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Abstract: With the emphasis on climate change and society’s goals of carbon neutrality, wastewater
treatment plants (WWTPs) are facing new challenges to be more sustainable and particularly to
reduce their greenhouse gas (GHG) emissions. In addition, the increasingly stringent discharge
standard, especially the phosphorus removal target, also puts lots of pressure on WWTPs. The key
solution is to tailor and/or optimize the phosphorus management strategies to balance removal
targets and sustainability. As such, the present study systematically summarizes and analyzes
different phosphorus management approaches and their impacts on the costs and operation of whole
plants. The summary shows that precipitate scaling is a common issue that can be alleviated by proper
phosphorus management strategies and operation optimization. Biological phosphorus removal and
chemical phosphorus removal processes have their respective advantages and disadvantages. Most
importantly, each phosphorus removal process probably has countering impacts on wastewater and
sludge treatment lines. Thus, the evaluation of a specific phosphorus removal process should consider
all factors in choosing a suitable technology, which is also true for phosphorus recovery, and the
recovery from incineration ash seems to be a trend that is more feasible from a regulatory perspective.

Keywords: enhanced biological phosphorus removal; chemical phosphorus removal; precipitate
scaling issue; GHG emission; phosphorus recovery

1. Introduction

Phosphorus, as an essential element of life, is not only an important raw material for
economic and social development but also the key to guaranteeing global food production
and safety. For this reason, phosphate rock is kept in the updated Critical Raw Materials
list of the European Union (EU) [1]. However, the improper management of phosphorus
and excess input into the environment caused by anthropogenic activities lead to severe
eutrophication [2]. Generally, when the phosphorus concentration in surface waterbodies
reaches 0.01–0.02 mg-P/L, eutrophication can be induced [3]. Therefore, urban WWTPs,
as typical point sources of pollution, are subject to strict limits on effluent phosphorus
concentrations in different countries, and there is a trend of increasing stringency. In China,
for example, Class A of the national wastewater discharge standard requires phosphorus
residuals in effluent to be no higher than 0.5 mg-P/L, and some provincial standards are
even stricter, e.g., Shandong province (≤0.3 mg-P/L) and sensitive watersheds in Kunming
city (≤0.05 mg-P/L) [4–6]. In addition, the EU and the US EPA have also optimized and
adjusted the discharge standard for WWTPs in recent years. In the draft version of the
Urban Wastewater Treatment Directive in 2022, the phosphorus limit in effluent has to
be reduced to 0.5 mg-P/L (or achieving no less than 90% removal efficiency), while the
previous requirement was 1–2 mg-P/L [7]. Similarly, the Nutrient Reduction Memorandum
issued by the US EPA in 2022 mentions that about half of all rivers and lakes have excess
phosphorus loading and proposes strategies to reduce phosphorus input, including the
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adjustment of phosphorus discharge standards from WWTPs [8]. Overall, an increasingly
stringent phosphorus discharge standard is foreseen, which brings challenges and pressure
to the operation of WWTPs in terms of phosphorus management.

In terms of phosphorus removal technologies, enhanced biological phosphorus re-
moval (EBPR) and chemical phosphorus removal are two commonly applied processes.
EBPR enables PAOs to release phosphorus in the anaerobic stage and uptake phosphorus in
excess in the aerobic stage to achieve phosphorus removal by discharging sludge. EBPR is
an economical and environmentally friendly solution to achieve phosphorus removal, but
it is also more susceptible to environmental factors, which leads to unstable phosphorus
removal efficiency. A lot of work has been carried out to optimize and/or modify the config-
uration of the EBPR process, such as the recently reported side-stream-enhanced biological
phosphorus removal (S2EBPR) process [9] and Tetrasphaera, a new type of phosphorus accu-
mulation organism [10]. By contrast, chemical phosphorus removal can achieve a higher
and more stable phosphorus removal efficiency but at the cost of chemical input and more
excess sludge production [11]. Moreover, the emphasis on phosphorus removal efficiency
will undoubtedly induce additional challenges and operational costs for WWTPs. On the
one hand, some forms of phosphorus are not easily precipitable and are harder to eliminate,
such as organic phosphorus compounds. Taking chemical phosphorus removal as an exam-
ple, if the effluent phosphorus concentration is reduced from 1 mg-P/L to 0.5 mg-P/L, on
the other hand, the cost will increase by 1.5–2.5 times [12,13], and if it is further reduced to
0.1 mg-P/L, the chemical agent consumption will increase by 6–7 times [12]. However, with
the promotion of a circular economy, phosphorus management in WWTPs has undergone a
shift from phosphorus removal to phosphorus recovery. The separation and concentration
of phosphorus out of wastewater via the above two processes are still the first steps to
recovering it herein.

