisted of a floating chamber, a dust removal unit, a
rotameter, a sampling pump, a sampling bag, and a
continuous GHG analytical instrument. The chamber was
designed to create the best mixing and sampling conditions
without altering the emission of gases at the surface. Air
sample emitted from water surface were completely mixed
with the make-up air in the floating chamber and filtered
for removal of particles in the air. A Teflon tube was
connected to the top of the floating chamber and air sample
was transported and analyzed in-situ with an instrument
(Teledyne Analytical Instruments Series 7600, USA) that
directly measured the CO2, CH4, and N2O concentrations.
The quantifiable concentration ranges of three GHGs
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Fig. 1. Treatment processes of the WWTP selected in this study.
ranged from 0 to 2,500 part per million (ppm). At the
beginning of every field analysis, standards with predetermined concentrations were analyzed to ensure the
quality of the data (< 20% relative percentage difference).
The continuous GHG monitoring was undertaken in
winter and summer to represent the data in summer and
winter, respectively. At each monitoring site, the GHG
monitoring was conducted for 24 hours a day and lasted for 6
days. The GHG concentrations were measured and recorded
every five minutes. The monitoring sites included the
equalization tank, primary sedimentation tank, aeration
tank, final sedimentation tank, and sludge thickener. The
meteorological data including the air temperature and relative
humidity were obtained through a nearby meteorological
station operated by the Central Weather Bureau of Taiwan.
The atmospheric temperatures were 26°C and 33°C in winter
and summer January and Jun of 2014, respectively.
Grab Sampling Method
For comparison with the results by the in-situ continuous
monitoring, air samples were collected by using tiffin
sampling bags, followed by laboratory analysis to determine
the GHG concentrations with the USEPA Standard Method
TO-17 (USEPA, 1999). The CO2 and CH4 concentrations
were analyzed by using a gas chromatography coupled with a
flame ionization detector (GC-FID) and a methane converter
(G1530A, Agilent, USA). The GC-FID was equipped with
a 15 m × 0.32 mm I.D. PLOT-Q capillary column with
2.0 µm film thickness (Agilent, USA). One µL of sample
was injected in the splitless mode. The column temperature
was programmed as follows: an initial oven temperature of
150°C ramped at 10 °C min–1 to 300°C, then 30 °C min–1
to 220°C, and held for 6 min. The methane conversion
temperature was 375°C. The FID was performed in the flame
ionization mode and the ion source temperature was 300°C.
Data acquisition was performed with a source temperature
at 300°C. The method detection limits (MDLs) of CO2 and

CH4 were 1 and 0.5 mg L–1.
The N2O concentrations were analyzed by using a GC
coupled with an electron capture detector (GC-ECD)
(G3440B, Agilent, USA). The GC-ECD was equipped with
a 30 m × 0.53 mm I.D. PLOT/Q capillary column with
4.0 µm film thickness (Agilent, USA). One µL of sample
was injected in the splitless mode. The column temperature
was programmed as follows: an initial oven temperature of
40°C ramped at 10 °C min–1 to 120°C, then 30 °C min–1 to
250°C, and held for 5 min. The source temperature was
250°C. Data acquisition was performed with a source
temperature at 250°C. The MDLs of N2O was 0.5 mg L–1.
All of the samplings and analyses conducted in this study
were at least duplicated.
Emission Flux and Emission Factor Calculations
The emission fluxes or emission factors were estimated to
quantify the extents of three GHGs released into the
atmosphere in wastewater treatment. The emission fluxes
are expressed as the weight of a GHG divided by a unit
area and time, while the emission factor considers the
weight of the activity emitting the GHG (e.g., grams of a
GHG emitted per gram of COD removed). These factors
facilitate the discussion of GHG emissions between the
WWTP selected in this study and those investigated in
other studies. In this study, the emission fluxes of three
GHGs were calculated by using Eq. (1) (Hobson, 2012;
Taiwan EPA, 2013; Yan and Liu, 2014; Chen et al., 2017).
E

Qa  CGHG
 103
AC

(1)

where E denotes the GHG emission flux [g m–2 min–1]; Qa
denotes the volumetric flowrate of sampling air [L min–1]
(2 L min–1 ± 5%) in the floating chamber; CGHG denotes the
GHG concentration in the floating chamber [g m–3]; AC
denotes the interfacial areas between the air and water
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Fig. 2. Scheme of the in-situ continuous measurement to determine the GHG concentrations in the wastewater treatment
processes.
phases in the floating chamber [m2] (0.76 m2). The total
GHG emissions and emission factors of each wastewater
treatment unit were estimated by using Eqs. (2) and (3),
respectively.
TE = E × AT × 1440

EF 

TE
Q w   C wi  C we 

(2)
(3)

where TE denotes the total GHG emission in each wastewater
treatment unit within a day [g day–1]; At denotes the total
surface area of wastewater in each treatment unit; EF denotes
the GHG emission factor in each wastewater treatment unit
[g kg–1]; Qw denotes the volumetric flowrate of wastewater
[m3 day–1]; Cwi and Cwe denote the chemical oxygen demand
(COD) or total Kjeldahi nitrogen [mg m–3] in the influent
and effluent of each wastewater treatment unit.

