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A B S T R A C T

Unconventional water reclamation, recycling, and reuse have been identified as the major approaches for ad-
dressing water scarcity in China. The aim of this study was to evaluate the technical and economic feasibility of
water reclamation plants (WRP) based on an anaerobic-anoxic-oxic membrane bioreactor (A2O-MBR) system for
unconventional water resource (domestic wastewater and rainwater) treatment and reuse in green building
residential community. During a year operation and evaluation process, average chemical oxygen demand
(COD), biochemical oxygen demand (BOD5), total nitrogen (TN) and total phosphorus (TP) removal efficiencies
averaged 83.7 ± 3.2%, 91.6 ± 2.6%, 69.0 ± 6.5% and 74.5 ± 5.5%, respectively. The effluent quality of
wastewater treated by the A2O-MBR system complied with the water quality standards for reuse for green
building residential community or for direct discharge. Typical seasonal fluctuations of temperature, COD
loading rate, BOD5/COD and COD/TN were the key factors affecting pollutants removal efficiencies, and the
membrane fouling rate was accelerated at low temperatures. The total cost of capital and operation was 0.406
$/m3, a cost-benefit analysis incorporating both capital and operating expenditures showed that more than 60%
of the reclaimed water is reused in the green building, and the full-scale WRP exhibits a positive net present
value. These results demonstrated that A2O-MBR is an efficient and profitable technology for nontraditional
water resource recycling in green building residential communities in terms of technical and economic feasi-
bility.

1. Introduction

China is facing severe water stress in terms of both scarcity and the
deterioration of quality (Zeng et al., 2017). Two thirds of China’s 669
cities suffer from water shortages, more than 40% of rivers are severely
polluted, and 80% of lakes exhibit eutrophication (Jiang, 2009). Thus,
it is necessary to more efficiently use limited water resource and aug-
ment widespread nontraditional water resources to meet the increasing
water demands (Cheng et al., 2009). In this sense, nontraditional water
resource reclamation is regarded as the most viable alternatives to in-
creasing water supplies and reducing pollutants discharge (Hochstrat
et al., 2007; Molinos-Senante et al., 2011; Wu et al., 2018). In recent
years, green building residential community (green building residential
community, defined as energy-saving and land-saving residential

buildings) have been aggressively encouraged by governmental orga-
nizations in water-scare cities in China (Chang et al., 2018), because of
their advantages of energy-saving, water-saving, land-saving, material-
saving, environment-benign and pollution-reducing traits (Nguyen
et al., 2017; Ye et al., 2013). In Green building residential community,
domestic wastewater and rainwater collected from the roofs, lawns and
roads can be reused for household (toilet flushing and laundry water)
and outdoor uses (roads cleaning, car washing and lawn watering) (Guo
et al., 2014). Research has shown that a residential home can reduce its
typical potable water consumption by 31% using domestic wastewater
and rainwater for irrigation and toilet flushing (Christova-Boal and
McFarlane, 1996).

Therefore, versatile wastewater treatment solutions, such as che-
mical, physical and biological approaches, are used to treat
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decentralized domestic wastewater and rainwater in green building
residential community (Singh et al., 2015) using methods, such as,
anaerobic baffled reactor granular activated carbon (Pirsaheb et al.,
2018), constructed wetland (Andreo-Martinez et al., 2017; Nguyen
et al., 2018), solid filter beds (Jenssen et al., 2010), septic tank-anae-
robic filter-chlorination system (Alderson et al., 2015), conventional
activated sludge processes (De Luca et al., 2013), A2O-biological acti-
vated carbon-UV process (Kalkan et al., 2011), A2O-coagulation-UF
system (Zheng et al., 2012), submerged membrane bioreactor (SMBR)-
electrocoagulation system (Nguyen et al., 2014b) and all types of
membrane treatment systems (Diaz-Elsayed et al., 2019). Among these
technologies, membrane bioreactors are the most commonly used
technologies for reusing domestic wastewater because they have de-
monstrated operational cost-effectiveness and significant efficiency
(Pintilie et al., 2016; Rashidi et al., 2015; Santasmasas et al., 2013).
Weiss and Reemtsma (2008) reported on the application of an MBR in
relation to polar pollutant removal from wastewater for a 16-month
operation, and the results indicated that more than 50% of polar pol-
lutants were removed, and the effluent met the standard for reuse.
Santasmasas et al. (2013) designed an automatic MBR (1.2 m3/d) to
treat the low-load gray water, and the results indicated that the re-
cycling of gray water allows for an effluent of excellent quality with
organic, surfactants and microbial parameters under the limits defined
by Spanish legislation for urban water reuse. Verrecht et al.(2012)
designed a small-scale MBR system to provide 25m3/d of reclaimed
water for toilet flushing and irrigation. The effluent was observed to
contain BOD5, TSS and turbidity levels of< 1mg/L,< 2mg/L and<
0.15 NTU, respectively, during a 2-year operation.

Full-scale MBRs have realized practical applications in wastewater
treatment and reuse. It was reported that an anoxic-aeration MBR
system (London, UK) was built to treat raw municipal wastewater and
provide 574m3 of nonpotable water per day to the Queen Elizabeth
Olympic Park for parkland irrigation, venue toilet flushing and to

supplement rainwater harvesting systems (Purnell et al., 2016).
Krzeminski et al. (2012) demonstrated that compared to a stand-alone
MBR, a hybrid MBR provides certain operational flexibility and ensures
more stable conditions for the activated sludge leading to a more stable
operation at energy and cost-efficient conditions. The full-scale results
indicated that an MBR has shown great potential in reused wastewater
systems, including the augmentation of potable water supplies. How-
ever, the existing literatures primarily focus on pollutant removal and
membrane control in a full-scale MBR, fewer studies have compre-
hensively investigated the life-cycle cost-benefit analysis related to
pollutant removal and membrane control based on a long-term full-
scale MBR implementation (Verrecht et al., 2012). In particular, in-
formation about MBRs used for nontraditional water sources reclaimed
in green building residential community is limited.