In addition, the water sectors are gradually incorporating carbon emissions into
their performance evaluation framework. In 2020, Water UK published the world’s first
Net-Zero Carbon Emission Routemap for England and Wales, striving to achieve carbon
neutrality by 2030 [14]. Since then, Denmark, Australia, and New Zealand have issued
their roadmaps for carbon neutrality in the water sector [15–17]. Therefore, the phosphorus
management strategies, subject to stringent discharge standards, should synergistically
take carbon emissions into consideration. For EBPR and chemical phosphorus removal, a
significant quantity of indirect carbon emissions is associated with electricity and chemical
consumption, as well as the treatment and disposal of the waste sludge. Thus, if phosphorus
cannot be effectively managed, the enhancement of phosphorus removal may lead to more
carbon emissions and worsen sustainability. As such, the present article aims to summarize
the management strategies of phosphorus in WWTPs and their impacts on the operation
of WWTPs. In particular, the correlation and synergy between phosphorus management
and GHG emissions are highlighted and discussed to guide more sustainable phosphorus
management in WWTPs.

2. Mass Flow of Phosphorus in WWTPs

In a typical WWTP, different units and processes can divert, remove, and concentrate
pollutants via various pathways, which is also the principle by which pollutants impact
treatment performance. This is also true for phosphorus removal. As such, the mass flow
of phosphorus in WWTPs adopting EBPR or chemical phosphorus removal processes is
summarized and depicted in Figure 1. In a conventional activated sludge system, there is
no tailored phosphorus removal process, but phosphorus is assimilated by microorganisms.
In general, about 30–40% of phosphorus removal can be achieved via microorganisms’
metabolism (~2% dry solid content) and/or biosorption [18]. The residual flows into the
receiving waterbodies with the effluent.

By contrast, the EBPR process provides a competitive advantage environment for
phosphate accumulating organisms (PAOs) of which the phosphorus content can be as
high as 6–15% in dry solids [19,20]. Thus, the mass flow of phosphorus in WWTPs with
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the EBPR process presents some unique features. Taking the Anaerobic–Anoxic–Oxic
(AAO) configuration as an example (Figure 1a), the phosphorus in the influent (denoted
as 100%) flows into the primary clarifier along with the phosphorus-contained reject
water (~35%) [21–23]. Approximately 20% of the influent phosphorus can be retained and
discharged to the sludge treatment line with the primary sludge while the rest flows to
the next unit. In the biological treatment unit, most of the phosphorus is assimilated via
the EBPR process into cells of PAOs (~90%), which is then discharged as residual sludge.
It is important to note that the removal efficiency by PAOs is highly associated with the
C/P ratio and operational environments [24]. A well-established EBPR process with a
sufficient carbon source can typically achieve an effluent phosphorus content of 1 mg-P/L
or evenlower, possibly less than 0.3 mg-P/L [25]. If the secondary effluent still cannot
meet the discharge standard, an advanced flocculation and filtration unit is usually applied.
When it comes to the sludge treatment line, it also has a significant impact on phosphorus
mass flow. Since the majority of phosphorus is stored in the cells of PAOs, a certain amount
of phosphorus is re-released into the supernatant [21–23] in the units of concentration,
digestion, and dewatering. The released phosphorus is then rejected back to the water
treatment line, which is equal to 35% of the influent phosphorus loading. It is important to
highlight that there are several points in Figure 1a with a high concentration of phosphorus,
such as the anaerobic stage of the biological treatment unit and reject supernatant, with tens
or hundreds of mg-P/L. Generally, these points are favorable for conducting phosphorus
recovery, which is a more sustainable management pathway [26,27].
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chemically assisted EBPR process (bottom number) and (b) chemical phosphorus removal process.

Figure 1b shows the mass flow of phosphorus in a WWTP with chemical phosphorus
removal. A precipitant, such as FeCl3 or AlCl3, is add to a biological treatment unit.
Analogous to EBPR, most of the phosphorus is precipitated by the added precipitant and
removed in the secondary settling tank as sludge (>90%). The efficiency of phosphorus
removal is mainly determined by the amount of precipitant dosage. Due to the strong
bond of the phosphate precipitates, the phosphorus is not easily released in the sludge
treatment units. As a result, only 4% of the phosphorus is returned to the wastewater
treatment line [21,28,29]. Additionally, the phosphorus concentration in the biological unit
or reject water is lower compared to the EBPR process. These differences in mass flow
between EBPR and the chemical removal process influence performance reliability, cost,
and sustainability, which will be further discussed.
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3. Precipitate Scaling Issue Related to Phosphorus Management

In the operations of WWTPs, pipes and pumps can become encrusted and even
blocked with deposits, a problem known as precipitate scaling [30]. The deposits have
been reported to be phosphate-related precipitates. As shown in Figure 1, certain points,
such as sludge treatment units and reject water pipes, often have high phosphorus concen-
trations (in hundreds of mg-P/L), creating an environment conducive to the formation of
phosphate precipitates that accumulate on the surface of pipes and pumps. This scaling
can significantly reduce conveying capacity [31] and the efficiency of pumps, leading to
substantial capital, operating, and maintenance expenses for WWTPs [26]. It has been
reported that the cost to address the phosphorus precipitate scaling issue in WWTPs is
approximately USD 2000–10,000 per million gallons of wastewater [26], a cost that could
have been prevented. Therefore, it is essential to understand the formation and mitigation
of precipitate scaling.

