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ARTICLE INFO ABSTRACT
Editor: Yifeng Zhang Non-conventional water recovery, recycling, and reuse have been considered imperative approaches to
addressing water scarcity in China. The objective of this study was to evaluate the technical and economic
K;J’Wurds: feasibility of Water Reclamation Plants (WRP) based on an anaerobic-anoxic-oxic membrane bioreactor (AZO-
A“O-MBR

MBR) system for unconventional water resource treatment and reuse in towns (domestic sewage and rainwater).
Rainwater is collected and stored in the rainwater reservoir through the rainwater pipe network, and then
transported to the WRP for treatment and reuse through the rainwater reuse pumping station during the peak
water demand period. During a year of operation and evaluation process, a total of 610,000 cubic meters of
rainwater were reused, accounting for 10.4 % of the treated wastewater. In the A20-MBR operation, the average
effluent concentrations for COD (chemical oxygen demand), NHZ-N (ammonium), TN (total nitrogen), and TP
(total phosphorus) were 14.23 + 4.07 mg/L, 0.22 + 0.26 mg/L, 11.97 + 1.54 mg/L, and 0.13 £ 0.09 mg/L,
respectively. The effluent quality met standards suitable for reuse in industrial cooling water or for direct
discharge. The WRP demonstrates a positive financial outlook, with total capital and operating costs totaling
0.16 $/m>. A comprehensive cost-benefit analysis indicates a positive net present value for the WRP, and the
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estimated annualized net profit is 0.024 $/m?. This research has achieved near-zero discharge of wastewater and
effective allocation of rainwater resources across time and space.

1. Introduction

Around 80 % of the global population is facing substantial water
security challenges, a predicament heightened by escalating water
scarcity resulting from climate change, population growth, and eco-
nomic development (Bakker, 2012; Koop et al., 2022; Mihelcic et al.,
2017). To tackle this issue, a crucial shift toward more sustainable water
use is imperative (Prouty et al., 2018). This entails embracing devel-
opment practices that can be sustained indefinitely, concurrently alle-
viating adverse social, economic, and environmental impacts. One
promising solution is the utilization of Unconventional Water Resources
(UWRs) as an alternative water source to overcome water scarcity
(Baggio et al., 2021; Karimidastenaei et al., 2022). In 2020, the Euro-
pean Commission (EC) established a legal requirement for water reuse in
agriculture across the European Union (EU). EU Regulation (2020/741)
outlines minimum standards for water reuse, prompting member states
to adopt strategies for reclaimed water utilization (Cosenza et al., 2023).
China's per capita water resources are only about one-fourth of the world
average. In response to the water crisis, a series of policies has been
promulgated, including “The Yellow River Protection Law” and the
“Water Pollution Prevention and Control Law of the People's Republic of
China,” which emphasize the importance of increased wastewater
treatment and reuse as crucial measures to address these concurrent
crises (Lyu et al., 2016; Qu et al., 2022). Firstly, municipal wastewater
reuse holds the potential to significantly augment the overall water re-
sources of the country. Secondly, rainwater, acknowledged as a clean
and sustainable resource, has emerged as a crucial avenue for develop-
ment (Frieberg et al., 2023; Zanni et al., 2019). The practices of rain-
water harvesting and reuse not only offer solutions to various
challenges, such as alleviating the water crisis and relieving pressure on
traditional water sources but also yield additional benefits (Sweetapple
et al, 2023; Zhou et al., 2021). These advantages encompass the
reduction of non-point source pollutant loads, resolution of water-
logging issues, prevention of flooding, and contribution to climate
change mitigation (Soh et al., 2023).

