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To meet the increasingly stringent discharge standards of wastewater treatment plants (WWTPs) in the Taihu
Lake Basin, the Chinese government successively established the National Special Water Project Program to
develop new technologies to retrofit and upgrade existing wastewater treatment processes during the 11th, 12th,
and 13th Five-Year Plans. However, there is a lack of systematic sorting of the existing research outcomes, and
thus hinders the application and promotion of the upgrade technologies. Based on the outcomes of the National
Special Water Project and a field survey, this research analyzed the current status of wastewater treatment in the
Taihu Lake Basin and systematically integrated the retrofitting measures of WWTPs in terms of achieving the
Grade IA of the national standard and local stricter discharge standards (DB 32/1072–2018 and DB 33/
2169–2018). In particular, the boundary conditions, design parameters, specific recommendations of the tech
nologies, and some typical engineering cases were provided accordingly. Finally, this study discussed the future
development directions of WWTPs during the upgrade process from the perspective of carbon neutrality and
digitalization. The present work will hopefully assist in retrofitting and constructing WWTPs to achieve the
stricter effluent discharge criteria and help optimize the design and construction of WWTPs in the best way.

1. Introduction
The Taihu Lake Basin is one of China’s most economically active,
open, and innovative regions, and Taihu Lake is an integral part of the
sustainable development of this basin due to the importance of its water
supply, its water environment, and flood control (Qin et al., 2007,
2010). Hence, the protection of Taihu Lake has received increasing
attention, especially since the 2007 Wuxi water crisis, which resulted in
about two million people living without drinking water for at least a
week (Guo, 2007; Zhang et al., 2010).
As primary means of preventing harmful emissions from infiltrating
water bodies, wastewater treatment plants (WWTPs) in the Taihu Lake
Basin increased sharply from 129 in 2007 to 312 in 2020 (data from the
Ministry of Housing and Urban-Rural Development of the People’s Re
public of China). Moreover, increasingly severe constraints on effluent

discharge quality have been formulated (Yuan et al., 2019). These have
included the widely used national discharge standard of pollutants for
municipal WWTPs (GB18918-2002) and stricter local discharge stan
dards for WWTPs (DB 32/1072–2018 and DB 33/2169–2018).
Comparatively, the local standards proposed for the higher effluent
discharge requirements are primarily in terms of chemical oxygen de
mand (COD), total nitrogen (TN), ammonia nitrogen (NH3–N), and total
phosphorus (TP).
Additionally, stricter effluent discharge standards entail the parallel
technical development of WWTPs to promote water resource protection
(Zhang et al., 2021). In particular, the Chinese government successively
established the National Special Water Project Program to tackle the
technological problems of WWTPs and optimize the existing sewage
treatment processes during the 11th, 12th, and 13th Five-Year Plans for
the Taihu Lake Basin. These outcomes can be chiefly divided into two
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categories according to the expected effluent discharge standards. One is
to ensure the National Grade IA effluent discharge. Some measures have
focused on maximizing the utilization of the inner carbon source (e.g.,
cancelling the primary sedimentation tank (Liu et al., 2020) and estab
lishing multiple inlets (Li et al., 2020a)), enhancing the removal of ni
trogen (e.g., adding a suspended filler (Mao et al., 2018) or multistage
anaerobic/oxic zones (Huang et al., 2017), and coupling with a mem
brane bioreactor (MBR) (Wang et al., 2020)). The other is to achieve
stricter local standards. Some measures have been primarily aimed at
polishing the secondary effluent by the addition of a denitrification filter
(Zheng et al., 2018; Zhou, 2014), a constructed wetland (Yu et al.,
2015), or even a membrane process (Bai et al., 2020).
Although continuous efforts have been made to develop some new
technical systems to meet the increasingly stricter effluent standards,
there is a lack of systematic sorting of the existing research outcomes.
Previous related studies mainly focused on the introduction of one or a
few specific retrofitting engineering cases (Wang and Wang, 2010; Han
et al., 2014; Wang et al., 2014; Yang and Liu, 2016; Di Iaconi et al.,
2017; Frascari et al., 2018; Liu et al., 2020, 2021) and the integration of
partial retrofitting methods for improved removal of a certain pollutant
such as nutrient (N and P) (Bunce et al., 2018; Zhou et al., 2022) and
emerging micropollutants (Bourgin et al., 2018; Rout et al., 2021; Azizi
et al., 2022). Specially, Hu et al. (2018) reviewed some upgrading
methodologies including coagulation-based combined processes, two
modified membrane bio-reactors and hybrid constructed wetlands in
terms of improved removal efficiency. However, further work is needed
to integrate the upgrading WWTPs technologies to form consolidated
application recommendations such as the applicable conditions and
design parameters of the technologies in compliance with the particular
discharge standard.
In this research, a total of 328 WWTPs in Taihu Lake Basin were
inventoried to systematically analyze the present upgrade technologies
and two integrated WWTPs upgrading technical systems were then
constructed separately corresponding to Grade IA standard and stricter
local discharge standards (DB 32/1072–2018 and DB 33/2169–2018).
Moreover, the design parameters and specific recommendations of
feasible retrofitting configurations were also provided and the effec
tiveness of retrofitting countermeasures were also displayed by analysis
of some engineering cases. Additionally, future development trends of
WWTPs in terms of carbon neutrality and digitalization were also dis
cussed. The present work will hopefully help decisions makers and en
gineers upgrade and/or retrofit WWTPs to achieve the established
effluent goals in the best way.