Water Quality Sampling and Analysis
The methods used to sample and analyze the water
quality parameters of concern followed the standard methods
developed by the National Institute of Environmental
Analysis in Taiwan Environmental Protection Administration
(Taiwan EPA). Wastewater samples taken at the both
inflow and outflow of each unit of WWTPs were preserved
in brown glass bottles that were stored in an ice box and
then transferred back to the laboratory for water quality
analysis. The water quality parameters analyzed included
MLSS, SS, pH, COD, total Kjeldahl nitrogen, NH4+-N,
NO3–-N, and NO2–-N following the Standard Methods
NIEA W210.58A, NIEA W424.52A, NIEA W515.54A,
NIEA W420.50B, NIEA W437.52C, NIEA W458.50, and
NIEA W459.50B, respectively.
RESULTS AND DISCUSSION
GHG Analysis by Two Approaches
Table 1 summarizes the influent wastewater quality

information in the sampling and analysis periods. The
effluent water quality met the regulations determined by
the Taiwan EPA, as the concentrations of COD, SS, total
nitrogen were required to be below 100, 30, and 20 mg L–l,
respedively. The average removal efficiencies of MLSS,
SS, COD, NH4+-N, NO2–-N, NO3–-N, and TKN in two
seasons were in the range of 96–97%, 79–86%, 76–79%,
84–86%, 90–93%, 83–88%, and 92–95%, respectively.
The standard gas concentrations of CO2, CH4, and N2O
were 929.0, 104.7, and 52.4 ppm, respectively. Every fiveminute measurement was recorded to quantify the differences
between the three GHG concentrations for a total of 10
times. The mean and standard deviation (X̅ ± SD) of the
measured CO2, CH4, and N2O concentrations were 926.0 ±
5.0, 103.4 ± 0.6, and 52.1 ± 0.5 ppm, respectively. The
accuracies of CO2, CH4, and N2O measurements using the
continuous GHG monitoring method (Teledyne Analytical
Instruments, Series 7600) were 99.68, 98.76, and 99.43%,
respectively, with the relative errors of 0.32, 1.24, and
0.57%, respectively. Results obtained from the precision
analysis showed that the relative standard deviation (RSD)
of CO2, CH4, and N2O were 0.56, 0.59, and 1.02%,
respectively. Accordingly, the continuous GHG monitoring
method demonstrated high accuracy and precision for insitu on-line GHG measurement.
The GHG concentrations analyzed by the in-situ
continuous monitoring and the grab sampling followed by
GC analysis were compared in Figs. 3 and 4 that illustrate the
GHG concentrations analyzed in the primary sedimentation
tank of the WWTP in two seasons. The solid and dash lines
in the figures represent the averages of the daily GHG
concentrations analyzed by two analytical methods,
respectively. The primary sedimentation tank was chosen
because it is the 1st treatment step that receive the wastewater
with a concentration expectedly higher than those in the
subsequent treatment processes. It was initially assumed
that the GHG concentrations could be relatively high in this
step, making the location proper for comparison between
the two analytical approaches. In the results, the in-situ
continuous monitoring was more effective to capture the
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Table 1. Influent wastewater quality of the WWTP during the monitoring periods.
Psarameter
Flow rate (CMD)
MLSS (mg L–1)
SS (mg L–1)
pH
COD (mg L–1)
HRT (hr)
NH4+-N (mg N L–1)
NO2–-N (mg N L–1)
NO3–-N (mg N L–1)
TKN (mg N L–1)

Range
2867–3473
1853–2742
41–267
7.5–7.9
115–344
4–8
32–96
3.2–4.6
3.5–4.9
51–113

Summer
Average ± SD
3170 ± 172
2272 ± 223
152 ± 6
7.7 ± 0.2
217 ± 19
–
63 ± 21
3.9 ± 0.5
4.1 ± 0.5
78 ± 24

temporal variations of three GHG concentrations in the
sampling periods. The average daily concentrations by the
grab sampling method with different sampling frequencies
were compared with those determined by the in-situ
continuous measurement.
The relative percentage difference (RPD) was used to
quantify the differences between the results measured by
two approaches (the in-situ continuous monitoring and the
grab sampling with different sampling frequencies) as
shown in Table 2. Figs. 3 and 4 compare the averaged data
measured by two approaches. These two approaches were
conducted to simultaneously sample and measure GHGs
over a sampling period of 10 min. The air flowrate of the
grab sampling was 1.0 L min–l and the volume of a Tedlar
bag used for sampling GHGs is 10 liters. Thus, the sampling
time was set as 10 min in order to fill the entire bag for
further GC analysis. In summer, when the grab sampling
was conducted once a day (i.e., every 24 hours), the RPDs
of three GHG concentrations ranged from 2–52%. The
RPDs dropped to 1–40% and 2–41% when the sampling
frequency increased to twice (i.e., every 12 hours) and thrice a
day (i.e., every 8 hours), respectively. When the grab
sampling was undertaken four times a day (i.e., every 6
hours), the RPDs ranged from 0.1 to 17%. It is worth noting
that the CO2 emissions were different from those of CH4
and N2O. Given the high CO2 background concentration (402
ppm) in the atmosphere, the CO2 concentration increase due
to the emission from the primary sedimentation tank could be
limited, causing relatively lower RPDs for CO2 concentration
comparison. Similar findings were observed in winter. The
ranges of the RPDs between the average daily concentrations
of three GHGs were 0.6–33%, 0.2–19%, 0–11%, and 0–8%,
when the grab sampling was conducted once, twice, thrice,
and four times a day. Monitoring the GHG concentrations
continuously or with a sufficiently intensive sampling
frequency is important given the strong temporal variations
of GHG emissions in wastewater treatment. Additionally, by
using these two approaches, the CO2 concentrations ranged
from 445 to 458 ppm (3% RPD between two approaches) and
from 485 to 490 ppm (1% RPD between two approaches)
in two monitoring seasons. The CH4 concentrations by two
approaches were within 35–38 ppm (7% RPD between two
approaches) and 54–50 ppm (7% RPD between two
approaches), while the N2O concentrations ranged from 22

Removal (%)
97
96
–
86
–
79
76
79
84

Range
2984–3681
1581–2692
35–263
7.2–7.8
105–312
4–8
33–114
3.9–5.1
4.1–5.6
66–129

Winter
Average ± SD
3332 ± 2157
2082 ± 174
114 ± 19
7.7 ± 0.4
209 ± 23
–
72 ± 24
4.6 ± 0.5
4.8 ± 0.5
86 ± 24