Therefore, a range of sewage treatment approaches, encompassing
chemical, physical, and biological methods, are applied for the treat-
ment of municipal sewage and stormwater (Morris et al., 2017). These
methods include constructed wetlands (Wu et al., 2018), solid filtration
beds (Huang et al., 2023), traditional activated sludge processes (Tang
et al., 2016), submerged membrane bioreactors (SMBR) (Sano et al.,
2020), and various membrane treatment systems (Qin et al., 2018).
Many membrane-based systems for treating wastewater and producing
high-quality treated water have been thoroughly studied (Garrido-
Baserba et al., 2022). Membrane-based systems have many advantages
over conventional wastewater treatment technologies (Lan et al., 2018).
Membranes act as permanent barriers, effectively blocking suspended
particles, including bacteria and viruses, as well as macromolecules
larger than the pore size of the membrane material (Men et al., 2023).
This mechanism significantly enhances the quality of the treated
wastewater. The compact nature of membrane systems minimizes their
environmental impact, aligning well with the principles of sustainable
development (Yan et al., 2018). Nowadays, MBR has been widely
accepted and applied as an efficient wastewater treatment process in
China, due to its clean effluent and rapid performance improvement in
many aspects, such as membrane lifespan, fouling mitigation, and en-
ergy consumption reduction (Lee et al., 2018; Monclis et al., 2015).
Furthermore, the reduction in membrane prices and advancements in
membrane materials have further propelled the efficiency of membrane
systems in treating wastewater, particularly where economically
feasible (Liu et al., 2022).

This study delves into the comprehensive process of collecting,
treating, and reusing municipal sewage and rainwater in Dalat Banner, a
semiarid and water-scarce region in China. The rainwater and sewage
collection area covers the entire urban area of Dalat Banner, covering an
area of about 30.7 km?. Rainwater collected during the rainy season is
temporarily stored in rain reservoirs. In contrast, during the peak water
demand period, the accumulated rainwater in the storage pond is
conveyed to a reclaimed water plant through dedicated rainwater reuse
facilities for treatment and subsequent disposal. The heart of this process
lies in the utilization of the A20-MBR process at the reclaimed water
plant. This advanced treatment method facilitates collaborative efforts
in treating both rainwater and pollutants, ensuring that the effluent
meets high-quality standards. The treated reclaimed water is trans-
ported to industrial parks, where it becomes a sustainable and profitable
source of industrial water. This integrated approach not only addresses
the collaborative treatment and management of urban sewage and
stormwater but also emphasizes the importance of recycling.

2. Materials and methods
2.1. Wastewater treatment system

Situated in northern China, this treatment plant efficiently processes
large volumes of domestic sewage and stormwater from cities and
towns, handling up to 20,000 cubic meters per day (Fig. 1). Notably, all
treated water is reused as industrial water. The preliminary treatment
includes coarse screens, fine screens, an aerated grit chamber, and an
ultra-fine screen, successively removing the majority of suspended
solids. Following this preliminary treatment, the wastewater undergoes
the A20-MBR system for further processing. This system plays a pivotal
role in finalizing the removal of COD, nitrogen, and phosphorus nutri-
ents. Specifically, within the A20-MBR system, there are 36 sets of
membrane modules, each composed of hydrophilic PVDF with a pore
size of 0.3 pm. Remarkably, each set demonstrates a water production
capacity of 834 m3/d. After the A?0-MBR process, the wastewater is
directed to a magnetic coagulation system for further phosphorus
removal. Subsequently, it undergoes disinfection with chlorine dioxide
before being stored in a clean water tank for the subsequent reuse phase.
This comprehensive treatment process showcases an efficient and
advanced approach to managing wastewater, ensuring high-quality in-
dustrial water recycling in the region.

2.2. Harvesting system and reused system

As illustrated in Fig. 2, the primary sources contributing to waste-
water include domestic sewage and rainwater. Domestic sewage origi-
nates from the day-to-day activities of urban residents, involving tasks
such as washing, cooking, flushing toilets, and other water-related ac-
tivities. During the rainy season, the municipal pipe network collects
rainwater, directing it through the rainwater pumping station to
discharge into the downstream rainwater reservoir. During the peak
water demand period, the rainwater reuse pump station becomes
operational, facilitating the conveyance of rainwater to the WRP.