Fig. 1. Map of the Taihu Lake Basin and the effluent discharge standard of the
WWTPs (excluding Suzhou special emission limit). a. Discharge standard of
pollutants for municipal wastewater treatment plant, b. Discharge standard of
main water pollutants for municipal wastewater treatment plant and key in
dustries of Taihu area, c. Discharge standard of major water pollutants for
municipal wastewater treatment plant, d. Environmental quality standards for
surface water.

10.23 million m3/d in 2007 to 233 and 16.37 million m3/d in 2010. Up
to 2020, 312 municipal WWTPs have been built (Fig. 2a). Amongst these
WWTPs, 211 WWTPs are in Jiangsu Province and 68 WWTPs in Zhejiang
Province (Fig. 2b). The treatment processes of these WWTPs primarily
include anaerobic-anoxic-oxic (A2/O) (including the A/O process),
oxidation ditch (OD), and the sequencing batch reactor activated sludge
process (SBR). A2/O is the dominant technology and is adopted in 172
WWTPs, accounting for 55.1% and providing treatment to 72.5% of the
total treatment flow. The proportion of WWTPs that chose OD and SBR
were 10.9% and 13.2%, respectively (Fig. 2c).
To further eliminate pollutants that discharge into Taihu Lake,
stricter discharge standards have been implemented by the Jiangsu and
Zhejiang local governments. The current effluent standards in the Taihu
Lake Basin include Grade IA of the national effluent standard (GB,
18918–2002), the Jiangsu Province local effluent standard (DB 32/
1072–2018), and the Zhejiang Province effluent standard (DB 33/
2169–2018). Different from the national Grade IA standard, the local
standards have stricter discharge limits for TN, COD, TP, and NH3–N
concentrations (Fig. 1). As a result, many WWTPs in the Taihu Lake
Basin are undergoing different degrees of retrofitting of existing treat
ment processes to meet the stricter demands.

2. Data sources and the current status
2.1. Data sources
A comprehensive investigation of the WWTPs in the Taihu Lake
Basin (including Shanghai and Suzhou, Wuxi, Changzhou, Zhenjiang,
Jiaxing, Huzhou, and a part of Hangzhou) was performed (Fig. 1), and a
total of 328 municipal WWTPs were inventoried to analyze the present
upgrade technologies. This entire investigation was performed by
analyzing the outcomes of the National Special Water Project
(2008ZX07313001 to 2008ZX07313008, 2012ZX07301001 to
2012ZX07301005, 2014ZX07305001 to 2014ZX07305003 and
2017ZX07204 to 2017ZX07206), as well as a field survey. The A2/O was
selected as the most representative treatment technology due to its
dominant role (accounting for 55.1%) in the current WWTPs in the
Taihu Lake Basin.