In light of this information, this study aims to investigate the
technical and economic feasibility of full-scale A2O-MBR-based water
reclamation plant for domestic wastewater and rainwater intended for
direct nonpotable reclamation in a green building residential commu-
nity, to provide a sustainable and profitable approach for wastewater
and rainwater treatment and management in Green building residential
community. The goals of this work are threefold. First, the wastewater
treatment performance (organic removal, nutrient removal and sus-
pended solids removal, etc.) of a full-scale A2O-MBR was monitored
over an entire year. Second, we investigated the performance of
membrane module filtration over an entire year. Final, a cost-benefit
analysis, based on evaluations of life cycle capital cost, operational cost
and income generated by the project, was conducted to determine the
economic feasibility of an A2O-MBR-based water recycling system in
Green building residential community.

Fig. 1. Schematic diagram of the A2O-MBR-based water recycling plant in the grenn building residential community. (1.domestic wastewater, 2.rainwater from the
roof, 3.wastewater collecting well, 4.screen, 5. adjustment tank, 6. aerated grit basin, 7. anaerobic tank, 8. anoxic tank, 9. aerobic tank and membrane module, 10.
dephosphorization tank, 11. reclaimed water basin, 12.disinfection system, 13. sludge storage tank, 14. screw press dehydrator, 15. reused for toilet-flushing, 16.
reused for car washing, 17. reused for road cleaning, 18. reused for lawn irrigation, 19. reused for artificial lake supplement, 20. discharge) SP: sampling position;
green arrow: water flow; gray arrow: excess sludge flow; blue arrow: internal reflux flow (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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2. Materials and methods

2.1. Full-scale water reclamation plant

The water reclaimed plant is located in North of China and treats
domestic wastewater and rainwater taken from a green building re-
sidential community covering an area of 276,800m2 with capacity of
12, 000 population equivalents, to provide approximately 1000m3 of
reclaimed water per day to the green building residential community
for the purposes of lawn irrigation, toilet flushing and car washing etc.
The full-scale A2O-MBR based WRP consists of three main parts: do-
mestic wastewater and rainwater harvesting systems, wastewater
treatment systems and reclaimed water systems (Fig.1).

2.1.1. Harvesting system
As Fig. 1 shows, the wastewater is predominantly domestic and light

commercial in origin, with rainwater inputs from a relatively large
catchment of the green building residential community. Domestic
wastewater is generated from residents, community gardens and shops.
The rainwater is harvested from the building roofs, roads and lawns.
The rainwater is mixed with the domestic wastewater and stored in an
adjustment tank after physical treatment by coarse and fine screen
particle separation.

2.1.2. Wastewater treatment system
The wastewater treatment system includes an 8-mm coarse screen,

1-mm fine screen, an adjustment tank, an aerated grit basin, an A2O-
MBR, a chlorination system, a reservoir and a sludge treatment system.
The pretreatment process, comprises coarse screens, fine screens, ad-
justment tank (1250m3, hydraulic retention time (HRT) of 30 h) and
aerated grit basins, successively removing most suspended solids, and
then introducing the effluent into A2O-MBR (700m3, HRT of 16.8 h).
The effective working volumes of anaerobic, anoxic and oxic tank in the
A2O-MBR system are approximately 120m3, 120m3 and 460m3, re-
spectively. The three tanks with HRT of 2.9 h, 2.9 h and 11.0 h, re-
spectively, which were slightly higher than the previous wastewater
treatment and reused plant (Wu et al., 2011; Xu et al., 2016; Xue et al.,
2010). In particular, membrane module (GE Water & Process Tech-
nologies, Fairfield, USA, hydrophilic PVDF, 0.034 μm) with a 3500 m2

membrane area is designed in an A2O-MBR, and the net flux of 18 L/
(m2·h) is observed in this study. The MBR was designed for 25% re-
dundancy of the membrane area in this study to avoid the operating
risk. A digital pressure switch (ACD-2H, Xian ANCN Smart Instrument
Inc., China) is installed between the membrane module and the mem-
brane permeable pump (DAB Pumps Water Technology, Italy) to mea-
sure the trans-membrane pressure (TMP). The effluent of the membrane
module is stored in the reclaimed water basin before chlorination
(0.3–1.5mg/L chlorine residual, contact time 0.51 h) and reuse. The
sludge treatment system comprised a sludge storage tank (100 m3) and
a screw press dehydrator.

2.1.3. Reused system
The reclaimed water is reused as follows: the majority of the re-

claimed water (˜37%) is used for toilet flushing and laundry water,
portion (˜19%) is used for lawn irrigation and artificial lake replen-
ishment, a small part (˜5%) is used for road cleaning and car washing in
the green building residential community, and the rest (˜39%) is di-
rectly discharged (Fig. s1).

2.2. Operational conditions and wastewater characteristics

During the initial operation of the WRP, seed-activated sludge was
initially taken from a local municipal wastewater treatment plant.
Approximately 20 days into the start-up period, the WRP adequately
acclimatized biomass development and culture stability. The mixed li-
quor volatile suspended solids (MLVSS) concentration in the oxic tank
was approximately 5 g/L, and the effluent met the reuse and discharge
standards (Table s1), demonstrating that the WRP was successfully in-
itiated. Three stages were determined during a one-year operation
based on temperature variation (Table 1). Stage I was nonfrozen period
(Day 1˜177) with the lowest ambient temperature above 0 °C. Stage II
was a frozen period (Day 178˜341) with ambient temperatures ranging
from -28 to 10 °C. Stage III was defined as the melting period when the
deposited ice and snow began to melt. The mixed liquor suspended
solids (MLSS) concentration of the anaerobic and anoxic tanks was
ranging from 3.97˜6.09 g/L, and higher MLSS of 6.17˜7.78 g/L was
maintained in the oxic tank. The DO concentrations of the anaerobic,
anoxic, and oxic tank were controlled at 0.0˜0.1 (0.05 ± 0.04) mg/L,

Table 1
Operation parameters with different stages.