Generally, scaling issues are most commonly reported at the points where instruments
and pipes handle sludge in WWTPs. The deposits typically consists of struvite, hydrox-
yapatite, and/or vivianite. According to Table 1, the phosphorus concentration in the
supernatant of the sludge treatment line ranges from 30 to 150 mg-P/L with anaerobic
digestion particularly inducing more phosphorus release [32]. Additionally, sludge from
the EBPR process releases phosphorus more readily compared to sludge from the chemical
phosphorus process [33], making the precipitate scaling issue in WWTPs with the EBPR
process a priority. Meanwhile, the counter ions required for precipitation also exhibit
significant concentrations in the supernatant (Table 1). For Ca2+, its concentration in the
supernatant greatly depends on the local water source and hardness, typically reported
in the range of around 100 mg/L [34]. Additionally, cell lysis releases a certain amount of
Ca2+ and Mg2+ along with phosphorus, which is necessary for struvite precipitation with
NH4

+ [26]. Regarding the source of Fe (II), raw wastewater (0.5–1.5 mg/L) and Fe-based
chemicals for phosphorus removal are two main contributors. In the sludge treatment line,
particularly in the anaerobic digestion unit, Fe(III) is released and gradually reduced to
Fe(II) due to the low-pH environment and the presence of iron-reducing bacteria [35].

Table 1. The compositions of typical reject supernatant and precipitation potential.

Sources P NH4
+ Ca2+ Mg2+ pH Qc1 Qc2 SSR1 SSR2 Note Ref.

The supernatant of
thickening and dewatering

without digestion

34 105 94 21 7.4 7.05 × 10−9 1.50 × 10−14 >1 >1
EBPR+chemi-cal

P removal

1
68 272 94 n.f. 7.4 / 5.98 × 10−14 / >1 2
94 272 94 19 7.7 4.57 × 10−8 1.14 × 10−13 >1 >1 3

The supernatant of digested
sludge 30 741 63 14 8.03 2.93 × 10−8 3.51 × 10−15 >1 >1 EBPR+chemi-cal

P removal 4

Of digestion 63 368 37 28 7.7 6.10 × 10−8 3.13 × 10−15 >1 >1 EBPR 5

The supernatant mixture of
thickening and dewatering of

digested sludge

145.8 355.2 65.8 104.5 7 5.09 × 10−7 9.44 × 10−14 >1 >1

Pilot plant with
EBPR

6
50.1 400.4 91.9 69.7 6.9 1.31 × 10−7 3.04 × 10−14 >1 >1 6
43 129 129.9 49.8 6.7 2.60 × 10−8 6.32 × 10−14 >1 >1 6

The supernatant of digested
sludge 150.6 541.7 69 93.2 7.2 7.15 × 10−7 1.16 × 10−13 >1 >1 6

Note: Qc1 is the ion product of struvite (ion product is the chemical equilibrium constant that represents the
solubility of a substance); Qc2 is the ion product of amorphous calcium phosphate (ACP); SSR1 is the ion
product/solubility product (of struvite); SSR2 is the ion product/solubility product (of ACP). The solubility prod-
uct of struvite is calculated to be 2.50 × 10−13, and the solubility product of ACP is calculated to be 2.00 × 10−29.
All ion concentration units in the table are in mg/L. References: 1 [36]; 2 [37]; 3 [38]; 4 [39]; 5 [40]; 6 [41].

The supersaturation ratios (SSRs) of struvite and amorphous calcium phosphate are
then calculated in terms of the concentration of ions (Table 1). The SSRs of struvite and
amorphous calcium phosphate indicate that the conditional solubility products are higher
than the constant solubility products. Thus, there is a high possibility of uncontrolled
struvite formation, particularly in WWTPs applying the EBPR process [34]. By contrast,
carbonate ions in the supernatant could compete for Ca2+ to produce calcium carbonate,
thereby reducing the potential for the formation of amorphous calcium phosphate. In
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addition, temperature has an impact on the solubility of precipitates, with a small increase
in temperature inducing high solubility [34,42]. Compared to other factors, temperature has
a relatively small effect on solubility. It is worth noting that the formation of struvite and
calcium phosphate precipitates is strongly related to the pH of the solution. In anaerobic
digestion tanks, the intermediates, such as Volatile Fatty Acids (VFAs) and CO2, lead to a
decrease in the pH of the supernatant (pH ≈ 5, [32]) which could inhibit the formation of
precipitates. However, the pH of the anaerobic digestion effluent could increase to 8 due to
the degradation of VFAs and the release of CO2 in the pipeline elbow, valve, dewatering
equipment, supernatant storage tank, reject water pumps [34], etc. Thus, these points are
all at risk of precipitation formation [26]. It should be highlighted that the formation of
precipitates does not necessarily cause scaling and/or pipe blockage. It is the deposition of
the precipitates on the internal surface of the mechanical equipment or pipeline that leads to
scaling problems [26]. Therefore, precipitate scaling is also closely related to hydrodynamic
factors, pipe material, and surface roughness [42].