3. Retrofitting measures to achieve the national grade IA
standard
After the Wuxi water crisis in 2007, stricter standards for WWTP
effluent discharge were drawing an ever-increasing attention in the
Taihu Lake Basin. Since most of the cities in the Jiangsu Province are
near Taihu Lake, it was first stipulated that WWTPs in operation and
under construction in Taihu Lake Basin should meet the national Grade
IA discharge standard by the end of 2010. After this, the same stipulation
was performed in the area of Zhejiang Province near Taihu Lake in the
12th Five-Year Plan for Zhejiang Province. Therefore, most WWTPs in
the Taihu Lake Basin faced the need to improve the effluent discharge

2.2. Current state of the WWTPs in the Taihu Lake Basin
Due to the economic and geographical importance of the Taihu Lake
Basin especially after the water crisis in 2007, an impressive increase in
the number and treatment capacities of WWTPs occurred from 129 to
2
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Fig. 2. Status of wastewater treatment in the Taihu Lake Basin. a. number and treatment capacities of WWTPs in the Taihu Lake Basin over the period 2000–2020, b.
distribution of WWTPs and wastewater treatment processes in the Taihu Lake Basin, and c. the proportion of wastewater treatment processes in the Taihu Lake Basin.

standards from Grade IB to Grade IA, e.g. the upgrading of the Hedong
WWTPs in Suzhou. A WWTP is a complex system that typically consists
of pretreatment, secondary treatment, and advanced treatment units.
Accordingly, the retrofitting measures primarily includes optimizing
pretreatment units, adjusting the process configuration of secondary
biological treatment units, and adding conventional post-advanced
treatment units (Fig. 3).

internal carbon sources. As such, some retrofitting measures are mainly
addressed including adding a fine grille or membrane grille (Liu et al.,
2021), as well as adjusting the operation of the primary settling tank.
The membrane grille is typically placed before the MBR process to
optimize the removal of SS in the influent for minimizing the membrane
fouling. The recommended grid distances for the fine grille and mem
brane grille are 1.5–10 mm and 0.2–1.5 mm, respectively.
Additionally, the maximum utilization of internal carbon sources has
drawn increasing attention for meeting the subsequent denitrification
needs. The primary settling tanks remove both inorganic suspended
matter and the internal carbon source simultaneously (Jin et al., 2016).
Therefore, it is necessary to reasonably operate the primary settling

3.1. Optimizing the operation of pretreatment units
The existing pretreatment units always have some problems such as
the removal of hard-to-remove smaller SS and the pre-consumption of

Fig. 3. The retrofitting countermeasures for WWTPs to achieve the Grade IA of the national standard.
3
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tanks to reduce the pre-consumption of inner carbon sources. The
operation of primary settling tanks depends on the content of SS and
inorganic components in the influent. The primary settling tanks should
operate normally when the SS level is greater than 150 mg/L and/or the
inorganic components account for higher than 55% of the influent. The
recommended hydraulic retention time (HRT) and surface hydraulic
load are 0.5–1 h and greater than 2.5 m3/(m2⋅h), respectively. Other
wise, a portion of or the total influent would need to bypass the primary
settling tanks through the bypass pipeline to the following treatment
processes.

WWTPs capacity expansion for decreasing the treatment pressure of
existing facilities is a frequently-used retrofitting measure, which has
been adopted by the Chengbei WWTP in Changzhou and the Lianhe
WWTPs in Jiaxing.
3.4. Case study: the upgrade of the hedong WWTP in suzhou
The Hedong WWTP is located in Suzhou with a treatment capacity of
80,000 m3/day. Its original system was the A2/O process with HRT of
17.5 h including 0.82, 1.65, 3.22, and 11.45 h for the pre-anoxic,
anaerobic, anoxic, and aerobic tanks, respectively. The WWTP has
adopted several strategies for process optimization to achieve the Grade
IA regulations in GB 18918–2002 (Fig. 4). Fine screens, vortex-type grit
chambers, and high-density sedimentation were used to remove the SS
and sand grains. Moreover, the suspended filler was added to the aerobic
tank and part of the aerobic tank was used to increase the volume of
anoxic for optimizing nitrogen nutrient removal. After upgrading, the
capacities of the pre-anoxic, anaerobic, anoxic, and aerobic tanks were
1363, 2744, 9852, and 14,591 m3, respectively, and the corresponding
HRTs were 0.82, 1.65, 5.91, and 8.75. The biological treatment process
was changed from the original A2/O into A2/O-MBBR. A high rate
clarifier and catalytic ozone were also used as the post-advanced treat
ments for polishing the secondary effluent to ensure the discharge
criteria.
After retrofitting, the removals of COD, NH3–N, TN, and TP were
86.0%–90.0%, 96.2%–99.4%, 63.2%–79.0%, and 87.5%–96.0%,
respectively, and the quality of the effluent could meet the Grade IA
standard in GB 18918–2002.