Removal (%)
86
90
93
–
83
88
95
92

to 24 ppm (9% RPD between two approaches) and from 27
to 28 ppm (4% RPD between two approaches) in two
seasons. The concentration variations between two seasons
appeared to be limited, attributable to its stable influent
wastewater quality through the operation.
In this study, the amounts of CO2, CH4, and N2O
productions in WWTPs in summer were 48027, 342, and
223 g day–l, respectively, while those in winter were 57272,
283, and 487 g day–l, respectively. Our results showed that
the GHG productions obtained from this study were lower
than Japan (CH4: 263 g day–l; N2O: 196 g day–l) but higher
than USA (CH4: 472 g day–l; N2O: 533 g day–l) and
Australia (CH4: 467 g day–l) (IPCC, 2006a, b; Ministry of
the Environment, 2012).
Diurnal Variation of CO2 Concentration
Figs. 5(a) and 6(a) provide the temporal variations of
CO2 concentrations in different treatment technologies of
the WWTP in summer and winter, respectively. The
equalization tank was the process with relatively higher
emissions in both seasons. In summer, the CO2 concentrations
ranged from 1,923 to 2,340 ppm with an obvious diurnal
variation during equalization (the average was 2,221 ppm).
The concentration dropped to the range of 450 to 600 ppm
(the average was 528 ppm) and became more stable in the
primary sedimentation tank, possibly due to the characteristic
of its close system. Since the aeration tank is open to the
atmosphere, the CO2 concentration was potentially enhanced
and the concentration stably ranged from 2650 and 2750
ppm (the average was 2675 ppm) through 24 hours. In the
sludge thickener, besides its fully sealed condition, sewage
organic matter could be decomposed by microorganisms
consuming oxygen, resulting in anaerobic state due to
shortage of dissolved oxygen and forming excess CO2 and
CH4 (Wei et al., 2008). The CO2 concentration ranged from
2,500 to 3,600 ppm with the average of 2893 ppm. The
primary sedimentation tank is an open system in which
appreciable levels of floating flocs could be overflowed
across the weir. In this process, tiny flocs that contained
microorganisms were partially suspended on the water
surface, as the microorganisms could continuously
decompose organic matters in wastewater, increasing the
CO2 concentration. The CO2 concentration in the final
sedimentation tank was within the range of 450 to 550 ppm
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Fig. 3. GHG concentrations observed by the in-situ continuous measurement and the grab sampling method in summer.
The solid and dash lines represent the average daily concentrations by the in-situ continuous measurement and the grab
sampling method, respectively.
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Fig. 4. GHG concentrations observed by the in-situ continuous measurement and the grab sampling approach in winter.
The solid and dash lines represent the average daily concentrations by the in-situ continuous measurement and the grab
sampling method, respectively.
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Table 2. Relative percent differences (RPDs) between the GHG concentrations measured by the in-situ continuous
monitoring and the grab sampling methods.
Season

Species
Once a day
1.5–8.5
CO2
Summer
CH4
4.6–53.2
N2O
27.0–52.0
CO2
0.6–5.8
Winter
CH4
3.4–15.3
N2O
3.7–33.3
The numbers are shown as percentage (%).

Twice a day
0.6–3.5
1.7–24.3
24.8–39.7
0.2–2.9
1.7–14.4
14.3–18.5

(the average was 488 ppm). The results showed that the
CO2 emission in the final sedimentation tank was generally
lower than that from the primary sedimentation tank. It is
possible that the temporal variations of CO2 concentrations
in the wastewater treatment processes were mostly relevant
to the occurrence of excess microbial decomposition of
organic matters (Gaur et al., 1971).
Slightly different CO2 concentration patterns were found
in winter (Fig. 6(a)). The average concentration in the WWTP
in winter was 5,643 ppm, significantly higher than that in
summer. The temporal variations of the CO2 concentration
were less significant due to the lower water temperature in
winter. The CO2 concentration during equalization ranged
from 4,000 to 5,800 ppm. The close system characteristic
of the primary sedimentation tank reduced the concentration
to 40–500 ppm with an average of 485 ppm. Similar to the
result in summer, the CO2 emission was enhanced in the
open aeration tank (the concentration ranged between
2,000 and 2,387 and the average was 2,222 ppm). In the
sludge thickener and final sedimentation tank, the CO2
concentrations ranged from 1,650 to 2,100 ppm and from
500 to 700 ppm, and the average concentrations were 1898
and 587 ppm, respectively.
Diurnal Variation of CH4 Concentration
Figs. 5(b) and 6(b) show the temporal variations of CH4
concentrations in summer and winter, respectively. The
sludge thickener was the process with relatively strong
emissions in both seasons. In summer, a moderate diurnal
variation was observed in the equalization tank, with an
average concentration of 95 ppm. The concentration in the
primary sedimentation tank was low, ranging from 15 to
35 ppm with an average of 24 ppm. The lowest CH4
concentration was found in the aeration tank, attributed to
limited anaerobic reactions occurred in this process (Monteith
et al., 2005). In the sludge thickener, the concentration
ranged from 55 to 95 ppm with an average concentration
of 74 ppm. The close system and decomposition of sewage
organic matter resulted in an anaerobic state due to hypoxia,
accelerating the CH4 formation. The CH4 concentration in
the final sedimentation tank was moderate by sludge
settlement causing anaerobic condition, ranging from 18 to
52 ppm with an average of 35 ppm.
In winter, the sludge thickener and final sedimentation
tank still dominated the CH4 emissions in the WWTP. The
concentration during equalization tank was lower possibly
attributable to wastewater quality variation. Similar to the