2.3. Sampling and analytical methods

The WRP employs real-time monitoring facilitated by in-line sensors
to systematically track and gather data on incoming and outgoing water
flow, temperature, pH, and dissolved oxygen (DO). Following the
standard water and wastewater inspection method (APHA, 2012), a
thorough analysis of various key parameters in both influent and
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effluent is conducted. Samples were collected at the front end of the
coarse screen and in the clear water tank. These parameters encompass
COD (Chemical Oxygen Demand), TN (Total Nitrogen), NHj-N
(Ammonium Nitrogen), NO3-N (Nitrate Nitrogen), TP (Total Suspended
Solids), VSS (Volatile Suspended Solids), turbidity, and other pertinent
indicators. This meticulous analysis serves the dual purpose of ensuring
compliance with established water quality standards and offering
valuable insights into the efficacy of the treatment process. The real-
time monitoring system, coupled with comprehensive parameter anal-
ysis, reinforces the unit's commitment to maintaining high water quality
standards and continuously improving its wastewater treatment prac-
tices. Fecal E. coli and heavy metal indicators are monitored monthly,
with the analysis method and equipment details provided in Table S3 of
the supplementary material.

2.4. Cost-benefit analysis modeling

To assess the economic viability of wastewater reuse projects,
traditional economic analysis methods, such as Cost-Benefit Analysis
(CBA) are essential. CBA serves as a widely used index for evaluating the
economic aspects of wastewater treatment (Arroyo and Molinos-
Senante, 2018; Finnerty et al., 2023). It involves comparing revenue
against costs, where revenue is derived from the sale of recycled water
and other secondary products. Costs encompass various elements,
including capital expenditures, operational and maintenance expenses,
and financial outlays. Capital costs include expenses like land acquisi-
tions, pipe and pump installations, well construction, and procurement
of equipment and materials. Operational and maintenance costs cover
energy costs for pumping, pipeline upkeep, labor, chemicals, adminis-
trative expenses, additional processing energy, repairs, and material
consumption.

2.4.1. Capital costs (Cap)

Since the construction cost of the rainwater and sewage collection
municipal website and the rainwater reservoir is government infra-
structure, it is not included in the cost consideration. Therefore, the
capital cost of this project only considers the capital investment of
various infrastructures at the time of the initial construction of the raw
water plant. It mainly includes engineering costs, other costs, and
rainwater reuse system costs. The main considerations for calculating
the capital costs are outlined in Eq. (1) and Table 1.

Cap = Cape + Capo + Capr (1)

Engineering costs (Cg.): The engineering costs include the sewage

Coarse screen Pump
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Fine screen
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pretreatment system, sludge treatment system, aeration system, disin-
fection system, reclaimed water supply system, A20-MBR system, and
dosing system.

Other costs (Cqpo): Construction land cost, engineering survey cost,
engineering design cost, etc., are the main components of other costs.

Rainwater reuse system costs (Cgyr): The cost of a rainwater reuse
system mainly includes a stormwater reuse pumping station, rainwater
reuse pipeline, and other expenses.

2.4.2. Operational costs (Op.)

The operating costs of the reclaimed water plant include the sum of
energy consumption, chemical expenses, sludge treatment, equipment
maintenance, and staff costs.

Opc = Ubpce + Opcc + Opcs + Opcm + Opcp (2

Energy consumption (Oj): It mainly involves the use of electricity in
recycled water plants, sewage collection pumps, flow pushers, aeration
equipment, MBR backwashing, MBR feed pumps, disinfection systems,
rainwater reuse pumps, and reused water supply pumps.

Chemical expenses (Op.): The expenses for chemical reagents
encompass various components, such as chemicals used for cleaning
membranes (NaClO) and disinfection systems (NaClO3 and HCl). Carbon
source sodium acetate, phosphorus removal agent polyferric sulfate.

Sludge treatment (Op): The plate and frame filter dehydrator is
chosen for sludge dewatering requiring polyacrylamide (PAM) for
proper sludge conditioning. The dehydrated sludge (moisture content
below 80 %) is directly handed over to the company with sludge treat-
ment qualification for treatment and disposal.