3.2. Adjusting the process configuration of secondary treatment units
Secondary biological treatment is the heart of the entire wastewater
treatment system and plays a critical role in removing nitrogen and
phosphorus nutrients in wastewater. However, existing treatment pro
cesses and operation modes are often insufficient to purify the waste
water to meet the Grade IA standard. Therefore, the process
configuration of secondary biological treatment units are typically
adjusted and/or post-advanced treatment units are added accordingly.
The A2/O processes were selected as the representative treatment
technology to summarize the retrofitting measures of secondary bio
logical treatment units. As shown in Fig. 3, optimizing the A2/O process
includes process configuration modification and optimization (front-end
and back-end of the process) and other countermeasures such as
establishing multiple inlets and adding a suspended filler. The optimi
zation of the front-end of the A2/O process mainly include adding a preanoxic zone (A-A2O) or exchanging the anaerobic and anoxic zone
(inverted A2/O). These modifications can minimize the adverse effects
of dissolved oxygen (DO) and nitrate in the returned sludge on the
anaerobic phosphorus release process and prioritize the demand for
nitrogen removal. The back-end optimization of the process is more
frequently used than the front-end optimization. The measures used to
retrofit the back-end of the process are as follows: (i) adding multi-stage
anoxic and oxic zones to enhance nitrogen removal through multiple
nitrification and denitrification (A2/O-A/O); and (ii) coupling A2/O
with the MBR process (A2/O-MBR or A2/O/A-MBR) (Huang et al., 2011)
to moderate the conflict of the sludge retention time between nitrifying
bacteria and phosphorus-accumulating bacteria to enhance simulta
neous removal of nitrogen and phosphorus.
Moreover, adding suspended fillers in the aerobic tanks to enhance
the nitrification process is another efficacious retrofitting approach,
especially in low-temperature environments. The suspended carriers can
augment the biomass and bioactivity of the functional microorganisms
to enhance the ability to remove nitrogen and phosphorus. The
commonly used modified processes, including the A2/O-moving bed
biofilm reactor (MBBR) and the integrated fixed-film activated sludge
(IFAS) processes, have been proven effective to retrofit the A2/O process
in WWTPs (Di Biase et al., 2019; Gallardo-Altamirano et al., 2021). The
A2/O-MBBR has the advantages of a lower footprint and good quality of
effluent. Therefore, the coupling of the A2/O process with the MBBR
process is an exemplary upgrade process especially in the land-intensive
Taihu Lake Basin. The effective specific surface area of the suspended
filler should be controlled to be in the range of 400–500 m2/m3, and the
addition ratio and volume loading of NH3–N in the aerobic zone should
be kept at 20%–60% and 0.05–0.13 kgNH3-N/(m3 h), respectively.