A number of measures have been proposed and practiced to reduce the potential
for deposit scaling in pipes or equipment [26]. These measures can be categorized into
two groups, with one focusing on reducing the solubility products of various precipitates.
The most commonly used method involves lowering the concentrations of ions related
to struvite, amorphous apatite, and/or vivianite by dosing chemicals [43]. For example,
the dosage of ferric chloride in anaerobic digesters can immobilize phosphate and create
FePO4 precipitate, which is less dense than struvite and reduces scaling potential [34].
However, the addition of FePO4 may increase the formation of vivianite [35]. Other
chemicals applied include ethylene diamine tetraacetic acid (EDTA), phosphorus citrate
(C6H9O10P), and polyaspartic acid (PASP), which either complex with Mg2+ or dissolve
precipitates to prevent scaling. It should be noted that the biodegradability of EDTA is still
uncertain, as it can chelate heavy metal ions that are not easily degraded by traditional
wastewater treatment methods, leading to heavy metal accumulation, pollution, and
toxicity. On the other hand, PASP is considered a safe, biodegradable inhibitor, but its high
cost limits widespread use [44,45]. By incorporating resource recovery, if phosphorus from
sludge can be extracted and recovered before entering an anaerobic digester, the phosphate
concentration in the liquid can be reduced, lowering the chances of precipitation [46].

Another way to address precipitation scaling issues is by optimizing pipe materials and
pipeline design [26]. For example, PVC and PE pipes and fittings have a smoother surface
compared to metal pipes, which can reduce the adhesion of crystal deposits and slow down
the growth of struvite [47,48]. Additionally, using a straighter and shorter pipeline with
fewer fittings to convey digestion sludge can effectively prevent precipitate formation and
scaling problems by reducing CO2 overflow and ensuring pH stability [49]. Furthermore,
a broader perspective on solving precipitate scaling problems involves integrating with
the sludge treatment paradigm. For example, Hao et al. compared two sludge treatment
and disposal routes, i.e., sludge incineration after anaerobic digestion and drying, and
incineration after drying without digestion [50]. The study found that the route without
digestion had a more favorable net energy balance. Further, bypassing digestion can reduce
phosphorus release, thereby significantly reducing precipitate scaling problems.

4. Phosphorus Management and WWTP’s Operation
4.1. Operation and Maintenance Costs of Phosphorus Management Schemes

With increasingly stringent nutrient discharge standards, there is a lot of pressure on
phosphorus management strategies to meet lower limits. The selection of a phosphorus
management strategy is crucial not only for achieving effective phosphorus removal but
also for determining operation and maintenance costs. The widely applied EBPR process is
facing a challenge in consistently meeting very low residual phosphorus concentrations
on its own [51]. For instance, a five-stage Bardenpho process or a Modified University
of Cape Town (MUCT) process can achieve an effluent of approximately 1 mg-P/L [13].
Therefore, chemical phosphorus removal is often used in conjunction with EBPR, and
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in many cases, a polishing filtration unit (such as sand filters) is necessary to capture
suspended solids (SS) to meet more stringent discharge standards [52]. This is a common
approach in China to enhance the phosphorus removal performance of WWTPs [53,54].
However, this method also leads to increased operation and maintenance (O&M) costs
due to additional infrastructure and chemical dosing. For example, reducing effluent
phosphorus from 1 mg-P/L to 0.5 mg-P/L or 0.3 mg-P/L can increase plant O&M costs by
8% and 30%, respectively [12]. Therefore, O&M costs should be taken into account when
selecting a phosphorus management scheme to ensure the sustainability of WWTPs.

The O&M costs and removal efficiency of various phosphorus removal processes
are summarized and presented in Figure 2. The processes can be grouped into three
categories according to their configuration. The first category is the stand-alone EBPR
or chemical phosphorus removal process. In terms of performance, EBPR and chemi-
cal phosphorus removal alone (yellow area in Figure 2a) could achieve a stable effluent
quality of ~1 mg-P/L consistently [55]. The corresponding O&M costs are USD 0.0082
and USD 0.0342 per m3, respectively (assuming 7 mg-P/L in the influent) [13,55,56]. The
higher costs associated with chemical phosphorus removal are mainly attributed to the
consumption of chemicals and the disposal of increasing sludge volumes [55]. When
the residual phosphorus in the effluent has to meet a much lower limit, the suspended
solids (SS) in the effluent become a key factor. Based on the dry weight content of phos-
phorus, if the effluent has a residual SS of about 20 mg/L, the contribution to TP can be
approximately 0.4~1 mg-P/L. Therefore, the membrane bioreactor (MBR) process and/or
magnetic enhanced separation are usually adopted to facilitate SS deception to achieve
effluent phosphorus of ~0.5 mg-P/L or even less [57], which is referred to as the second
category. It is worth noting that membrane fouling and sludge bulking in MBR have always
been criticized [58]. As an alternative, the filtration process can be applied as an advanced
polishing step to effectively retain the residual SS. As depicted in Figure 2, phosphorus
removal with MBR or filtration as a supplement (blue area in Figure 2a) to achieve around
0.5 mg-P/L could double the O&M costs [55,59]. The filtration process seems to be more
cost-effective than MBR, with a 30% cost reduction (Figure 2b). If a more stringent phos-
phorus effluent needs to be achieved, advanced coagulation/filtration, two-stage lime
clarification, and/or even ultrafiltration (the third category in pink) should be applied,
which means a dramatic and exponential increase in O&M costs (Figure 2a). Achieving an
effluent quality of 0.1 mg-P/L increases O&M costs by 300% compared to EBPR or chemical
phosphorus removal alone [56].