Thrice a day
0.2–2.3
2.7–10.8
9.5–40.5
0.1–3.0
6.2–10.7
0–1.4

Four times a day
0.1
11.3
16.7
0.9
8.1
0

CO2 concentrations in winter, the diurnal variations of CH4
concentrations were not obvious. The CH4 concentrations
ranged from 10 to 15 ppm, from 20 to 42 ppm, from 37 to
55 ppm, from 56 to 69 ppm in the primary sedimentation
tank, aeration tank, sludge thickener, and final sedimentation
tank, respectively. The average concentrations in these
processes were 11, 30, 45, and 59 ppm, respectively. Overall,
the CH4 concentrations mainly occurred in the equalization
tank, sludge thickener, and final sedimentation tank in both
seasons. CH4 is known to be formed thorough anaerobic
reactions and affected by water quality including the
temperature, DO, and COD concentrations (El-Fadel and
Massoud, 2001), explaining the increasing CH4 concentrations
in the sludge thickener and final sedimentation tank. One
possible explanation for high CH4 concentration during
equalization was that dissolved CH4 was formed when
wastewater was distributed from the source to WWTP in
pipelines with limited oxygen concentrations and was
emitted after the water initially flowed into the WWTP (ElFadel and Massoud, 2001).
Carbon mass balance in the WWTP was also investigated.
The total organic carbon (TOC) concentrations in the source
and treated water of the WWTP were 96 and 11 mg L–l in
summer, respectively. Given the negligible pH difference
between the source and treated water, it is expected that the
inorganic carbon removal though the treatment processes
was limited. The sum of the CO2 and CH4 emissions was
divided by the TOC removal in the WWTP to estimate the
fraction of carbon loss due to CO2 and CH4 emission (15–
18%). The rest fraction of carbon was considered to be
assimilated into sludge.
Diurnal Variation of N2O Concentration
Figs. 5(c) and 6(c) illustrate the temporal variations of
N2O concentrations in different treatment processes in
summer and winter, respectively. Comparing with CO2 and
CH4, N2O was the species with the most significant diurnal
variations. In summer, the N2O concentrations in the
processes were mostly less than 12 ppm. However, given
its high global warming potential (GWP) (IPCC, 2014b),
these appreciable levels of N2O were still important
contributors for GHG emission from the WWTP. In winter,
the N2O concentrations were relatively higher. Obvious
diurnal concentration variations were noticed, particularly
in the equalization and aeration tanks. With the complex
formation as an intermediate of either nitrification or
denitrification (Kampschreur et al., 2008; Kampschreur et
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Fig. 5. Temporal variations of the GHG concentrations observed in different treatment units in summer.

Yang et al., Aerosol and Air Quality Research, 17: 2608–2623, 2017
7000

CO2 Concentration (ppm)

(a)

Equalization tank
Primary sedimentation tank
Aeration tank
Sludge thickener
Final sedimentation tank

6000

2000

1000

0
14:00:00

22:00:00

06:00:00

14:00:00

Time

CH4 Concentration (ppm)

80

(b)

Equalization tank
Primary sedimentation tank
Aeration tank
Sludge thickener
Final sedimentation tank

60

40

20

0
14:00:00

22:00:00

06:00:00

14:00:00

Time
50

(c)

Equalization tank
Primary sedimentation tank
Aeration tank
Sludge thickener
Final sedimentation tank

N2O Concentration (ppm)

40

30

20

10

0
14:00:00

22:00:00

06:00:00

14:00:00

Time
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Emission Flux and Emission Factor Estimations between
Two Approaches
Tables 3 and 4 summarize the estimated GHG emission
fluxes and factors by using the concentrations from the insitu continuous measurement and grab sampling method,
respectively. While the sampling frequency of the grab
sampling method was four times a day, the differences
between the emission fluxes and factors by two methods
were negligible. The equalization tank and aeration tank
represent two dominant technologies that possessed high CO2
emission fluxes (up to 56,948 and 11,749 g CO2 day–1)
and emission factors (up to 1.64 × 10–1 and 1.75 × 10–1
kg CO2/kg COD), respectively. The equalization and final
sedimentation tanks were the main sources of CH4 emissions
(the emission fluxes were up to 193 and 171 g CH4 day–1,
as the emission factors were up to 7.97 × 10–4 and 2.38 ×
10–3 kg CH4/kg COD, respectively). The N2O emission fluxes
in the equalization and final sedimentation tanks were up
to 193 and 180 g N2O day–1, as the emission factors were up
to 5.32 × 10–4 and 2.47 × 10–3 kg N2O/kg COD, respectively.
Although the literature reviewed in this study had reported
no uncertainty analysis for GHG emission factor, this
study described the GHG emission factors with uncertainty
analysis. All emission factors have showed 50% and 95%
confidence intervals. Input data (CH4 and N2O) are assumed
to have log-normal probability distributions, represented by
median values and 95% confidence interval uncertainties.
The total uncertainty levels for CH4 and N2O emission
factors, expressed as 95% confidence intervals, were 6.3
and 5.3%, respectively. Uncertainties in the trend were 6.9
and 4.9%, respectively. The confidence interval width was
expected to be narrow when estimating the sample size.
Enough sample size is required to maintain the confidence
interval narrow with high accuracy. This article provides

Emission flux

al., 2009), the in-situ continuous monitoring seemed to be
more important and necessary to investigate the formation
and emission of N2O in wastewater treatment.
In addition to biological reactions, chemical pathways
such as reactions between nitrite and hydroxylamine
producing NO and N2O as well as nitrite reduction lead to
N2O formation in WWTPs (Van Cleemput, 1998). Although
aerobic treatment is the main technology in the WWTP
investigated in this study, anaerobic conditions could still
occur in some locations if the oxygen-transfer was limited
or inhibited possibly due to insufficiently mixing or thick
microbial flocs. In addition, similar to CH4 observed during
equalization, N2O could be formed when the wastewater was
transported to the WWTP in pipelines with limited oxygen
concentrations and was emitted after the wastewater
initially flowed into the WWTP. These mechanisms might
be relevant to N2O formation with limited presence of
microorganisms during equalization. However, as the
biological and chemical N2O formations are influenced by
dissolved oxygen (DO), nitrogen concentration, and COD to
nitrogen ratio (Kampschreur et al., 2008; Tallec et al., 2008;
Foley et al., 2010), it is difficult to distinguish the N2O
formation between chemical and biological processes in
WWTPs (Kampschreur, 2009).