4. Retrofitting measures to achieve the stricter local standards
To further control the occasional outbreaks of algae blooms in Taihu
Lake, stricter local WWTPs effluent criteria, including DB 32/
1072–2018 and DB 33/2169–2018, were enacted by the Jiangsu and
Zhejiang governments, respectively. Compared with the requirements of
the Grade IA of the national standard, the local standards proposed a
higher effluent limit in terms of COD, TN, NH3–N, and TP for the WWTPs
in the Taihu Lake Basin. In particular, it is a great challenge to satisfy the
stricter TN limit due to the low C/N ratio of the influent of the WWTPs in
the Taihu Lake Basin (Zou et al., 2019). Therefore, some tertiary treat
ment processes, including denitrification filters and constructed wet
lands, were often adopted by the WWTPs to polish the secondary
effluent from the WWTPs.
4.1. Denitrification filters
A denitrification filter (DNF) typically follows secondary biological
treatment processes and is used to remove the residual nitrate-nitrogen
in the secondary effluent (Li et al., 2016b). To construct a reasonable
denitrification filter, the configuration and filter media are key factors
under consideration. The configurations of the DNFs can be classified
into up-flow and down-flow types according to the influent modes. The
up-flow denitrification biofilter (DNBF) and the down-flow deep-bed
denitrification filter (DBDF) were usually applied in actual retrofitting
engineering of WWTPs in the Taihu Lake Basin.
Compared with the DNBF, the TN removal of the DBDF is relatively
low (approximately 10 mg/L). Hence, the DBDF is suitable for the
treatment of secondary effluent with a low nitrate-nitrogen concentra
tion. Generally, the thickness of the filter bed, the empty bed filtration
rate, and the backwash frequency are considered the key parameter for
denitrification filters. It is recommended that the thickness of the filter
bed, the empty bed filtration rate, and the backwash frequency is
1.8–2.4 m, 3–8 m/h, and 24 h to construct the down-flow DNFs, and
2.5–4 m, 5–20 m/h, and beyond 48 h to construct the up-flow DNFs,
respectively (Li et al., 2020b).
Another critical design factor of DNFs is the filter medium, since it

3.3. Adding the conventional post-advanced treatment units
A series of conventional post-advanced treatment units have been
used to strengthen the removal of SS, COD and P from wastewater,
including the coagulation process (Li et al., 2016a) and the filtering
process (cloth media filter and V/D shape filter). The cloth media filter is
suitable for upgrading the WWTPs with tight land and limited hydraulic
elevation, while the V/D shape filter is suitable for the WWTPs with
sufficient land. Additionally, utilizing the reserved land to perform
4
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Fig. 4. The treatment processes and retrofitting countermeasures of the Hedong WWTPs in Suzhou (AD = average depth; TEB = total effective biofilm area).

can act as a growing medium for microorganisms and directly absorb
pollutants such as SS and phosphorus (Hasan et al., 2013). The filter
media should satisfy the requirements of anti-compression and scouring
resistance, as well as provide a suitable attachment place for microor
ganisms. A poor scouring resistance could result in frequent replacement
of the filter medium, increasing the operation cost of the DNF. Addi
tionally, the specific surface area and cost should be given consideration.
The commonly used filter media for DNFs in the Taihu Lake Basin
include quartz sand, bio-ceramic, and light filler.
Moreover, the influents of the WWTPs in the Taihu Lake Basin tend
to have low C/N ratios, which are insufficient to compensate for the
consumption of the carbon source during the denitrification process.
Therefore, an external carbon source is typically added to meet the
denitrification requirements. However, the addition of an external car
bon source has the disadvantages of high costs and precise dosing
difficultly (Kiani et al., 2020) (some commonly used external carbon
sources and the costs are shown in Table S1). Some novel filter media
such as agricultural waste, biodegradable plastic and sulfur (iron)-based

material have been developed (Hunter and Deshusses, 2020; Kong et al.,
2016; Xu et al., 2019). In general, agricultural waste and biodegradable
plastic have some drawbacks such as the excessive release of carbon
sources and high costs and can not be presently applied in practical
engineering. Some filter media such as pyrite that can achieve auto
trophic denitrification can be the promising candidates. The filter media
of the DNF in WWTPs are summarized in Table 1.
4.2. Constructed wetlands
Constructed wetlands (CWs) characterized with low-cost, efficient,
and easy maintenance (Babatunde et al., 2008) have been widely used to
treat secondary effluents from WWTPs in the Taihu Lake Basin (Li et al.,
2008; Shen et al., 2018; Zhang et al., 2009). According to wetland hy
drology, CWs can be categorized into free water flow CWs (FFCW) and
subsurface flow CWs (SFCW), and SFCWs include horizontal subsurface
flow CWs (HFCW) and vertical subsurface flow CWs (VFCW) (Vymazal,
2014). The VSF has a specific distribution system that can make the