According to Figure 2, increasing the phosphorus discharge limit could lead to a
significant cost increase. However, the figure also indicates that costs can be reduced by
selecting a suitable phosphorus management strategy. For example, an additional filtration
unit is more cost-effective than an MBR unit in terms of O&M costs [59]. Nonetheless,
installing an additional filtration unit requires higher capital investment and land occupa-
tion. Therefore, a comprehensive economic analysis should be conducted before making a
decision. For existing WWTPs, it may be more practical to implement MBR units, while for
new wastewater plants, additional filtration could be a promising option. It is worth noting
that a significant amount of phosphorus from the sludge supernatant flows back to the
biological treatment unit (Figure 1), leading to an increase in phosphorus loading rate, and
subsequently higher energy consumption and/or chemical dosage [28,60,61]. As such, if
this part of phosphorus can be handled separately, the cost could be reduced. Bashar et al.
conducted a simulation on the performance of side-stream phosphorus recovery from
rejected water in a MUCT system [13]. The results showed that phosphorus recovery
reduced the phosphorus loading rate of MUCT and chemical consumption. This approach
achieved a phosphorus concentration of 0.5 mg-P/L at an O&M cost of USD 0.0712 per m3.
In comparison, enhancing phosphorus removal in MUCT with MBR resulted in an effluent
quality of 1.02 mg-P/L at an O&M cost of USD 0.082 per m3.
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In addition, when a much lower phosphorus concentration is required, chemical
dosing in a multi-point scheme is necessary to facilitate phosphate precipitation and
filtration. This raises the question of whether EBPR is essential and justified to achieve a
very low residual phosphorus level. Bashar et al. studied and compared the performance
and O&M costs of different removal processes through mathematical simulation [13]. The
results indicated that the O&M cost of EBPR supplemented with chemical enhancement
was about USD 0.046 per m3 with an effluent concentration of 1 mg-P/L. In contrast,
chemical phosphorus removal alone could achieve the same effluent quality at a cost of
USD 0.023 per m3 (Figure 2b) [55]. The author explained that this cost difference is due
to fluctuations in electricity and chemical consumption. Additionally, in terms of carbon
emissions required to achieve an effluent of 1 mg-P/L, the GHG emissions caused by
EBPR, chemical phosphorus removal, and the combined process of the two are 320,000,
150,000, and 160,000 kg CO2-eq/y, respectively [62]. Overall, the O&M costs of chemical
phosphorus removal may not necessarily be higher than those of the EBPR process. The
selection of a phosphorus management scheme should comprehensively consider influent
quality, discharge standards, and operational factors in full-scale application.

4.2. Impact of Phosphorus Management Schemes on Wastewater Treatment

Different phosphorus management schemes and enhancement strategies for phos-
phorus removal not only affect O&M costs but also have an impact on overall treatment
performance. For example, there are some differences between EBPR and biological nitro-
gen removal in terms of sludge retention time (SRT) and carbon source distribution [63,64].
Moreover, the nitrate carried back by the rejected water could lead to a deterioration of
EBPR, which is a significant issue in the operation of large-scale WWTPs [65]. Several
variants have been proposed to mitigate the mutual interference between biological phos-
phorus and nitrogen removal processes, such as UCT and S2EBPR. While these have been
well-studied, they will not be the focus of the present study.

Chemical phosphorus removal, as an alternative to EBPR, could help avoid conflicts
but also has negative impacts on treatment performance. In terms of chemical dosing points,
chemical phosphorus removal can be classified into three paradigms, i.e., pre-precipitation,
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co-precipitation, and post-precipitation [66]. Each paradigm has different impacts. The pre-
precipitation paradigm achieves precipitation in the primary clarifier and inevitably diverts
some organic matter to the sludge, reducing the amount of carbon sources available for
subsequent biological nitrogen removal. In contrast, co-precipitation and post-precipitation
could alleviate this issue. However, co-precipitation may depress the activity of microor-
ganisms, while post-precipitation requires additional capital investment for an additional
settling tank. In general, chemical dosage at a molar ratio of 1–2 can achieve an effluent
phosphorus concentration of 1 mg-P/L. To achieve an effluent quality of 0.1 mg-P/L, the
dosage ratio should reach 4 (Al/P) and 8 (Fe/P) [67]. Such a high dosage could deplete
alkalinity excessively and influence the metabolic activities of microorganisms [68]. It is
worth noting that the negative impact of chemicals is associated with the dosage amount as
well as other factors. Ren et al. reported that an iron salt dosage at Fe/P = 2 (in molar ratio)
altered the microbial community and reduced the abundance of denitrifying bacteria and
PAOs [69]. However, with the same dosage ratio, aluminum salt did not show a negative
impact on microbial activity, but slightly stimulated the activity of denitrifying bacteria,
likely due to the lower alkalinity consumption by aluminum salts. Derco pointed out that
the dosage of iron-based chemicals (dosage < 400 mg/L) enhanced microbial activity and
increased removal efficiencies [66]. Moreover, the dosed chemical improved sludge settling
and enhanced the performance of the secondary clarifier, thereby reducing residual SS in
the effluent.