Parameters Stage I Stage II Stage III

Day 1˜180 181˜330 331˜365
Ambient temperature (°C) 0˜35 −28˜10 −10˜12
Influent temperature (°C) 15˜28 (22.4 ± 3.6) 8˜18 (12.5 ± 2.6) 7˜13(12.9 ± 0.8)
Flux (m3/d) 685˜1147 (922.4 ± 108.2) 694˜898 (799.6 ± 54.6) 845˜1087 (939.9 ± 92.2)
BOD5/COD ratio of influent 0.37˜0.51 (0.45 ± 0.03) 0.34˜0.51 (0.42 ± 0.02) 0.24˜0.38 (0.29 ± 0.05)
COD/TN ratio of influent 4.27˜6.13 (5.10 ± 0.36) 4.73˜8.00 (5.84 ± 0.72) 5.09˜7.54 (6.58 ± 0.74)

A2O-MBR
COD loading rate (kg-COD/(m3.d)) 0.23˜0.31 (0.25 ± 0.02) 0.23˜0.38 (0.28 ± 0.04) 0.28˜0.45 (0.38 ± 0.06)
BOD5 loading rate (kg-BOD5/(m3.d)) 0.08˜0.12 (0.11 ± 0.01) 0.09˜0.15 (0.12 ± 0.02) 0.09˜0.12 (0.11 ± 0.01)
Temperature in anaerobic tank (°C) 13˜28 (23.1 ± 4.1) 9˜20 (15.4 ± 2.8) 7˜13 (13.0 ± 4.9)
Temperature in anoxic tank (°C) 14˜28 (23.1 ± 4.6) 9˜21 (15.5 ± 3.1) 8˜14 (13.2 ± 2.2)
Temperature in MBR tank (°C) 15˜28 (23.3 ± 2.4) 9˜21 (15.8 ± 2.7) 8˜14 (13.4 ± 1.6)
MLSS in anaerobic and anoxic tank (g/L) 4.54˜6.09 (5.21 ± 0.95) 4.01˜5.00 (4.54 ± 0.76) 3.97˜4.98 (4.62 ± 0.48)
MLVSS in anaerobic and anoxic tank (g/L) 3.57˜4.74 (4.12 ± 0.77) 3.04˜3.92 (3.44 ± 0.83) 2.97˜3.64 (3.42 ± 0.37)
MLSS in MBR tank (mg/L) 6.91˜7.78 (7.12 ± 0.82) 6.28˜7.40 (6.74 ± 0.42) 6.17˜7.61 (6.71 ± 0.53)
MLVSS in MBR tank (mg/L) 5.71˜6.12 (5.63 ± 0.61) 4.85˜5.72 (5.29 ± 0.48) 4.76˜5.92 (5.26 ± 0.39)
F/MMBR (g-COD/(g-MLVSS.d)) 0.058˜0.067 (0.062 ± 0.007) 0.067˜0.072 (0.070 ± 0.012) 0.092˜0.108 (0.103 ± 0.018)
DO in anaerobic tank (mg/L) 0˜0.1 (0.05 ± 0.02) 0˜0.1 (0.05 ± 0.03) 0˜0.1 (0.06 ± 0.03)
DO in anoxic tank (mg/L) 0.1˜0.5 (0.36 ± 0.12) 0.1˜0.5 (0.31 ± 0.10) 0.1˜0.5 (0.23 ± 0.08)
DO in aerobic tank (mg/L) 3.6˜4.5 (4.0 ± 0.5) 3.6˜4.5 (4.0 ± 0.5) 3.6˜4.5 (4.0 ± 0.5)
SRT(d) 40 40 40
O-A recycle ratio 1.5˜2.0 1.8˜2.5 1.8˜2.5
A-A recycle ratio 1.0˜1.2 1.0˜1.2 1.0˜1.2

COD loading rate and BOD5 loading rate is the loading rate based on the volume of A2/O-MBR. Average values with standard deviation are shown in parentheses. F/
MMBR is calculated based on the MBR (tank 9).
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0.1˜0.5 (0.32 ± 0.14) mg/L and 3.6˜4.5 (4.0 ± 0.5) mg/L, respec-
tively. For the membrane module operation, as recommended by the
membrane manufacturer, one operation cycle of the membrane module
contained 8min of suction followed by 2min of pause. The backwash
protocol comprised a weekly chemical cleaning in place (CIP) with
500mg/L NaClO and 2000mg/L citric acid, along with three chemical
cleaning out place (COP) cycles (3 h for air-water washing, 3 h for the
2000mg/L citric acid and 3 h for the 1000mg/L NaClO) when the TMP
reached 10 kPa (Lin et al., 2011; Verrecht et al., 2010). Detailed op-
erational conditions, such as ambient temperature, wastewater tem-
perature in each tank, flux, influent COD loading rate, sludge retention
time (SRT), etc., are summarized in Table 1.

2.3. Sampling and analytical methods

Influent flow, permeate flow, flux, transmembrane pressure, per-
meability, temperature, pH and DO were monitored in real-time and
collected by the on-line sensor at the unit. The DO on-line sensor was
equipped with a DO probe (COS 381, Shenzhen Futai Instrument Co.
Ltd, China). The pH values and temperature data were measured using
a Crison GLP-22 pH meter, and a temperature meter (Hach, 2100 N,
USA), respectively. A programmable logic controller (PLC, SE300 S)
was used to collect data and control the process parameters. Three
parallel samples were collected from the WRP influent, the WRP ef-
fluent, and the anaerobic, anoxic and oxic zones of the A2O-MBR once
time three days. The parameters of influent and effluent, such as COD,
BOD5, TN, ammonium (NH4

+-N), nitrate (NO3
−-N), nitrite (NO2–N),

TP, color, turbidity, total suspended solids (TSS), and volatile sus-
pended solids (VSS), were analyzed according to the standard methods
for the examination of water and wastewater (APHA, 2005). For
membrane fouling characterization, five parallel membranes were
sampled from the MBR for detaching the biocakes at different stages.
The biocake was recognized to be completely detached from the
membrane surface after ultrasonic clean. The biocake mixed liquor
from the membrane module were prepared for extraction of extra-
cellular polymeric substances (EPS) and soluble microbial product
(SMP) according to previous studies (Gao et al., 2014, 2011). Each EPS
and SMP were considered as the sum of carbohydrates and proteins.
The extraction of EPS and SMP was according to the method reported
by Malamis and Andreadakis (2009). The carbohydrates contents was
measured by the phenol/sulfuric acid method with glucose as the
standard substance (Dubois et al., 1956). The protein concentration was
determined with a BCA kit (Sangon Biological Engineering Co. Ltd,
Shanghai, China). Specific methanogenic activity (SMA) of the biomass
in the anaerobic tank was measured and evaluated according to a
previous study (Huang et al., 2011).