In-situ continuous measurement
Gab sampling method
N 2O
N2O
CH4
CH4
CO2
CO2
Treatment units
Season
CH4
CO2e*
N 2O
CO2e*
CH4
CO2e*
N2O
CO2e*
–1
–1
(g day )
(g day )
(g day–1)
(g day–1)
(g day–1)
(g day–1)
(g day–1)
(g day–1)
(g day–1) (g day–1)
38843
193
4815
112
33495
Equalization
38867
189
4728
110
32631
1230
25
620
18
5245
Primary sedimentation
1212
23
568
16
4857
3544
27
673
32
9506
Aeration
3625
25
635
32
9596
Summer
423
6
143
1
387
Sludge thickener
450
4
105
1
179
3924
98
2458
62
18357
Final sedimentation
3873
101
2525
64
18923
47964
349
8709
225
66990
Total
48027
342
8561
223
66186
39322
37
917
193
57508
Equalization
39354
40
1010
191
56948
1378
11
284
16
4750
Primary sedimentation
1365
11
280
16
4857
11749
51
1272
94
27973
Aeration
11528
58
1455
96
28519
Winter
288
2
60
3
1004
Sludge thickener
292
3
65
4
1073
4855
158
3943
173
51629
Final sedimentation
4733
171
4263
180
53610
57592
259
6476
479
142864
Total
57272
283
7073
487
145007
* CO2e denote the CO2 equivalent that describes the amount of CO2 that would have the same global warming potential (GWP) when measured over 100 years.
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Table 3. Emission fluxes of three GHGs estimated by using the in-situ continuous monitoring and grab sampling methods.
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Gab sampling and analysis
CO2
CH4
N2O
(kg CO2/kg COD) (kg CH4/kg COD)
(kg N2O/kg N)
1.58E-01
7.82E-04
4.51E-04
1.12E-02
1.86E-04
1.48E-04
1.75E-01
1.24E-03
1.51E-03
1.63E-04
1.53E-06
2.31E-07
6.42E-02
1.68E-03
1.12E-03
4.09E-01
3.89E-03
3.23E-03
1.13E-01
1.19E-04
5.37E-04
9.42E-03
7.92E-05
1.16E-04
7.33E-02
3.62E-04
6.12E-04
6.96E-05
6.28E-07
8.43E-07
6.45E-02
2.38E-03
2.42E-03
2.60E-01
2.94E-03
3.69E-03
N2O
(kg N2O/kg N)
4.61E-04
1.40E-04
1.53E-03
2.22E-07
1.05E-03
3.18E-03
5.32E-04
1.14E-04
6.04E-04
8.52E-07
2.47E-03
3.72E-03
Equalization tank
Primary sedimentation tank
Aeration tank
Sludge thickener
Final sedimentation tank
Total
Equalization tank
Primary sedimentation tank
Aeration tank
Sludge thickener
Final sedimentation tank
Total

Treatment units

In-situ Continuous monitoring
CH4
CO2
Season
(kg CO2/kg COD)
(kg CH4/kg COD)
1.64E-01
7.97E-04
1.04E-02
1.96E-04
Summer 1.72E-01
1.20E-03
1.61E-04
1.50E-06
6.38E-02
1.66E-03
4.10E-01
3.85E-03
1.09E-01
1.12E-04
9.56E-03
7.86E-05
Winter 7.28E-02
3.67E-04
6.95E-05
6.26E-07
6.49E-02
2.34E-03
2.56E-01
2.90E-03
Emission factors

Table 4. Emission factors of three GHGs estimated by using the in-situ continuous monitoring and the grab sampling method.
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the sample size calculation for precise confidence interval of
standardized effect in one-way ANOVA (Fig. 7). Finally,
using the confidence interval of effect sizes to calculate an
appropriate sample size with different combination of
population parameters under required confidence level. At
95% confidence interval, the CH4 and N2O levels were
significant (p = 0.03). The emission factors were 3.4 × 10–3
kg CH4/kg COD and 3.5 × 10–3 kg N2O/kg N in WWTPs.
The emission factor levels of GHGs emitted from the
WWTPs were statistically significant at p < 0.05 (p = 0.03).
This information strengthens the reliability of comparison
among the GHG emissions in this and those early studies.
In addition to their high emissions during sedimentation
due to anaerobic reactions, the emission fluxes and factors
of CH4 and N2O were relatively higher in the early stages
of wastewater treatment, notably during equalization. High
organic matter concentrations in wastewater and the
treatment technology open to atmosphere were two
possible explanations. The emission factors estimated in
this study were compared with those in the literatures and
Intergovernmental Panel on Climate Change (IPCC) (see
Table 5). It is worth noting that the methane correction
factors (MCFs) by the IPCC have been considered in Table 5
(e.g., the MCF values are 0.25 and 0.2–0.8 kg CH4/kg COD
for a concentrated aerobic treatment unit and an anaerobic
sludge digester, respectively). The comparison showed that
the emission factors of GHGs obtained from this study were
less than those in Netherlands, Australia, and IPCC, but
higher than those in Japan.
CONCLUSIONS
Two different approaches including the in-situ continuous
monitoring and typical grab sampling approaches were
applied to analyze the concentrations of CO2, CH4, and N2O
in different treatment processes of a petrochemical WWTP.
One important finding was that both analytical approaches
could provide reliable information regarding the GHG
emissions in the wastewater treatment units, although a
number of considerations such as wastewater quality and
treatment technologies could potentially affect the GHG
emissions in the WWTP. However, the assumption for this
conclusion was that a sufficient sampling frequency (e.g.,
once every 6 hours) was required for the typical grab
sampling method in order to effectively resolve the diurnal
variations of GHG levels emitted from the wastewater
treatment units. With this assumption, consistent emission
factors of three GHGs between two approaches were
obtained, as the emission factors of CH4 and N2O were
higher in the equalization tank (1.12 × 10–4 to 7.97 × 10–4
kg CH4/kg COD and 4.51 × 10–4 to 5.37 × 10–4 kg N2O/kg N)
and the final sedimentation tank (1.66 × 10–3 to 2.38 × 10–3
kg CH4/kg COD and 1.05 × 10–3 to 2.47 × 10–3 kg N2O/kg N),
respectively. Only with proper and reliable sampling and
analytical methods to determine the GHG emissions from
wastewater treatment processes, it becomes possible to
correctly identify the characteristics of GHG emissions and
to develop strategies to curtail the GHG emissions from
such an important source in response to regulatory measures
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and international treaties. Compared with previous literatures
and IPCC, the GHG emission factors of CH4 and N2O
obtained from this study were lower than those measured
in Netherlands, Australia, and IPCC, but similar to those
measured in Japan. Furthermore, the emission factor levels

of GHGs emitted from the WWTPs were statistically
significant at p < 0.05 (p = 0.03), which strengthens the
reliability of comparison among the GHG emissions in this
and those early studies.