Tertiary filtration is widely used to remove SS from secondary effluent, but it requires
additional capital investment. Alternatively, MBRs are used to upgrade existing WWTPs
to achieve SS reduction in effluent, but fouling issues have limited their application [58].
The lifespan of filtration processes is affected by various factors, including filter design,
environmental conditions, influent water quality, and chemical dosage. Generally, the
service life of filters and MBR membranes can exceed 10 years, which is an important
consideration when assessing cost-effectiveness. Indeed, this issue could be alleviated
by selecting an appropriate phosphorus management scheme systematically. Chemical
phosphorus removal improves sludge properties [70] and stabilizes MBR working efficiency.
Therefore, this study summarizes the impacts of chemical phosphorus removal on MBR
fouling control, including chemical dosage, phosphorus removal efficiency, and fouling
control performance, as shown in Figure 3.
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Figure 3. The membrane fouling potential under various chemical dosage ratios/types in the MBR
reactor (bubble size indicates the phosphorus residual in effluent). (PAC—polyaluminum chloride;
PFC—polymerization ferric chloride).
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The size of the cycles in Figure 3 represents the phosphorus concentration in effluent,
with the yellow cycle equivalent to 0.62 mg-P/L as a reference. These studies achieved
effluent phosphorus residuals below 0.6 mg-P/L and even as low as 0.03 mg-P/L [71,72].
This indicates that chemical dosages at ratios of 1–10, when used in MBR, can achieve
promising and stable phosphorus removal performance. Additionally, in most studies,
chemical dosages significantly mitigated membrane fouling, leading to a 20–100% decrease
in the rate of trans-membrane pressure (TMP) increase [69,70]. However, in some cases,
higher chemical dosages did not yield the expected positive results. Different colors in
Figure 3 indicate different chemical types, which seem to have an impact on membrane
fouling control.

A linear regression model was applied to analyze the correlation between chemical
dosage and increases in TMP. The results indicated that a chemical dosage ratio of up to
4 is a critical threshold for reducing membrane fouling. Higher doses do not necessarily
lead to better performance [73]. Ren et al. compared phosphorus removal efficiency and
membrane fouling control using ferrous sulfate dosing at molar ratios of 1 and 2 [37]. The
dosage ratio of 1 achieved a phosphorus effluent concentration of 0.38 mg-P/L and reduced
membrane TMP increases by almost 90% [69,74]. Specifically, Fe (II) dosage increased
the diameter of suspended solid particles and reduced the amount of soluble microbial
products (SMPs) through coagulation. On the other hand, a ratio of 2 showed similar
phosphorus removal performance but did not reduce membrane fouling compared to
no chemical dosage. Surface analysis indicated that iron precipitation deposited on the
membrane surface caused irreversible fouling. It was reported [74] that high dosage of
ferrous salt can lead to the production of fine particles close to the membrane pore size,
increasing the risk of fouling.

However, the reality is that dosages of chemicals often exceed 2 in molar ratio, and
even surpass a 4 in WWTPs [70,73]. Therefore, other factors should be considered to avoid
the negative impacts of high dosage. One solution is to select a favorable chemical. As
depicted in Figure 3, ferrous sulfate and aluminum chloride (Orange and Rose-bengal,
respectively) appear to be preferable to balance the mitigation of membrane fouling and
phosphorus removal [58,74,75]. At the same dosage, ferrous salts are probably more
favorable than ferric salts and polymerized ferric chloride (PFC) [71,76,77]. However, it
should be noted that dosing Fe (II) is best performed in the anoxic zone. According to
previous research, the extent of phosphorus removal would be influenced by the rate of Fe
(II) oxidation [74]. Adding Fe (II) to a zone with excess oxygen can remove phosphorus
more quickly, but it will also lead to a faster phosphate scaling rate. Despite a slower
rate of Fe (II) oxidation, dosing in the anoxic zone is more efficient, as sufficient contact
time with in situ-formed ferric oxyhydroxide (AFO) is assured [69]. It has been reported
that direct dosing of Fe (III) salt could result in the rapid formation of large particles that
deposit on the membrane surface and cause blockages [71]. Fe (II) can alleviate this issue
by slowing down the precipitation process, ultimately saving capital costs. Aluminum salts
are also widely applied and are more favorable than iron salts because they consume less
alkalinity [58,71]. Additionally, the negative impact of chemicals on membrane fouling can
also be alleviated by choosing the dosing point. Compared with dosing into the aerobic
tank, dosing into an anoxic tank provides enough precipitation time to form large particles
and is more conducive to alleviating membrane fouling [71,76].