Maintenance (Opcr) and personnel (Op) costs: The equipment life-
time is determined according to recommendations provided by the
manufacturer.

2.4.3. Net profit

The net present value (NPV) is calculated as the sum of the capital
costs, operating costs, and incomes generated by the WRP (Djukic et al.,
2016; Estrada et al., 2012; Wang et al., 2019). The method described in
the following equation is based on a whole plant operation period of 20
years. The lifespans of the main capital components are listed in Table 1,
with a long-term 6 % nominal interest rate and 3 % inflation rate used in
this study (Ferrer et al., 2015).

NPV — Z (Inc § ic))f (Cap)[> @
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In the formula, NPV represents the net profit value, Inc stands for the
income value, O,.represents the annual operation cost, and C,, is the
cost value. The nominal interest rate is denoted by i. For a specific
project, it is deemed economically feasible when the NPV > 0.
Conversely, if the NPV < 0, the project is considered economically un-
viable. Recycled water as industrial cooling water is sold to enterprises
for profit, and the income is Inc.

3. Results and discussion
3.1. Rainwater collection and reuse

This study is situated in Dalat Banner, Ordos City, China, an area
characterized by a temperate continental climate with strong winds,
sandy, and dry conditions, and limited rainfall. Summers are hot and
short, while winters are cold and long (Fig. 3a), resulting in noticeable
temperature variations between seasons. Fig. 3b illustrates that the
average annual rainfall in Dalat Banner is 327.0 mm, with precipitation
concentrated from July to September, accounting for 71 % of the annual
total. In this project, rainwater will be collected through the stormwater
pipe (Fig. 2) into the rainwater reservoir (Fig. 4c) for treatment and
reuse, covering an approximate catchment area of 30.7 km? With a
runoff coefficient of 0.3, the annual rainwater collected amounts to
about 3 x 10 m®. To maintain optimal storage and drainage capacity in
the existing rainwater reservoir, ensure good water quality, and protect
the aquatic ecological environment, anti-seepage works have been car-
ried out. The reservoir (Fig. 4c) area spans about 145,000 m?, with a
reservoir depth of approximately 6 m, resulting in a rainwater storage
capacity of about 900,000 m>. Since the operation of the rainwater re-
covery pump house from March 28, 2023, to December 28, 2023, it has
been operational for 195 days, with a cumulative recovery of 601,900
tons of rainwater and an average daily recovery of 3086.6 m® of rain-
water (Fig. 5). Rainwater treatment water accounts for about 10.4 % of
the total water treated by the WRP.

3.2. Water treatment performance

3.2.1. Organic removal
All kinds of complex organic matter in wastewater are primarily
degraded by activated sludge microorganisms in the aerobic tank. The
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Table 1
The removal performance of contaminants in WRP.

Index Influent quality (mg/ Effluent quality (mg/ Removal efficiency

L) L) (%)
COD 524.10 £ 274.37 14.22 + 4.06 96.68 + 1.55
NH;- 39.81 +13.58 0.22 + 0.26 99.38 £ 0.56
N
TP 4.03 + 0.52 0.13 + 0.09 96.65 + 2.63
SS 176.16 + 14.17 8.03 + 0.84 95.40 + 0.89