Table 1
Recommended list of filter media for the denitrification filters of WWTPs.
Filter medium
Quartz sand*
Ceramic*
Volcanic rock
Zeolite
Activated carbon
Corncob
Straw
Sawdust
PS*
PHBV
PCL
PBS
Ironstone
Siderite
Sulfur*
Pyrite

Physical properties
Specific surface area

Mechanical strength

Scouring resistance

▴
★
★
★
★
★
●
★
/
▴
▴
▴
▴
▴
/
▴

★
★
▴
★
▴
▴
▴
▴
/
★
★
★
★
★
/
★

●
★
●
●
▴
▴
▴
▴
/
★
★
★
★
★
/
★

Construction cost

Removal of TN

Characteristic

Low
Low
Low
Low
Moderate
Low
Low
Low
/
High
High
High
Moderate
Moderate
Low
Moderate

★
★
●
●
●
●
●
●
★
★
★
★
/
/
/
/

/
/
/
/
/
Easy to corrupt[a]
Nitrite accumulation[b]
/
High construction cost
Weak adhesion[c]
High construction cost
/
/
Higher sulfate effluent concentration[d]
/

Notes: ★ indicates large, ● indicates moderate, ▴ indicates small, * indicates practical engineering applications; others are in research stage (bench-scale and pilotscale study); PS = Polystyrene; PHBV = poly-3-hydroxybutyrate-co-3-hydroxyvalerate; PCL = polycaprolactone; PBS = poly butylene succinate [a] (Sun, 2015); [b]
(Guan et al., 2019); [c](Li et al., 2016b); [d] (Li et al., 2016c).
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wastewater pass through the substrates vertically to create aerobic
conditions for nitrification. Therefore, the VSF has the advantage of
removing NH+
4 . In contrast, the HSF has good SS and COD removal ca
pacity (Zhang et al., 2009). However, the component of secondary
effluent from WWTPs is prone to complexity, and the single-type CW
cannot remove multiple pollutants simultaneously. Therefore, hybrid
CW systems, such as VFCW-HFCW, oxidation pond (OP)-FFCW, and
OP-HSF-OP, have been used in WWTPs in the Taihu Lake Basin to treat
secondary effluent for maximizing each advantage (Shen et al., 2018).
Moreover, some improved CWs have been proposed for the Taihu Lake
Basin to enhance the purifying capacity, including a micro-electrolysis
CW (Shen et al., 2019) and a photovoltaic electrolysis CW (Gao et al.,
2019).
Wetland plants are critical to CW design because they can remove
pollutants from wastewater through direct uptake, photosynthesis,
nitrification, and denitrification processes (Jiang et al., 2011). The
macrophytes frequently used in CWs primarily include emergent plants,
submerged plants, free-floating plants, and floating leaved plants.
Different wetland plants tend to have distinct characteristics of growth
and pollution removal. Therefore, the collocation, plantation, and
management of wetland plants are vital to sustained pollution removal
in CWs. Reasonable plant harvesting can prevent the N release caused by
the decomposition of plant matter and remove the N enriched in plants.
It is recommended that the planting time be spring or early summer, and
the planting density per square be not less than six plants (the planting
density per square of SFCWs is 9–25 plants). In addition, the plant
spacing should controlled to be 0.2–0.5 m, and the harvesting frequency
should be 1–2 per year. The characteristics of the plants, such as
cold-resistance, should be considered because of the average tempera
ture (3–5 ◦ C) of the Taihu Lake Basin during winter adversely influences
microbial decomposition rates. Based on the engineering application in
Taihu Lake Basin, the recommended wetland plants and their charac
teristics are summarized in Table 2.
As a whole, appropriate temperature and humidity in the Taihu Lake
Basin provide a good application prospect for CWs. However, the large
footprint of a CW is a big problem under consideration, especially in the
land-intensive Taihu Lake Basin area. Based on existing CW engineering,
the estimated land occupation and cost have been summarized in
Table 3. In summary, CWs are suitable for small and medium-scale
(<50,000 m3/d) wastewater treatment. For WWTPs with reserved
land, CWs can be promising candidates that have environmental adap
tation and sustainability.