2.4. Cost-benefit analysis (CBA) modeling

2.4.1. Capital costs (Cap)
The physical infrastructure (wastewater collection, treatment and

reuse system) is included, but the land cost is not due to the site spe-
cificity in this study. Labor costs for construction and installment are
allocated on average to each item. The main considerations taken into
account when calculating the capital costs are listed in Eq. (1) and
Table s2 (all results are in 2018 dollars).

= + +Cap Cap Cap Caph t r (1)

–Wastewater harvesting system (Caph): pipes, pumps and rainwater
harvesting well are the main components of the harvesting system.
Pipes include domestic wastewater transport pipes and rainwater har-
vesting pipes.

–Wastewater treatment system (Capt): The tank building costs are
calculated to vary from $100 to $250/m3 tank volume with different
scale and requirements. The cost of the hollow fiber membrane used in
this study is $52/m2, with a lifespan of 8 years, which was obtained

from the membrane supplier.
–Reclaimed water reused system (Capr): reclaimed water supply

pumps, reclaimed water supply pipes and sprinklers on the lawn are the
main components of the reused water system.

2.4.2. Operational costs (Opc)
The operational costs are the sum of the annual expenditures for

energy consumption, chemical consumption, sludge disposal, main-
tenance and personnel costs.

= + + + +Opc Opc Opc Opc Opc Opcec cc sc mc pc (2)

–Energy consumption (Opcec): energy consumption is mainly used
for wastewater harvesting pumps, mixers, inner reflux, aeration,
backwash, disinfection and reused water supply pumps.

–Chemical consumption (Opccc): The consumption of chemical re-
agents includes several parts, including those used for clean membranes
(NaClO and citric acid) and disinfection systems (NaClO2 and HCl).
Representative prices for bulk chemicals are obtained from chemical
suppliers in China.

–Sludge disposal cost (Opcsc): a screw press dehydrator is selected
for sludge dewatering. To ensure adequate sludge conditioning, poly-
electrolyte (PAM) is required. The dewatered sludge (moisture content
lower than 70%) is transported for further disposal (landfill).

–Maintenance (Opcmc) and personnel (Opcpc) costs: The equipment
lifetime is designated per manufacturers’ recommendations (Table s2).

2.4.3. Net profit
The net present value (NPV) is defined as the total sum of the capital

costs, operation costs and incomes generated by the WRP (Maurer,
2009; Santos et al., 2018; Silva et al., 2016). The method described in
the following equation is based on a whole plant operation period of 30
years, and the lifespans of main capital components are listed in Table
s2, with a long-term 6% nominal interest rate and 3% inflation rate
used in this study (Ferrer et al., 2015; Lin et al., 2011; Maurer, 2009).

∑ ⎜ ⎟= ⎛
⎝

− −
+

⎞
⎠=

NPV
Inc Ope Cap

i
( ) ( ) ( )

(1 )
.

t

t t t
t

0

29

(3)

where NPV is the net profit valu Inc is the value of the income, Ope
represents the annual operation cost and Cap is the value of the cost. i is
the nominal interest rate. For a given project, the project is econom-
ically viable when the NPV > 0, on the contrary the project is not
viable in economic terms if the NPV < 0.

The income generated by reusing the reclaimed water and the
revenue from swage charge can be calculated as Eq. 4.

= + + + + +Inc Inc Inc Inc Inc Inc Inctf cw rc gi as sc (4)

Where Inctf, Inccw, Incrc, Incgi and Incar represent the income for toilet-
flushing, car washing, road cleaning, lawn irrigation and artificial lake
replenishment, and Incwt is the revenue from sewage charge.

2.5. Statistical analysis and calculation

A statistical analysis generated from the IBM SPSS20 software (IBM,
USA) for Windows was used to evaluate the existence of statistically
significant differences between the results. Pearson correlation analysis
was conducted in this study to evaluate the correlation between two
variables, such as temperature, loading rate, BOD5/COD, COD/TN and
pollutants removal efficiencies (Liang et al., 2019). The pollutants re-
moval efficiencies were calculated according to Pirsaheb et al. (2018),
SRT was calculated as follows.

= ∙ + ∙ + ∙ ∙

+ ∙
− −

− −

SRT X V X V X V Q X

Q X

( )/(

)
ana ana ano ano oxi oxi slu an slu an

slu oxi slu oxi (5)

Xana, Xano and Xoxi indicate the MLSS concentrations (g/L) of the
anaerobic tank, anoxic tank and oxic tank, respectively. Vana, Vano and
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Voxi indicate the volumes (m3) of the anaerobic tank, anoxic tank and
oxic tank, respectively. Qslu-an represents the discharge sludge volume
(m3/d) from the anaerobic and anoxic tanks, and Xslu-an represents the
discharge sludge concentration (g/L) from the anaerobic and anoxic
tanks.