4.3. Impact of Phosphorus Management Scheme on Sludge Treatment

In addition to wastewater treatment lines, sludge treatment also accounts for signifi-
cant electricity and chemical consumption [78]. As sludge is discharged from the wastewa-
ter treatment processes, the type and/or operation of biological treatment processes could
influence the sludge properties, thereby influencing the efficiency of concentrating and
dewatering processes. This is also true for phosphorus removal processes. Bashar et al.
classified the cost compositions of various phosphorus removal processes, with sludge
treatment accounting for about 20% of the total O&M costs [13]. Therefore, sludge treat-
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ment should be considered synergistically in the selection and evaluation of phosphorus
management strategies.

Phosphorus removal processes have a direct impact on sludge dewatering prop-
erties. In terms of EBPR process, the impacts on sludge dewatering are clear and well-
established [79,80]. Generally, sludge from the EBPR process is more difficult to dewater [80].
Phosphorus release during sludge treatment is accompanied by the release of cations, of
which the divalent ions are then deposited quickly. This results in an increase in the ratio
of monovalent cations to divalent cations, leading to a deterioration in sludge dewatering
performance. On the other hand, the polyphosphates adsorbed on extracellular polymeric
substances (EPS) increase the quantity of bound water, making it more difficult to remove
in the dewatering process [80–82]. Therefore, sludge from the EBPR process generally
requires a higher dosage of flocculant dosage to enhance dewatering efficiency.

In contrast, sludge from the chemical phosphorus removal process presents some
unique advantages in dewatering performance that are always overlooked when evaluating
the chemical phosphorus removal process. As discussed above, chemical dosage in wastew-
ater treatment lines also promotes sludge aggregation, increases the compactness of sludge
flocs, and reduces the amount of SMP [70,83]. These features all contribute to improved
sludge dewatering performance, leading to a reduction in the flocculant requirement in
the sludge treatment line. Ojo and Ifelebuegu studied the impact of chemical phosphorus
removal on sludge dewatering performance [84]. Their results showed that the dosage of
Al(III) and Fe(III) salts (with molar ratios 11.48 and 5.54, respectively) at a concentration
of 100 mg/L (with a Mixed Liquid Suspended Solids (MLSS) of 3300 mg/L and influent
Total Phosphorus (TP) of 10 mg-P/L) improved the sludge dewatering efficiency signifi-
cantly. In addition, the dewatering performance of sludge from the EBPR process and the
chemical phosphorus removal process (with ferric chloride), respectively, were studied and
compared. The flocculant required for sludge from chemical phosphorus removal is half
of that from EBPR to achieve the same water content (~21%). It is worth noting that the
amount and point of chemical dosage are critical in improving dewatering performance, as
discussed by Ojo and Ifelebuegu. The pre-precipitation approach improved the dewater-
ing properties of primary sludge, whereas the secondary sludge from a co-precipitation
approach seemed to produce a poor dewatering performance. The result was observed
in a bench-scale experiment, so there may be uncertainties in extrapolating them. It is
also highlighted that chemical phosphorus removal should be evaluated systematically by
considering sludge treatment, which requires further research and discussion.

Another possible impact of phosphorus management on sludge treatment is related to
anaerobic digestion. Generally, due to the presence of Al and Fe ions in the sludge from
chemical phosphorus removal, the sludge particles are larger and denser than those from
EBPR, which is an advantage for sludge dewatering. However, this characteristic could
decrease mass transfer, leading to a decrease in the reaction rate and biogas yield. This has
been summarized and analyzed in many studies, and will not be repeated here [84–86].
Chemical phosphorus removal also has some positive effects on sludge digestion. For
example, the presence of metal ions in sludge can reduce the content of volatile sulfur
compounds (VSCs) in biogas [87] and alleviate the adverse effects of humic substances on
digestion [88]. In addition, chemically precipitated sludge releases less phosphorus into the
supernatant than EBPR sludge, thereby reducing the phosphorus amount returned to the
wastewater treatment line. It should be emphasized that with the increasing emphasis on
energy resource recovery in wastewater, chemically enhanced primary treatment to retain
more organic matter for energy resource recovery is favored. However, further measures
are needed to alleviate or avoid negative effects on the sludge anaerobic digestion process.

5. Phosphorus Recovery and Management

With the emphasis on resource recovery and sustainable wastewater management, the
shift from pollutant/resource removal to recovery has been widely accepted. This paradigm
shift also dictates that phosphorus recovery should be a priority in WWTPs [2,89,90]. A
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wide range of phosphorus recovery technologies have been studied and summarized in
many articles [2,89–93], so they will not be the focus of this section. Phosphorus recovery
from wastewater is not widespread and few projects have been reported in China. Thus, the
present work aims to summarize the full-scale application projects of phosphorus recovery,
highlighting the development trend and guiding their selection and application to promote
the sustainability of WWTPs.