Fig. 7. Uncertainty analysis of GHG emission factors given the concentrations emitted in the WWTP.
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Table 5. GHG emission factors estimated in this and early studies including the IPCC.
Countries
United Kingdom (UK)a
California, USAb

GHGs Emission factors Units
Literatures/Sources
CH4
0.075–0.2f
kg CH4/kg COD IPCC, 2006a
CH4
0.25–0.6f
kg CH4/kg COD IPCC, 2006a
4.9E-03f
kg CH4/kg COD Ministry of the Environment, 2012
CH4
c
Japan
N2O
4.3E-03
kg N2O/kg N
Ministry of the Environment, 2012
Netherlandsd
CH4
5.6E-02f
kg CH4/kg COD RIVM, 2013
Australiae
CH4
0.075–0.2f
kg CH4/kg COD IPCC, 1997; Australian Government, 2013
CH4
3.4E-03f
kg CH4/kg COD
Taiwan
This study
3.5E-03
kg N2O/kg N
N2O
a
IPCC, 2006a IPCC Guidelines for National Greenhouse Gas Inventories, 2006.
b
IPCC, “Revised 1996 IPCC Guidelines for National Greenhouse Gas Emission Inventories,” Three volumes: Reference
manual, Reporting Guidelines and Workbook. IPCC/OECD/IEA, 1997.
c
Ministry of the Environment, “National Greenhouse Gas Inventory Report of Japan”, Japan, 2012.
d
IVM, “Greenhouse gas emissions in the Netherlands 1990–2011,” National Inventory Report, 2013.
e
Australian Government, “Australian National Greenhouse Accounts - National Inventory Report the Australian
Government Submission to the United Nations Framework Convention on Climate Change,” 2013.
f
Emission factors of GHGs herein were determined by multiplying MCF of 0.25 or 0.2–0.8.
ACKNOWLEDGEMENTS
The authors would like to express their sincere appreciation
to Ministry of Science and Technology (MOST) and
Environmental Protection Administration (EPA) of R.O.C
(Taiwan) under the auspicious of NSC102-EPA-F-009-002
for their financial supports to accomplish this research. We
also thank the staff of the Ren-Da Wastewater Treatment
Plant for their kind cooperation and assistance for the
sampling and analytical works.
REFERENCES
Amina, A., Elise, C., Tom, S., Mark, J., Peter, V. and
Gabriela, D. (2013). Nitrous oxide emissions and dissolved
oxygen profiling in a full-scale nitrifying activated sludge
treatment plant. Water Res. 47: 524–534.
Australian Government Report (2013). Australian National
Greenhouse Accounts - National Inventory Report the
Australian Government Submission to the United Nations
Framework Convention on Climate Change.
Bao, Z.Y., Sun, S.H. and Sun, D.Z. (2015). Characteristics
of direct CO2 emissions in four full-scale wastewater
treatment plants. Desalin. Water Treat. 54: 4–5.
Caballero, A.R., Aymerich, I., Poch, M. and Pijuan, M.
(2014). Evaluation of process conditions triggering
emissions of green-house gases from a biological
wastewater treatment system. Sci. Total Environ. 493:
384–391.
Cakir, F.Y. and Stenstrom, M.K. (2005). Greenhouse gas
production: A comparison between aerobic and anaerobic
wastewater treatment technology. Water Res. 39: 4197–
4203.
Casey, T. (2011). Greenhouse gas emissions from wastewater
treatment plants get closer scrutiny. Scientific American.
https://cleantechnica.com/2010/05/27/greenhouse-gas-e
missions-from-wastewater-treatment-plants-get-closer-s
crutiny/.
Chen, W.H., Lin, S.J., Lee, F.C., Chen, M.H. Yeh, T.Y. and

Kao, C.M. (2017). Comparing volatile organic compound
emissions during equalization in wastewater treatment
between the flux-chamber and mass-transfer methods.
Process Saf. Environ. Prot. 109: 410–419.
Christensen, J.P., Murray, J.W., Devol, A.H. and Codispoti,
L.A. (1987). Denitrification in continental shelf sediments
has major impact on the oceanic nitrogen budget. Global
Biogeochem. Cycles 1: 97–116.
Czepiel, P., Crill, P. and Harriss, R. (1995). Nitrous oxide
emissions from municipal wastewater treatment. Environ.
Sci. Technol. 29: 2352–2356.
Daelman, M.R.J., Voorthuizen, E.M., Dongen, U.G.J.M.,
Volcke, E.I.P., Loosdrecht, M.C.M. (2012). Methane
emission during municipal wastewater treatment. Water
Res. 4: 3657–3670.
Daelman, M.R.J., Baetsc, B.D., Loosdrechtb, M.C.M.,
Volckea, E.I.P. (2013). Influence of sampling strategies
on the estimated nitrous oxide emission from wastewater
treatment plants. Water Res. 47: 3120–3130.
Daeseung, K., Minsun, K., Jin, C. and Woojin, L. (2015).
Estimation of greenhouse gas emissions from a hybrid
wastewater treatment plant. J. Clean. Prod. 95: 117–123.
Das, S. (2011). Estimation of greenhouse gases emissions
from biological wastewater treatment plants at Windsor.
Ph.D. Dissertation, University of Windsor.
de Mello, W.Z., Ribeiro, R.P., Brotto, A.C., Kligerman,
D.C., de S. Piccoli, A. and Oliveira, J.L.M. (2013).
Nitrous oxide emissions from an intermittent aeration
activated sludge system of an urban wastewater treatment
plant. Quím. Nova. 36: 16–20.
Diksha, G. and Santosh, K.S. (2012). Greenhouse gas
emissions from wastewater treatment plants: A case
study of Noida. J. Water Sustainability 2: 131–139.
Dimoula, V., Kehagia, F., Tsakalidis, A. (2016). A holistic
approach for estimating carbon emissions of road and
rail transport systems. Aerosol Air Qual. Res. 16: 61–68.
El-Fadel, M. and Massoud, M. (2001). Methane emissions
from wastewater management. Environ. Pollut. 114: 177–
185.