MBR efficiently intercepts almost all bacteria and suspended matter in
the wastewater, facilitating the growth and reproduction of nitrifying
bacteria and other slowly proliferating bacteria. This, in turn, improves
the system's COD removal rate and other key indicators, significantly
shortening the reaction time (Li et al., 2009; Li et al., 2019; Lu et al.,
2019). The examination of the operation of the WRP, spanning from
January 1, 2023, to November 30, 2023. Initially, focusing on the
removal performance of organic matter, Fig. 6b and Table 1 illustrate
the influent and effluent COD concentrations of the WRP, along with the
removal rates during operation. The COD influent concentration peaked
at 1321 mg/L before May. This high concentration is attributed to the
low temperatures during the winter season, which result in reduced
mildly polluted domestic wastewater (from activities like bathing and
washing water). Additionally, only a relatively small amount of rain-
water entered the WRP until March 28th. However, the COD concen-
tration of the effluent remained below 20 mg/L, indicating that the WRP
has the ability to cope with stronger changes in water quality. Following
this, the COD concentration of the influent water gradually decreased,
reaching 315.17 + 3.51 mg/L. This reduction coincided with warming
weather, resulting in increased water usage for washing by residents.
Simultaneously, the onset of the season introduced a significant amount
of rainwater into the WRP. Rainwater, being a lightly polluted water
source, exerted a dilution effect on domestic sewage.

3.2.2. Nitrogen removal

Nitrogen removal in the A%0 process primarily involves biological
nitrification and denitrification. In this process, the mixed liquid from
the end of the aerobic zone and the sewage from the anaerobic zone
enter the anoxic zone together for denitrification. Biological denitrifi-
cation is a process in which nitrate nitrogen (NO3-N) and nitrite
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Fig. 4. (a) The stormwater channel; (b) The rainwater pump; (c) The rainwater reservoir; (d) The rainwater reuse pump.

nitrogen (NO3-N) in sewage are reduced to nitrogen by microorganisms providing favorable conditions for the growth of nitrifying bacteria. In
under anaerobic or low oxygen conditions (Bonassa et al., 2021; Zhang order to achieve better nitrogen removal effect, electron donors for
et al., 2022). The MBR process extends the sludge retention time by microbial growth are provided by adding organic matter (Wang et al.,
increasing the sludge concentration and reducing the organic load, 2021). The solid dosage of sodium acetate for sewage plus carbon source
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Fig. 5. The volume of rainwater reused in the WRP.

denitrification is 41.9 kg/h. If a 58 % commercial crystalline sodium
acetate solid reagent is selected, it is dissolved and prepared to create a
20 % sodium acetate solution, resulting in a dosage of about 210 L/h.
The sodium acetate solution was added to the anoxic denitrification
section of the biological tank using a diaphragm metering pump. The
concentrations of NHf -N and TN in the WRP were also measured during
operation to gain better insights into nitrogen removal, as depicted in
Fig. 6¢c and Table 1. The influent NHj-N concentration exhibited
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significant fluctuations, averaging 39.81 + 13.58 mg/L. Consequently,
the effluent NHJ-N concentration remained low at 0.22 + 0.26 mg/L,
resulting in a remarkable removal rate of 99.38 + 0.56 %. The effluent
TN concentration was 11.97 + 1.54 mg/L, indicating that the A20-MBR
demonstrated effective nitrogen removal and strong impact resistance.