Table 3
The estimated land occupation and cost of constructed wetlands.
Type

Occupied area
(m2/m3)

Investment cost
(CNY/m3)

Operation cost
(CNY/m3)

HLR
(m3/m2)

SFCW
HFCW
VFCW

0.625–2
0.5–1.67
0.5–1.67

600–1000
800–1200
1000–2000

0.1–0.3
0.1–0.4
0.1–0.2

0.1–0.3
0.3–0.5
0.6–1

Notes: VFCW = Vertical subsurface flow constructed wetland, SFCW = Surface
flow constructed wetland, HFCW = : Horizontal subsurface flow constructed
wetland, and HLR = Hydraulic loading rate.

4.3. Case studies
4.3.1. Upgrade of the chengbei WWTP in changzhou
Chengbei WWTP is located in Changzhou with a 150,000 m3/day
treatment capacity, and the WWTP was divided into three phases, each
phase with a capacity of 50,000 m3/day. The original treatment process
mainly included A2/O process plus high efficiency sedimentation tank
(HES tank) and sodium hypochlorite disinfection, and the effluent
quality satisfied the Grade IA standard in GB 18918–2002 prior to ret
rofitting. To make the effluent quality reach the I and II areas standard of
DB 32/1072–2018, the WWTP transformed the original V-type filter into
a DNBF (63.59 m * 47.1 m) with a newly-constructed carbon source
addition room (12.54 m * 10.04 m). The filter media used in the DNBF
was quartz sand, and the system utilized acetic acid (dilution to 50%) as
the external carbon source (the adding dose of 23.36 mg/L). The
treatment processes, retrofitting countermeasures, and some design
parameters of the Chengbei WWTPs are shown in Fig. 5. After retrofit
ting, the average effluent concentrations of COD, NH3–N, TN, and TP
were 15.9, 0.15, 5.70, and 0.11 mg/L, and the average removal of COD,
NH3–N, TN, and TP can reach 93.19%, 99.25%, 78.65% and 97.05%,
respectively.
4.3.2. Upgrade of the zaisheng WWTP in jiaxing
Zaisheng WWTP is located in Jiaxing, Zhejiang with a treatment
capacity of 40,000 m3/day, and the influent is domestic sewage with a
relatively low concentration of pollutants. The treatment system in the
Zaisheng WWTP included grilles, an aerated grit chamber, an A2/O-MBR
process, and ultraviolet disinfection, and the effluent satisfied the Grade
IA standard in GB 18918–2002. The HRTs of the anaerobic, anoxic,
aerobic, and membrane tanks were 1.32, 3.58, 3.58, and 1.11 h,
respectively. To achieve the stricter local discharge standard, the
Zaisheng WWTP utilized the Chengdong CW to polish the effluent
further (supported by the National Special Water Project
[2017ZX07206-003]). The structure of the Chengdong CW included
three baffled HFCWs, three SFCWs (9.7 ha in total), and one stabilization

Table 2
Ecommended list of wetland plants for the CWs.
Type

Latin name

Family

Growth cycle (month)

Cold resistance

Purification of CWs

Emergent plants

Phragmites australis*
Typha orientalis*
Canna indica
Cyperus involucratus*
Acorus calamus*
Thalia dealbata*
Oenanthe javanica*
Juncus effusus*
Zizania latifolia
Myriophyllum verticillatum
Ceratophyllum demersum
Hydrilla verticillata
Eichhornia crassipes
Lemna minor
Nym phaea
Nymphoides peltata

Gramineae
Typhaceae
Cannaceae
Cyperaceae
Araceae
Marantaceae
Apiaceae
Juncaceae
Poaceae
Haloragaceae
Ceratophyllaceae
Hydrocharitaceae
Pontederiaceae
Lemnaceae
Nymphaeaceae
Menyanthaceae

3–11
5–8
3–12
8–11
6–9
4–8
6–9
4–9
/
Whole year
Whole year
Whole year
7–11
/
6–10
4–10