3. Results and discussion

3.1. Wastewater treatment performance

3.1.1. Organic removal
The WRP was stably operated for one year to investigate the organic

removal performance, the influent, effluent, and removal of COD and
BOD5 during the experimental period are shown in Fig. 2. At stage I, the
average influent COD and BOD5 were 193.8 ± 20.3 and
86.2 ± 8.7mg/L, respectively. The average COD and BOD5 removal
efficiencies of the wastewater treatment system were 85.3 ± 2.5% and
93.0 ± 2.3%, respectively, with the effluent COD ranging from 18 to

46mg/L (average of 28.7 ± 7.1mg/L) and BOD5 ranging from 2 to
10mg/L (average of 6.0 ± 2.1mg/L). Correspondingly, the total COD
and BOD5 removal efficiencies were 150.9 ± 10.1 kg−COD/d and
73.1 ± 4.3 kg-BOD5/d, respectively. At stage II, the influent COD and
BOD5 were sharply increased to 241.1 ± 22.3 and 100.9 ± 8.2mg/L,
with the reduction of light pollution domestic wastewater (bathing and
washing water) and less rainwater entered the system during the
winter. The average COD and BOD5 removal efficiency levels decreased
to 82.7 ± 2.5% and 90.4 ± 1.5%, corresponding effluent COD and
BOD5 concentrations increased to 28˜57mg/L (average of
41.8 ± 7.7mg/L) and 6˜13mg/L (9.6 ± 1.5mg/L), respectively. The
effluent may be significantly affected by the influent temperature, as
the average influent temperature during stage II was decreased about
9.8 °C which from 22.4 ± 3.6 °C to 12.5 ± 2.6 °C. Moreover, the slight
fluctuation of the influent BOD5/COD ratio and COD loading rate
(Table 1) may also affect the organic removal efficiency. The influent
COD continued to increase to 284 ± 33mg/L at stage III, which varied
between 264 and 315mg/L; however, the average influent BOD5

Fig. 2. COD (a) and BOD5 (b) removal performance of the A2O-MBR based WRP during the three stages of one year’s operation.
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decreased to 79.8 ± 4.2mg/L with a BOD5/COD of 0.28 ± 0.05. The
melting snow and ice, with many nonbiodegradable pollutants entering
the system, led to deterioration of influent, resulting in average COD
and BOD5 in the effluent increasing to 63.4 ± 9.1mg/L and
9.8 ± 2.0mg/L, with average COD and BOD5 reductions of
77.8 ± 1.2% and 87.7 ± 2.8%.

As described above, the organic removal efficiency in the full-scale
WRP was most likely influenced by the influent temperature, COD
loading rate, BOD5/COD and other operational parameters. To identify
the key factors that affected the organic removal efficiency of the WRP,
a Pearson correlation analysis was conducted to correlate the organic
removal behavior with the influent temperature, organic loading rate,
BOD5/COD and COD/TN. A strong positive correlation (r= 0.62,
p < 0.01) was found between the influent BOD5/COD and COD re-
moval efficiency, and a moderately positive correlation (r= 0.45,
p < 0.01) was found between the influent temperature and COD re-
moval efficiency (Table 2). However, COD loading rate showed a ne-
gative correlation (r=-0.53, p < 0.01) with COD removal efficiency.
Moreover, as the COD removals, these parameters almost showed a
consistent correlation trends with BOD5 removals (Table 2). These re-
sults suggest that the influent biodegradability strongly influences the
organic removal efficiency of the full-scale WRP, followed by the COD
loading rate and influent temperature.

3.1.2. COD balance
The COD mass balance was analyzed (Fig. 3) to gain further insight

into the removal mechanism of organic removal from the WRP system
during the three operation stages (Pirsaheb et al., 2015). The input and
output organic mass (in the form of COD) of the WRP can be expressed
as follows:

= + + + + +COD COD COD COD COD COD CODin pre slu met aer eff oth (6)

CODin and CODeff represent the COD of influent and effluent, re-
spectively. CODpre represents the part or organic matter removed by the
pretreatment system, CODslu represents the part removed by excess
sludge discharge from the A2O-MBR system, and CODmet is the portion
of organic matter removed in the WRP in the form of methane. CODaer

is the portion of organic matter converted to CO2 in the MBR tank.
CODoth represents the other patterns of COD removal. The results from
the three stages were similar in many respects, and it was observed that
more than half of the sewage COD (51˜54%) ended up in sludge (pre-
treatment system and A2O-MBR). The aerobic mineralization part for
organic matter removal was also attributed to 15.2–21.0%, and fewer
fractions of carbons were converted to CO2 at stage II and stage III,
which may be caused by the low temperature and high loading rate. For
example, at stage I, The COD removed by the excess sludge in the
pretreatment system and A2O-MBR were 10.5% and 41.2%, respec-
tively, and 21.0% of COD was removed by the aerobic mineralization of
A2O-MBR, 15.2% of which was residual in the effluent. Interestingly,
the biomass in the anaerobic tank was detected with a methanogenic
activity of 0.015 ± 0.002 g CH4−COD/(g-VSS·d) at stage I, indicating
very low methane generation in the anaerobic tank. However, the
methanogenic activity of anaerobic biomass cannot be detected at
stages II and III, which may be attributed to the low temperature
(Hatamoto et al., 2016; Sumino et al., 2007). The residual and un-
accounted parts increase to 29.2% and 33.9% in stages II and III, re-
spectively, also demonstrating that influent temperature and loading
rate are the key factors influencing organic matter removal.

3.1.3. Nitrogen removal
The NH4

+-N and TN concentrations in the WRP during the three
stages were also measured to gain a better insight into nitrogen removal
(Fig. 4 and Table s3). During the nonfrozen period (stage I), the internal
recycle ratio from the oxic to the anoxic zones was kept between 1.5
and 2.0, and the nitrogen concentration in the influent was measured as
31.0˜45.6mg-TN/L and 26.4˜43.7 mg-NH4

+-N/L. The average effluent

Table 2
Pearson correlation coefficients of wastewater characteristics and pollutant
removal efficiency.