3.2.3. Phosphorus removal

In the system design process, two types of phosphorus removal were
considered in the WRP: biological removal of phosphorus in the A%O-
MBR tank and chemical removal of phosphorus. Biological phosphorus
removal involves the use of phosphorus accumulation bacteria in
sewage under anaerobic conditions (Zuthi et al., 2013). These bacteria
inhibit and release phosphate, improve activity, and produce energy to
absorb rapidly degrading organic matter, converting it into PHB (poly-
hydroxybutyric acid) for storage (Zhou et al., 2022). When these
phosphorus-accumulating bacteria enter aerobic conditions, the stored
PHB is degraded to produce energy. This energy is then used for cell
synthesis and excessive absorption of dissolved phosphorus in sewage,
forming sludge with high phosphorus content (Wilfert et al., 2015). This
sludge is discharged into the system with the excess activated sludge,
achieving the purpose of phosphorus removal. Chemical phosphorus
removal serves as an auxiliary facility for biological phosphorus
removal, ensuring that the effluent meets the required standards. The
dosage of polyferric sulfate depends on the influent TP concentration
and phosphorus removal rate. The phosphorus content of the waste-
water after biological phosphorus removal is about 2-3 mg/L, and the
designed dosage of polyferric sulfate is 2-3 mol Fe/mol P. Therefore,
considering the high requirements of TP and SS in the effluent of this
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performance of WRP.
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project, combined with the current operation of MBR, to reduce the
amount of phosphorus removal agent and reduce the burden of chemical
sludge on the biological system, the coagulation high-efficiency pre-
cipitation process was added after the A20-MBR process. The intro-
duction of magnetic powder (Fe3O4) as the crystal nucleus facilitates
collisions between suspension solids and colloidal particles, rendering
them unstable and causing the formation of floc. This process leads to a
notable increase in the removal rate of SS, along with significant re-
ductions in TP and turbidity. Moreover, there are substantial decreases
in COD, total organic carbon (TOC), and chroma. Additionally, this
method contributes to the removal, to a certain extent, of impurities
such as heavy metals, bacteria number, and algae are also removed to a
certain extent (Chen et al., 2021; Sha et al., 2022). The effluent quality is
much higher than that of conventional sedimentation and comparable to
the filtration process. Throughout the entire operational process, the
total phosphorus concentration in the effluent consistently remained at
0.13 £ 0.09 mg/L (Fig. 6d and Table 1), and the removal rate was 96.65
+ 2.63 %, meeting the stringent requirements for water reuse (Table S1).

3.2.4. Heavy metal concentrations and microbiological parameters

Heavy metals have raised concerns regarding the reuse of reclaimed
water due to their potential toxicity. To address this, regular analysis of
heavy metal content is conducted on both influent water and recycled
water at a monthly interval, as detailed in Table 2. Notably, only the
influent water concentration of Hg exceeded the standard for recycled
water reuse (0.001 mg/L), measuring at 1.68 x 1073 mg/L. However,
after WRP treatment, the effluent Hg concentration was reduced to 0.75
x 1072 mg/L, reaching the standard of reclaimed water reuse (Table S2).
Fecal E. coli was utilized to assess the microbial quality of the reclaimed
water, with the fecal E. coli count in the recycled water being below 20
CPU/L, which meeting the 1000 CPU/L standard specified in the recy-
cled water reuse guidelines (Table S2). Therefore, membrane filtration
and chlorine dioxide disinfection can effectively produce high-quality
reclaimed water.

3.3. Membrane module filtration performance

Each series of MBR pools is equipped with 6 sets of MBR membrane
components, totaling 6 series. The MBR membrane adopts poly-
vinylidene fluoride (PVDF) hollow fiber membrane with the following
characteristics: the membrane material is polyvinylidene fluoride,
featuring strong anti-pollution properties, easy to clean, and is suitable
for sewage treatment (Tibi et al., 2020). It exhibits stable chemical
properties, and strong oxidation resistance, making it cleanable with
common oxidation agents. The flux of the membrane is significantly
higher than that of similar products of other materials (such as PP
(Polypropylene) or PE (Polyethylene)) (Judd, 2016). To ensure that
MBR membrane components maintain good membrane flux and can
continuously and stably produce water, regular backwashing of MBR
membrane components is necessary. The chemical backwashing process
is similar to the water backwashing process, with the difference being
that chemical backwashing utilizes 10 % sodium hypochlorite. Sodium
hypochlorite aids in removing the organic attachments (Sun et al., 2021;
Wang et al., 2010). Chemical cleaning is a thorough cleaning of the