2622

Yang et al., Aerosol and Air Quality Research, 17: 2608–2623, 2017

Fangueiro, D., Gusmão, M., Grilo, J., Porfírio, G.,
Vasconcelos, E. and Cabral, F. (2010). Proportion,
composition and potential N mineralisation of particle
size fractions obtained by mechanical separation of
animal slurry. Biosyst. Eng. 114: 333–337.
Foley, J., Lant, P.A. and Donlon, P. (2008). Fugitive
greenhouse gas emissions from wastewater systems.
Water 38: 18–23.
Foley, J., de Haas, D., Yuan, Z. and Lant, P. (2010).
Nitrous oxide generation in full-scale biological nutrient
removal wastewater treatment plants. Water Res. 44:
831–844.
Gallaher, O. (2006). Global mitigation of non CO2
greenhouse gases. Section –III. Waste.
Gaur, A.C., Sadasivam, K.V., Vimal, O.P. and Mathur, R.S.
(1971). A study on the decomposition of organic matter
in an alluvial soil: CO2 evolution, microbiological and
chemical transformations. Plant Soil 35: 17–28.
Hobson, J. (2012). CH4 and N2O emissions from wastewater
handling. Good Practice Guidance and Uncertainty
Management in National Greenhouse Gas Inventories.
pp. 441–454.
Huang, C.H. and Tan, C.S. (2014). A review: CO2
utilization. Aerosol Air Qual. Res. 14: 480–499.
IPCC (1997). Revised 1996 IPCC Guidelines for National
Greenhouse Gas Emission Inventories. Three volumes:
Reference manual, Reporting Guidelines and Workbook.
IPCC/OECD/IEA.
IPCC (2006a). 2006 IPCC Guidelines for National
Greenhouse Gas Inventories. Intergovernmental Panel
on Climate Change. http://www.ipccnggip.iges.or.jp/pub
lic/2006gl/index.html.
IPCC (2006b). Chapter 3: Solid Waste Disposal. In 2006
IPCC Guidelines for National Greenhouse Gas Inventories,
Volume 5: Waste (Vol. 5). Intergovernmental Panel on
Climate Change (IPCC). http://www.ipcc-nggip.iges.
or.jp/public/2006gl/vol5.html.
IPCC (2014a). Climate Change 2014 Synthesis Report.
IPCC (2014b). Intergovernmental Panel on Climate Change;
2006 IPCC Guidelines for National Greenhouse Gas
Inventories. Waste - Vol. 5, Kanagawa, 2006.
Itokawa, H., Hanaki, K. and Matsuo, T. (2001). Nitrous
oxide production in high-loading biological nitrogen
removal process under low COD/N ratio condition.
Water Res. 35: 657–664.
Jarosław, M. N., Michał, G., Łukasz, C., Christoph, G.,
Mirosław, Z., Damian, Z., Jakub, B., Wojciech, W.,
Kazimierz, R. (2016). Regional representativeness of
CH4 and N2O mixing ratio measurements at highaltitude mountain station Kasprowy Wierch, southern
Poland. Aerosol Air Qual. Res. 16: 568–580.
Joon, H.O., Sungpyo, K., Hongkeun, P., Brian, R. and
Kartik, C. (2010). N2O emissions from activated sludge
processes, 2008-2009: Results of a national monitoring
survey in the United States. Environ. Sci. Technol. 44:
4505–4511.
Kampschreur, M.J., van der Star, W.R.L., Wielders, H.A.,
Mulder, J.W., Jetten, M.S.M. and van Loosdrecht,
M.C.M. (2008). Dynamics of nitric oxide and nitrous

oxide emissions during full-scale reject water treatment.
Water Res. 42: 812–826.
Kampschreur, M.J., Temmink, H., Kleerebezem, R., Jetten,
M.S.M. and van Loosdrecht, M.C.M. (2009). Nitrous
oxide emission during wastewater treatment. Water Res.
43: 4093–4103.
Keller, J. and Hartley, K. (2003). Greenhouse gas
production in wastewater treatment: Process selection is
the major factor. Water Sci. Technol. 47: 43–48.
Khalil, M.A.K., Rasmussen, R.A. and Shearer, M.J. (2002).
Atmospheric nitrous oxide: patterns of global change
during recent decades and centuries. Chemosphere 47:
807–821.
Kienbusch, M. (1986). Measurement of Gaseous Emissions
Rates from Land Surfaces using an Emission Isolation
Flux Chamber. User's Guide. EPA Users Guide. (EPA
600/8-86/008).
Kimochi, Y., Inamori, Y., Mizuochi, M., Xu, K.Q. and
Matsumura, M. (1998). Nitrogen removal and N2O
emission in a full-scale domestic wastewater treatment
plant with intermittent aeration. J. Ferment. Bioeng. 86:
202-206.
Kishida, N., Kim, J.H., Kimochi, Y., Nishimura, O.,
Sasaki, H. and Sudo, R. (2004). Effect of C/N ratio on
nitrous oxide emission from swine wastewater treatment
process. Water Sci. Technol. 49: 359–365.
Lin, S.J., Beidari, M. and Lewis, C. (2015). Energy
consumption trends and decoupling effects between
carbon dioxide and gross domestic product in South
Africa. Aerosol Air Qual. Res. 15: 2676–2687.
Liu, C.H., Lin, S.J. and Lewis, C. (2012). Environmental
impacts of electricity sector in Taiwan by using inputoutput. Aerosol Air Qual. Res. 12: 733–744.
Margarita, P. and Scarlette, L.G. (2008). Application of
strategies for sanitation management in wastewater
treatment plants in order to control/reduce greenhouse
gas emissions. J. Environ. Manage. 88: 658–664.
Ministry of the Environment (2012). National Greenhouse
Gas Inventory Report of Japan. Japan.
Monteith, H.D., Sahely, H.R., MacLean, H.L. and Bagley,
D.M. (2005). A rational procedure for estimation of
greenhouse-gas emissions from municipal wastewater
treatment plants. Water Environ. Res. 77: 390–403.
Muangthai, I., Lin, S.J. and Lewis, C. (2016). Interindustry linkages, energy and CO2 multipliers of the
electric power industry in Thailand. Aerosol Air Qual.
Res. 16: 2033–2047.
Nouceiba, A., Thomas, L., Lionel, L. and Olivier, S.
(2010). Effect of the carbon source on N2O emissions
during biological denitrification. Resour. Conserv. Recycl.
54: 299–302.
Omid, A., Laleh, Y. and Fariborz, H. (2014). Greenhouse
gas emission and energy consumption in wastewater
treatment plants: Impact of operating parameters. Clean
– Soil Air Water 42: 207–220.
Park, K.Y., Inamori, Y., Mizuochi, M. and Ahn, K.H.
(2000). Emission and control of nitrous oxide from a
biological wastewater treatment system with intermittent
aeration. J. Biosci. Bioeng. 90: 247–252.