COD BOD5 TN NH4
+-N TP

Temperature r 0.45** 0.52** 0.44** 0.62** 0.39*

p 0.00 0.00 0.00 0.00 0.01

COD Loading rate r −0.53** −0.45** −0.33** −0.63** −0.34*

p 0.00 0.00 0.00 0.00 0.02

BOD5/COD r 0.62** 0.57** 0.41* 0.64** 0.42*

p 0.00 0.00 0.02 0.00 0.02

COD/TN r −0.32* −0.49* −0.70** −0.76** −0.51**

p 0.03 0.02 0.00 0.00 0.00

** p< 0.01.
* p < 0.05.

Fig. 3. Comparison between COD mass balance of Stage I (inner), Stage II (middle) and Stage III (outer).
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TN and NH4
+-N concentrations were observed as 10.2 ± 1.6 and

2.4 ± 0.7mg/L, with a corresponding 73.1 ± 4.1% TN and
92.9 ± 1.9% NH4

+-N reduction in the A2O-MBR system, respectively.
A small amount of NH4

+-N and NO2
−-N (0.3 ± 0.2mg/L) was de-

tected in the effluent, and NO3
−-N was the prominent nitrogen species

in the effluent demonstrating that the nitrification could proceed well
in the oxic tank. When the WRP operated in stage II and stage III, be-
cause of the shock of temperature, loading rate and COD/TN, the in-
ternal recycle ratio was increased to 1.8˜2.5 to maintain the TN removal
performance. A t-test shows that there is a significant difference be-
tween stage I and stage II. The TN and NH4

+-N removal efficiencies
reduced to 64.9 ± 6.0% and 82.1 ± 4.4%, with effluent concentra-
tions of 11.5˜18.4 mg/L and 4.1˜8.8mg/L, respectively. NO2

−-N in the
effluent was maintained at 0.4 ± 0.2 mg/L, and the average NO3

−-N
concentration in the effluent reached 7.4 ± 1.4mg/L. The decrease in
NH4

+-N removal efficiency may attributed to the significant tempera-
ture variation as the specific nitrite oxidation rate showed higher than
the specific ammonium oxidation rate when the temperature was below
20 °C (Kim et al., 2008). At stage III, same as the organic matters, the
TN (43.6 ± 6.2mg/L) showed an increasing trend may due to the
settlement and accumulation of nitrogenous pollutants from auto-
mobile and factories exhaust during winter, and NH4

+-N concentration
(33.9 ± 2.7mg/L) slightly decreased compared to stage II as more
commercial wastewater with a low NH4

+-N enters to the system. The
removal efficiencies of TN and NH4

+-N were 63.2 ± 2.0% and
71.1 ± 4.2% with average concentrations of 17.1 ± 1.0mg/L and
9.9 ± 1.6mg/L in the effluent, respectively. Theoretically, ammonium
in wastewater is initially oxidized to nitrite or nitrate during nitrifica-
tion and then reduced to nitrogen gas in denitrification. Nitrification is
usually regarded as the rate-determining step of the nitrification-deni-
trification process. In this A2O-MBR system, a relatively longer SRT (40
days) and high DO (>4.0mg/L) in the oxic tank could enrich nitrifiers,

thus assuring that the nitrification could proceed. The large amount of
NO3

−-N concentrations detected in the effluent also demonstrated that
the performance of denitrification was limited under anoxic conditions.
Moreover, there was less accumulation of NO2

−-N in the oxic tank. It
was obvious that nitrobacteria inhibition was not present in the oxic
reactor.

A correlation analysis was also conducted to identify the key factors
that affected the nitrogen removal efficiency of the WRP (Table 2).
Similar to the organic NH4

+-N removal, which was strongly affected by
the influent temperature (r= 0.62, p < 0.01), the COD loading rate
and BOD5/COD also showed a moderate correlation between the NH4

+-
N removal performance. Moreover, a significantly negative correlation
(r=-0.76, p < 0.01) between NH4

+-N removal and the COD/TN ratio
was also found in the WRP, this may due to the reproduction of het-
erotrophic bacteria was promoted and the autotrophic nitrifying bac-
teria was inhibited under the high COD/TN. For the TN removal per-
formance, the anoxic denitrification capabilities play a prominent role,
as anoxic zones are the only place that all or parts of NO3

−-N are re-
duced to nitrogen gas or other volatile oxides(Chen et al., 2015). Pre-
vious research (Chen et al., 2015; Nguyen et al., 2014a) indicated that
the denitrification capacity of the A2O system was affected by the
availability of COD in the influent, the internal recycle ratio, and the
amount of DO recycled from the oxic to the anoxic zones of the A2O. A
Pearson correlation analysis also showed that TN removal was strongly
affected (r=-0.70, p < 0.01) by the COD/TN ratio in the WRP, and
these results also proved by the previous study (Pirsaheb et al., 2017).

3.1.4. Phosphorus removal
The phosphorus removal in the WRP was considered for two path-

ways during the system designed, mainly for the biological phosphorus
removal in A2O-MBR tanks (tank 7, 8 and 9), and chemical phosphorus
removal as the supplementary methods in dephosphorization tank (tank

Fig. 4. TN (a), NH4
+-N (b) and TP (d) removal performance, effluent NO3

−-N and NO2
−-N concentration in the A2O-MBR system during the three stages of one

year’s operation.
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10) when the effluent phosphorus exceeds the standards. During this
operation period the biological phosphorus removal processes was the
only pathway as the dephosphorization tank was not operated and
without chemical consumption. As we all know that biological phos-
phorus removal process was based on the enrichment of activated
sludge with polyphosphate-accumulating organisms (PAOs) with the
alternated anaerobic-aerobic conditions (Ribarova et al., 2017). Fig.1
showed that the substrate is taken up by PAOs and stored in the cells as
poly-hydroxyalkanoates (PHAs), and release phosphate into the liquid
phase in the anaerobic zones (tank 7). In the anoxic and oxic zones,
higher amount of phosphate was luxury uptake by PAOs, PHA was used
as carbon and energy sources for growth and replenishment of the in-
ternal glycogen. Complete biological phosphorus removal was achieved
in the oxic zones through the wastage of excess sludge with high poly-P
content. Thus, it is necessary to investigate the P-release and P-uptake
under different tanks and the TP variations were shown in Table s3 and
Fig. 4d. Sludge discharge was the only one removal mechanism for
phosphorus removal, which can observed a concentration coefficient
0.018 ± 0.003, 0.015 ± 0.004 and 0.013 ± 0.004 kg-TP/kg-TSS
during stage I, II and III, respectively.