Table 2

The concentrations of metals and fecal E. coli in influent and reclaimed water.
Index Influent Effluent Unit
cd 0.08 3.5x 1073 mg/L
Crg 0.033 0.012 mg/L
Cr 0.09 4.7 x 1073 mg/L
Hg 1.68 x 1073 0.75 x 1073 mg/L
Pb 6.7 x 1072 11.3 x 1074 mg/L
Zn 0.17 0.07 mg/L
Cu 0.05 / mg/L
Fecal E. coli 11,333 <20 CPU/L
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membrane components during MBR operation for half a year. During
chemical cleaning, a set of membrane components is lifted from the
aeration tank by a crane and soaked in a chemical cleaning tank with a
pre-prepared pharmaceutical solution (sodium hypochlorite). One set of
membrane components can be soaked each time to fully remove pol-
lutants attached to the membrane components. Following cleaning, it is
lifted back to the aeration tank by the crane. After each chemical
cleaning, the waste liquid in the chemical cleaning tank is discharged to
the sewage well. The sludge mixture in the A20 tank flows into the
membrane separation tank by itself. Under the suction action of the
water production pump, the solid-liquid is completely separated by
membrane filtration, and high-quality water is directly obtained. In the
membrane bioreactor, the aeration device within the membrane region
serves dual functions. Firstly, it facilitates membrane cleaning through a
gas-water oscillation process. Secondly, it delivers oxygen to support the
degradation of biodegradable organic matter (Tang et al., 2022).

3.4. Cost-benefit analysis

3.4.1. Capital costs

Table 3 illustrates the comprehensive life cycle capital cost for a full-
scale WRP utilizing the A%0-MBR system, amounting to 775.70 x 10* §.
The comprehensive life capital cost analysis includes capital expendi-
tures for rainwater reuse system costs, engineering costs, and other costs
in this study. In the entire investment process, engineering costs repre-
sent a substantial 81.6 % of the total cost, amounting to 633.90 x 10* $.
Notably, within this category, the A20-MBR system constitutes a sig-
nificant portion, contributing 48.9 %, and is valued at 310.08 x 10* $. It
is worth highlighting the substantial influence of membrane compo-
nents, which make up 24.8 % of the total lifecycle costs due to their
relatively short lifespan. Therefore, rainwater recovery costs constitute
4.9 % of the overall investment, with pipelines and pumping stations
accounting for 71.7 % and 22.2 %, respectively. The annualized capital
cost for the WRP stands at 38.79 x 10* $/a (0.053 $/(m3~day)).

3.4.2. Operation costs

The operational cost for the WRP utilizing the A20-MBR system is
approximately 157.32 x 10* $/a, with a unit operating cost of 0.11
$/(m>.d) (refer to Tables 4 and 5). A detailed breakdown of the sum
operating cost reveals the proportion of each cost item: energy con-
sumption (39.8 %) > sludge treatment (26.0 %) > chemical consump-
tion (24.2 %) > maintenance and personnel (10.0 %) (see Fig. S2).
Energy consumption and sludge disposal constitute the majority of the
operational costs. Specifically, the A20-MBR-based WRP incurs a total
energy consumption of 1095.0 x 10* kWh/a, with associated costs
amounting to 62.62 x 10* $/a (the price of electricity is 0.057 $/kWh).
Aeration constitutes a substantial portion of energy consumption,
making up 45.6 % of the total. The specific consumption for aeration is
499.3 x 10* kWh/a. Additionally, the energy consumption of both the
collection and rainwater reused water supply pump accounts for 12.0 %
and 15.0 %, respectively, of the overall energy consumption in the

Table 3
The capital costs for a full-scale WRP.

Parameters Values (10* $)
Engineering costs 633.90
MBR 193.00
A%0 117.08
Other costs 323.82
Rainwater reuse system costs 38.32
Pipelines 8.43
Pumping stations 27.5
Other costs 103.48
Total capital costs 775.70

Note: The exchange rate, 7.0467 RMB = 1.00 USD, was used through
this paper.
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Table 4
The operation cost for a full-scale WRP.

Parameters Consumption Annualized capital (10* $/a)
Energy consumption 30,000 kWh/d 62.62
Aeration 13,680 kWh/d 28.55
Permeate pump 1800 kWh/d 3.75
Reused water supply pump 4500 kWh/d 9.40
Collection pump 3600 kWh/d 7.51
Rainwater reuse pump 2100 kWh/d 4.38
Other 4320 kWh/d 9.03
Sludge treatment / 40.87
Dewatering / 3.94
Conditioning / 1.96
Disposal / 34.97
Chemical consumption / 38.08
NaAc 1.50 t/d 22.72
Polyferric sulfate 1.52 t/d 8.04
NaClo 0.45 t/d 2.93
NaClOs 0.04 t/d 1.68
HCL 0.17 t/d 0.98
FeSO4 0.76 t/d 1.73
Maintenance and personnel / 15.75
Total operation costs / 157.32

Note: In this study, the WRP plant has a lifespan of 20 years The study utilizes a
long-term nominal interest rate of 6 % and a 3 % inflation rate.