★
●
▴
▴
▴
▴
★
●
▴
●
●
●
●
▴
▴
★

★
★
★
●
●
●
★
★
★
●
★
★
★
●
●
★

Submerged plants
Free floating plants
Floating leaved plants

Notes: ★ indicates large, ● indicates moderate, ▴ indicates small, ‘/’ indicates unknown.
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Fig. 5. The treatment processes and retrofitting countermeasures of the Chengbei WWTPs in Changzhou (OD = oxidation ditch; HES = high-efficiency sedimen
tation; DNBF = denitrification biofilter).

pond (3 h), with an average design flow of 1667 m3/h. The structure,
plant configurations, and planting density of the plants of the Cheng
dong CWs are shown in Fig. 6.
The removal of COD, NH3–N, and TP in the Chengdong CWs were
35.7%, 86.4%, and 40.7%, respectively, and the effluent satisfied the
surface-water Grade IV standard in GB 3838–2002. More practical en
gineering applications for retrofitting existing WWTPs in the Taihu Lake
Basin (including the treatment process, retrofitting methods, and oper
ation effect) are shown in Table S2.

standards (DB 32/1072–2018 and DB 33/2169–2018). Moreover,
feasible retrofitting configurations from the integrated technical systems
were proposed in terms of boundary conditions and design parameters,
and the effectiveness of retrofitting measures were also displayed by
analysis of long-term operation of some engineering cases. In addition,
carbon neutrality (resource recovery and environmental friendliness)
and digitalization were discussed in the future development of WWTPs
(Fig. 7).
Since WWTPs are always associated with massive energy consump
tion and greenhouse gas emissions, it is receiving an ever-increasing
attention to upgrade WWTPs compliance with low-carbon or zerocarbon utilization in the context of carbon neutrality. Resource recov
ery is essential for WWTPs to achieve carbon neutrality. These resources
primarily include wastewater, sludge, and heat energy recycling. It is of
top priority to make full use of the inner energy in wastewater and
sludge through a sewage source heat pump, anaerobic sludge digestion
(AD), and combined heat and power (CHP). Some clean energy sources
(e.g. solar and wind energy) can also be utilized as much as possible
according to local conditions. Additionally, the recycling of the

5. Concluding remarks and future perspectives
The compliance with the effluent quality standards has been one
critical criterion in designing wastewater treatment plants (WWTPs). In
view that existing information about the upgrading technologies is not
synthesized in a practical form and may not be widely distributed to
WWTP designers and operators, this research presented the benchmark
design of two integrated WWTPs upgrading technical systems separately
corresponding to Grade IA standard and stricter local discharge

Fig. 6. The treatment processes and retrofitting countermeasure of the Zaisheng WWTPs in Jiaxing (SP = Stabilization pond, SFCWs = Subsurface flow constructed
wetlands and HFCWs = Horizontal subsurface flow constructed wetlands.
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Ecological Processes and Eco-Restoration (SHUES 2022C01). We also
thank LetPub (www.letpub.com) for its linguistic assistance during the
preparation of this manuscript.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2022.113398.
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Fig. 7. The development directions of WWTPs in the future.

embedded nitrogen and phosphorus in wastewater and sludge also de
serves attention in future.
Environmental friendliness is another consideration that mainly in
cludes good sound- and stench-insulation as well as small footprint be
sides low carbon emissions. The development of underground WWTPs is
one typical example despite its limitations such as high construct costs
and management complexities. Some low-carbon treatment processes
(e.g. anaerobic ammonium oxidation and aerobic granular sludge) are
drawing more attention. The development of mixotrophic N-removal
process to maximize the autotrophic N-removal can be one promising
candidate to overcome the excessive use of outer carbon sources in
traditional WWTPs, considering the inevitable increase of CO2 emissions
from external carbon sources.
Another crucial development trend is to achieve the intelligent
transformation of digitalization in WWTPs. Intelligent operation means
that WWTPs can achieve unattended and intelligent control by collect
ing and analyzing online data to achieve the optimized operation (e.g.
accurate aeration and reflux). Moreover, the intelligent system can carry
out pre-warning and feedback to ensure the timely response of the
treatment processes of WWTPs. It is expected the intelligent operation of
WWTPs can be fast advanced with the development of 5G, big data, the
Internet of Things, and artificial intelligence.
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