In general, the average TP concentration was reduced from
1.7 ± 0.2mg/L in the influent to 0.4 ± 0.1mg/L in the effluent, with
an average removal efficiency of 74.5 ± 5.5% for the WRP. For stage I,
the phosphorus release amount in the anaerobic zone of A2/O was
observed at approximately 2.6 ± 0.3mg/L (Table s3), and the effluent
concentration of TP ranged from 0.26 to 0.52mg/L with an average
effluent TP and TP removal efficiency of 0.4 ± 0.1 mg/L and
78.4 ± 3.2%. When the system switched to stage II, the WRP average
effluent TP slightly increased to 0.5 ± 0.1mg/L with the TP removal
efficiency decreasing 71.1 ± 3.9%. However, the effluent TP increased
significantly (p < 0.05) to 0.7 ± 0.1mg/L with the removal effi-
ciency of 63.9 ± 3.1% during stage III. The key factors driving the
phosphorus release are the anaerobic condition and soluble carbon
sources (Jinwoo et al., 2006), and the membrane module did not cause
phosphorus removal, since the phosphorus concentration in the final
effluent of the WRP remained the same as that of the oxic tank.
Moreover, the correlation analysis also demonstrated that the influent
temperature, COD loading rate, and BOD5/COD slightly affected the TP
removal.

3.1.5. MLSS, MLVSS and turbidity performances
MLSS and MLVSS are the major factors in the operation of the WRP

system, and the previous study reported that high MLSS concentration
may leads membrane fouling, and decreased oxygen transfer efficiency
(Nguyen et al., 2014a). Thus, in this study, MLSS concentration was
controlled at a moderate level (Table 1). The MLSS in the anaerobic and
anoxic tank were between 3.97 to 6.09 g/L, MLVSS range between 2.97
and 4.74 g/L, with almost constant ratio of MLSS/MLVSS. A higher
MLSS and MLVSS were observed in the oxic tank which from 6.17 to
7.78 g/L and 4.76 to 6.12 g/L, respectively. The observed sludge yield
based on TSS during the three stages were 0.47 ± 0.12, 0.42 ± 0.17
and 0.44 ± 0.09 kg-TSS/kg−COD, respectively. Furthermore, the ob-
served biomass yield is less than the previous studies (Nguyen et al.,
2016), as the rain water containing unbiodegradable or toxic pollutants
(such as heavy metals and hydrocarbons), and a portion of the substrate
enters the cell mass to synthesize energy. The SRT was maintained at 40
days by daily withdrawal of excess sludge from the A2/O-MBR system.
The volume of excess sludge from the anaerobic and anoxic tank was
range between 2.1˜3.5m3/d, and form oxic tank was range between
4.0˜6.8m3/d. The sludge concentration change in each tank and in each
run is explained by the intermittent sludge disposal.

A data compilation of 121 samples were analyzed over the opera-
tion (Fig. 5), showing that the full-scale system achieved virtually
complete TSS removal from 95.7% to 100%, with an average value of
98.6 ± 1.1% in different stages throughout the entire operation. The
turbidity removal ranged from 92.1% to 99.7%, with an average value

of 97.7 ± 1.8%. The TSS and turbidity were mainly removed by the
membrane module system, suggesting that physical rejection was effi-
cient for TSS and turbidity removal. It is worth noting that the TSS and
turbidity removal showed a decline with long-term operation, which
may have contributed to membrane fouling.

3.2. Membrane module filtration performance

Effective control of membrane fouling is the key strategy for MBR
operation, especially for the full-scale MBR. The results showed that the
TMP was maintained at a low level (< 0.1 kPa) at a flux of 18 L/(m2 h1)
during the initial 100 days. It sharply increased during days 102–155
and was higher than 10 kPa after 155 days, indicating serious mem-
brane fouling. During this period, higher effluent SS and turbidity
concentrations were also observed, as previously described (Fig. 5). The
membrane modules were then removed for chemical cleaning. After
COP, the membrane permeability was restored to 99.5%. However, at
stage II, the TMP increased to 1 kPa after 40 days of operation with a
cleaned membrane module, reaching 10.05 kPa at day 285. The stable
operation time was much shorter than that at stage I (100 days). The
reason for this was probably due to the much lower temperature that
increased viscosity at Stage II. For example, the viscosity of bulk liquid
in MBR was 1.9 mPa·s at 10 °C, but it decreased to 1.5 mPa·s at 20 °C.
These measured viscosities are nearly 50% greater than that of pure
water at the same temperature. This phenomenon was also observed
and demonstrated in other reports (Jiang et al., 2005; Shin et al., 2014).
At day 286, the membrane modules were again removed for off-line
chemical cleaning, and the TMP remained lower than 1 kPa until the
end of this study. Moreover, it is noted that without obviously foam
event was observed after each chemical cleaning in this study, because
of the system maintained at a relatively low MLSS concentration and
the COP of membrane was avoided during the winter.

Biocake formation fouling and a decline in soluble microbial pro-
ducts, as well as ESP, SMP from the bacterial cells, are the dominant
membrane fouling mechanism which led to a slower permeation flux
decline over time (Pirsaheb et al., 2019). In this study, carbohydrates
and proteins were observed as the major components of SMP and EPS.
As Fig. 6 shows, the protein in the SMP and EPS was 6.5 ± 0.3mg/g
VSS and 26.8 ± 3.6mg/g VSS at the beginning of the study (day 5),
and it remained at a stable value of 7.6 ± 0.4mg/g VSS and
29.3 ± 2.1mg/g VSS until day 80, respectively. The carbohydrates in
the SMP and EPS were also consistent from day 5 to day 80, which
ranging from 5.2 ± 0.5 to 5.8 ± 0.4mg/g VSS in SMP and from
8.5 ± 1.3 to 10.2 ± 2.2mg/g VSS in EPS. However, both proteins and
carbohydrates in SMP and EPS increased sharply at day 134; the former
reached 10.2 ± 0.6mg/g VSS in SMP and 50.1 ± 7.4mg/g VSS in
EPS, and the latter reached 9.4 ± 0.5mg/g VSS in SMP and
17.3 ± 2.4mg/g VSS in EPS. These results have a good correlation
with the TMP (4.19 kPa), indicating that EPS and SMP were the main
cause of membrane fouling. Similar results were recently reported by
(Ersahin et al., 2014). In addition, the accumulation of SMP and EPS on
the membrane surface would aggregate membrane fouling propensity
and result in TMP exponential increases, as shown in Fig. 6 (Huang
et al., 2011). However, at day 205 and day 320, TMP was observed at
low values of 0.43 kPa and 0.09 kPa, while the proteins and carbohy-
drates in SMP and EPS were maintained at high levels. These results
may contribute to the lower temperature of wastewater, which is con-
sistent with previous studies showing that the membrane module will
suffer more fouling at low temperature conditions than at high tem-
perature conditions (Jiang et al., 2005).