Table 5
Cap, Opc, and resulting NPV for the A%0-MBR-based WRP.
Parameters Unit Values
Influent flow x10* m%/a 730.00
Total costs x10% $ 2341.00
Capital cost % 33.10
Operation cost % 66.90
Annual total costs x10* §/a 196.10
Per cubic meter total cost $/m?> 0.16
Annual Cq x10* $/a 38.79
Per cubic meter Cgy $/m* 0.053
Annual Oy x10* $/a 78.26
Per cubic meter Oy $/m3 0.11
Annual income x10* $/a 220.59
Per cubic meter income .‘{S/m3 0.30
Tax x10* $/a 86.03
Net annualized profit x10* $/a 17.51
Net present value x10* $ 350.20

system. For the analysis of the use of chemicals 15.0 % (refer to Fig. S2).
Regarding chemical usage analysis, sodium acetate constitutes 59.7 % of
the chemical expenses. This is attributed to the need for additional
carbon sources, particularly to enhance denitrification for improved
nitrogen removal. In the context of sludge treatment and disposal,
disposal accounts for a significant 85.5 % of the overall sludge treatment
cost. This is due to the direct transfer of sludge to a qualified company
for treatment and disposal, incurring a cost of 38.32 $ per ton of sludge.

3.4.3. Net profit

The net present value is determined by evaluating the overall ben-
efits derived from reclaimed water revenues, along with the capital costs
and operating costs, as established in previous studies. The entire WRP is
designed to have a lifespan of 20 years, with an annualized capital cost
0f 196.10 x 10* $/a (Table 5). The recycled water is sold as industrial
cooling water for 0.60 $,/m>, totaling 438.00 x 10* $/a. Compared to
directly buying tap water at 1.40 $/m?® as cooling water, the savings per
ton are 0.8 $. The annualized net profit, calculated at 17.51 x 10% $/a, is
obtained by subtracting the annualized operating costs (78.26 x 10* $)
and taxes (86.03 x 10% $) from the total revenue (220.59 x 10* $).
Considering the average life utilization of the plant over one year of
operating data, the net present value of a full-size WRP based on the
A20-MBR is determined to be 350.20 x 10* $. Indeed, this study un-
derscores the positive economic advantages of employing A%20-MBR
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technology for the treatment and reuse of urban domestic sewage.
Furthermore, the anticipated increase in profitability becomes even
more pronounced when considering the environmental benefits associ-
ated with wastewater treatment and reuse.

4. Conclusions

The A%0-MBR-based system proves to be an effective and affordable
technology for the treatment and regeneration of stormwater and
municipal sewage from the standpoint of technical and financial
viability. Throughout a year of operation and evaluation, 610,000 cubic
meters of rainwater were reused, accounting for 10.4 % of the treated
water. This research has achieved near-zero discharge of wastewater
and effective allocation of rainwater resources across time and space.
Consequently, the wastewater treated by the WRP met the standards of
China for recycling and direct discharge in terms of effluent quality. A
cost-benefit analysis of WRP showed that operating costs accounted for
66.9 % of the total cost at 0.053 $/m°>, while capital costs accounted for
33.1 % of the total cost at 0.021 $/m>. Compared with the direct pur-
chase of 1.40 $/m3 of tap water as cooling water, the savings amount to
0.80 $ per ton. Additionally, the net present value of WRP is 350.20 x
10* $. This study provides a valuable example for the collaborative
treatment and regeneration of rainwater and sewage.
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