Yang et al., Aerosol and Air Quality Research, 17: 2608–2623, 2017

Rajab, J.M., MatJafri, M.Z., Lim, H.S. (2012). Methane
interannual distribution over peninsular Malaysia from
atmospheric infrared sounder data: 2003-2009. Aerosol
Air Qual. Res. 12: 1459–1466.
Ramanathan, V., Cicerone, R.J., Singh, H.B. and Kiehl,
J.T. (1985). Trace gas trends and their potential role in
climate change. J. Geophys. Res. 90: 5547–5566.
Ren, Y.G., Wangb, J.H., Lic, H.F., Zhanga, J., Qia P.Y.
and Hua, Z. (2013). Nitrous oxide and methane emissions
from different treatment processes in full-scale municipal
wastewater treatment plants. Environ. Technol. 34: 2917–
2927.
RIVM (2013). Greenhouse gas emissions in the Netherlands
1990-2011. National Inventory Report.
Schalk-Otte, S., Seviour, R.J., Kuenen, J.G. and Jetten,
M.S.M. (2000). Nitrous oxide (N2O) production by
Alcaligenes faecalis during feast and famine regimes.
Water Res. 34: 2080–2088.
Sebastian, C.V., Gabriela, E.P., Nicolae, F. and Antoanela,
P. (2013). Evaluation of greenhouse gas emission from
animal manure using the closed chamber method for gas
fluxes. Not. Bot. Horti Agrobot. Cluj Napoca 41: 576–
581.
Shahabadi, M.B., Yerushalmi, L. and Haghighat, H.
(2009). Impact of process design on greenhouse gas
(GHG) generation by wastewater treatment plants.
Water Res. 43: 2679–2687.
Shahabadi, M.B., Yerushalmi, L. and Haghighat, H.
(2010). Estimation of greenhouse gas generation in
wastewater treatment plants – Model development and
application. Chemosphere 78: 1085–1092.
Taiwan EPA (2013). NIEA A739.70B: Sampling for
emissions of volatile organic compounds in wastewater
treatment tanks.
Tallec, G., Garnier, J., Billen, G. and Gousailles, M.
(2006). Nitrous oxide emissions from secondary activated
sludge in nitrifying conditions of urban wastewater
treatment plants: effect of oxygenation level. Water Res.
40: 2972–2980.
Tallec, G., Garnier, J., Billen, G. and Gousailles, M.
(2008). Nitrous oxide emissions from denitrifying activated
sludge of urban wastewater treatment plants, under

2623

anoxia and low oxygenation. Bioresour. Technol. 99:
2200–2209.
Tolkou, A.K. and Zouboulis, A.I. (2012). Effect of climate
change in WWTPs and especially in MBR infrastructures
used for wastewater treatment.
U.S. Environmental Protection Agency (USEPA) (1999).
Compendium of Methods for the Determination of
Toxic Organic Compounds in Ambient Air, Center for
Environmental Research Information Office of Research
and Development, Cincinnati.
U.S. Environmental Protection Agency (USEPA) (2006).
Global Anthropogenic Non-CO2 Greenhouse Gas
Emissions: 1990–2020. Washington, DC: USEPA.
U.S. Environmental Protection Agency (USEPA) (2010).
Inventory of U.S. Greenhouse Gas Emissions and Sinks:
1990-2008. (EPA publication no. EPA 430-R-10-006.)
Washington, DC: U.S. Environmental Protection Agency,
Office of Atmospheric Programs, April. http://www.epa.
gov/climatechange/ghgemissions/usinventoryreport/arch
ive.html.
U.S. Environmental Protection Agency (USEPA) (2014).
Inventory of U.S. Greenhouse Gas Emissions and Sinks:
1990–2012. (EPA publication no. EPA 430-R-14-003.)
Washington, DC: U.S. Environmental Protection Agency,
Office of Atmospheric Programs, April. http://epa.gov/
climatechange/emissions/usinventoryreport.html.
Wei, Y., Yerushalmi, L. and Haghighat, F. (2008).
Estimation of greenhouse gas emissions by the wastewater
treatment plant of a locomotive repair factory in China.
Water Environ. Res. 80: 2253–2260.
Yan, X., Li, L. and Liu, J. (2014). Characteristics of
greenhouse gas emission in three full-scale wastewater
treatment processes. J. Environ. Manage. 26: 256–263.
Zhu, H., Tao, J., Yan, X., Zhou, B. and Mwangi, J.K.
(2016). Short-Term effects of straw application on carbon
recycle in a rice-rapeseed rotation system. Aerosol Air
Qual. Res. 16: 3358–3363.
Received for review, August 19, 2017
Revised, September 14, 2017
Accepted, September 15, 2017