3.3. Cost-benefit analysis

3.3.1. Capital costs
Table 3 and Table s2 show that the total life cycle capital cost of the

full-scale A2O-MBR-based WRP is 1862.9× 103 $, with 1862.9
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$/(m3·day) capacity, which is much higher than the reported full-scale
“A2O-MBR” system (Xiao et al., 2014). The reason for this is that the
wastewater harvesting and reused water system were taken into ac-
count in the total life capital costs analysis in this study. The two sys-
tems contributed 11.1% and 11.5% of the capital cost, respectively,
most of which were the cost of transport pipes. The wastewater treat-
ment system contributes to 77.4% of the total capital cost. Therein,
A2O-MBR accounts for 46.1% of the cost with a value of 858.6× 103 $.
In particular, the cost of the membrane module accounted for ˜30% of
the total life cycle cost due to its relatively short lifetime. The annual-
ized capital cost for the A2O-MBR-based WRP was 621 $/a (0.20 $/m3),
which compares favorably to the reported values for full-scale MBRs in
China (Liu et al., 2010).

3.3.2. Operation costs
The operation costs for the A2O-MBR-based WRP are approximately

67.0×103 $/a with a unit operating cost of 0.211 $/m3-WW (Table 3).
Further analysis of the breakdown of the total operation costs showed

that the fractions of cost items had the following order: energy con-
sumption (66.8%)> sludge treatment (16.9%)>maintenance and
personnel (10.3%)> chemical consumption (4.5%) (Fig. s2). Ob-
viously, energy consumption and sludge treatment contribute to most of
the operating costs.

The total energy consumption of the A2O-MBR-based WRP is
451.8×103 kWh/year, with a cost of 44.7×103 $/a (0.099 $/kWh).
The energy consumption was 1.42 kW h/m3-WW for harvesting,
treating and reusing the wastewater. According to the energy con-
sumption distribution in weighted averages on the WRP, aeration pre-
sented the maximum energy consumption, accounting for one third of
the total energy consumption (Fig. s2). The energy for the backwash
and permeable pump took second place, representing 22.2%. In addi-
tion, the energy consumption of the A2O-MBR was approximately
1.01 kW h/m3-WW, which included inner reflux, aeration, permeable
pump and backwash pump consumption. This value was comparable to
the results obtained in a large-scale hollow fiber MBR of 1.07 kW h/m3-
WW (Verrecht et al., 2010). The breakdown of the chemical

Fig. 5. SS (a) and turbidity (b) removal performance of the A2O-MBR based WRP during the three stages of one year’s operation. (SP1, SP3 and SP5 were the sample
positions as Fig.1 shown).
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consumption and sludge treatment for the A2O-MBR illustrated that
membrane cleaning (CIP and COP) and disinfection accounted for
50.8% and 46.0% of chemical consumption, respectively. Dewatering
and finial disposal accounted for 52.0% and 36.2% of sludge treatment,
respectively.

3.3.3. Net profit
NPV is calculated by evaluating the total benefits derived from the

income from the reclaimed water, capital costs and operating costs (He
et al., 2018; Molinos-Senante et al., 2010). The annualized capital cost
for the WRP is 62.1× 103 $/a, assuming that the lifespan for the whole
WRP is 30 years (Table 3 and Table s2). The total annualized income

Fig. 6. The TMP, EPS and SMP of the membrane module during the operation.
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from reusing the reclaimed water and revenue from the swage charge is
226.5× 103 $/a, which the toilet-flushing contributes the most part
(36.8%), followed by sewage charge (20.4%) and lawn irrigation
(16.1%). The net annualized profit is 82.8×103 $/a, which is calcu-
lated by deducting the annualized operating costs (67.0×103 $) and
tax (14.6×103 $) from the total income (226.5×103 $). According to
Table 2, based on the data acquired from one year’s operation, the NPV
for the full-scale A2O-MBR-based WRP gives a positive result of
602.3× 103 $ with the specific net present value of 602.3$/(m3·d)
takes into account the average plant utilization over its lifetime, which
is slightly higher than the reported specific net present value of a large-
scale hollow fiber MBR (575.5$/(m3·d)) (Verrecht et al., 2010). The
results indicated that the A2O-MBR-based system for treating and re-
using domestic wastewater in Green building residential community is
profitable. The profit will be greater if the environmental benefits de-
rived from wastewater treatment and reused water are taken into
consideration.

4. Conclusion

The A2O-MBR based system is an efficient and profitable technology
for treating and reclaimed water in Green building residential com-
munity in the view of technical and economic feasibility. The effluent
quality of wastewater treated by the A2O-MBR-based system complied
with the recycling and directly discharge standard of China. The
average COD, BOD5, TN and TP removal efficiencies averaged
83.7 ± 3.2%, 91.6 ± 2.6%, 69.0 ± 6.5% and 74.5 ± 5.5%, respec-
tively. The temperature, COD loading rate, BOD5/COD and COD/TN are
the key factors affects the A2O-MBR operation performances.
Membrane module capital costs and A2O-MBR energy consumption
accounted for the largest fraction of the total life cycle capital costs and
operation costs, respectively. However, about 61% of the reclaimed
water was reused in the green building residential community make a
positive net present value of 602.3×103 $ of the WRP.
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Cap, Ope and resulting NPV for the full-scale A2O-MBR-based WRP.

Parameters Unit Values

Influent flow ×104m3/a 31.8
Total Cap* ×103 $ 1862.9
harvesting system % 11.1
treatment system % 77.3
reused system % 11.5

Annual Cap ×103 $/a 62.1
per cubic meter Cap $/m3 0.195
Annual income ×103 $/a 226.5
toilet-flushing % 36.8
car washing % 13.8
road cleaning % 1.5
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