According to the recovery points, phosphorus recovery technologies could be classi-
fied into three categories, i.e., aqueous phase recovery, sludge recovery, and sludge ash
recovery [94]. In general, phosphorus recovery potential and cost are highly associated with
the phosphorus mass content and enrichment. Given the low phosphorus concentration in
raw wastewater and effluent, there are no reported trials of phosphorus recovery at these
two points. Aqueous phase recovery includes phosphorus recovery from the anaerobic tank
and from the reject water of sludge treatment units of which the phosphorus concentrations
are at tens or hundreds mg-P/L. In WWTPs with phosphorus removal from wastewater,
approximately 90% of phosphorus is transferred to and enriched in sludge [91]. With incin-
eration as the disposal route, phosphorus can be further concentrated and enriched in the
sludge incineration ash [2]. As such, sludge and sludge incineration ash are two hotspots
and are always processed to extract phosphorus products.

Recently, the European Sustainable Phosphorus Platform updated the inventory of
phosphorus recovery and/or recycling facilities in operation or under construction at
WWTPs [95]. The historical application of different recovery technologies is summarized
and depicted in Figure 4. There are so far 118 reported full-scale phosphorus recovery
projects, with a total installed capacity of 18.276 million kg/year. It is worth noting that
the installed capacity is not calculated based on a unified substance but a sum of different
output products from each recovery technology, such as struvite and hydroxyapatite. Most
of the projects are located in the USA, Japan, Germany, and the Netherlands, which together
account for 71%. In contrast, only two projects in China are reported and included in the
list. The distribution of recovery points is also depicted in Figure 4. Obviously, aqueous
phase recovery is the most widely applied approach for phosphorus recovery in terms
of numbers, while sludge ash recovery is gradually becoming the largest contributor to
installed capacity. Particularly, there has been a significant increase in the installed capacity
in recent years and this increase has been mainly due to sludge ash recovery. It seems
that the sludge ash recovery approach is more favorable and attractive [91,96]. On the
one hand, this evolution in terms of recovery points is associated with policy changes
in sludge treatment and disposal. For example, all sludge is incinerated in Japan, while
the incineration rate in Germany is 90% as required by the government, and 20% in the
USA [97]. This progress justifies the adoption of sludge ash recovery and explains its
common application in Japan and Germany. On the other hand, sludge ash recovery is
more cost-effective in terms of product-specific costs due to the enrichment of P in the ash
compared with the other two approaches [91]. Moreover, sludge ash can be imported into
industrial factories to leverage existing plants and avoid new capital investment.

In addition, the approach to phosphorus recovery should be carefully selected and
integrated with other resource recovery plans at WWTPs. Hao et al. evaluated the energy
recovery potential of two sludge management schemes, one involving sludge dewatering,
drying, and sludge incineration, while the other follows anaerobic digestion, dewatering,
drying, and incineration [50]. The energy balance analysis showed that the former with-
out anaerobic digestion has a lower energy deficit and operational cost. This suggests
that incineration could be a viable alternative to anaerobic digestion for energy recovery
from wastewater. Therefore, integrating sludge ash recovery into this approach could
economically facilitate phosphorus valorization. Official regulations and guidelines have
already promoted sludge incineration as a disposal route for major cities in China [98].
These factors indicate the feasibility of sludge ash recovery to enhance the sustainability
of WWTPs.



Water 2024, 16, 1539 12 of 17

Water 2024, 16, x FOR PEER REVIEW  12  of  18 
 

 

promoted sludge incineration as a disposal route for major cities in China [98]. These fac-

tors indicate the feasibility of sludge ash recovery to enhance the sustainability of WWTPs. 

 

Figure 4. The historical evolution of the global phosphorus recovery projects in terms of (a) project 

number (stacked area chart) and installed capacity (stacked column chart) and (b) country distribution. 

6. Influence of Phosphorus Removal on GHG Emissions 

As summarized and analyzed above, the mass flow of phosphorus and/or the applied 

phosphorus management strategies have a series of impacts on the operation of WWTPs. 

In other words, to make WWTPs more sustainable, a phosphorus management strategy is 

one of the key factors and should be specifically tailored and optimized. Therefore, the 

level of GHG emissions has been an important benchmark to evaluate the sustainability 

of WWTPs. The association between phosphorus management and GHG emission, on the 

one hand, is seldom discussed, as phosphorus is not directly related to CH4 and N2O emis-

sions. On the other hand, phosphorus management strategies significantly contribute to 

and/or affect  the  carbon  footprint of WWTPs. Falk  et al. evaluated GHG  emissions of 

WWTPs to achieve different nutrient discharge limits [99]. The results showed that a strin-

gent nutrient removal target (<2 mg N/L and <0.05 mg-P/L) increased GHG emissions by 

130% compared with a general target (8 mg N/L and 1 mg-P/L). In general, phosphorus 

management requires electricity and chemical input, which contributes to Scope 2 and 3 

emissions (Figure 5). In addition, phosphorus removal involves excess sludge abandon-

ment and the treatment and disposal of this sludge also leads to GHG emissions. 

The associations between phosphorus management and carbon emissions are com-

plex when viewed systematically. According to the phosphorus mass flow, the phospho-

rus removal process also impacts other GHG emission activities. For example, post-pre-

cipitation configuration [66] requires additional construction works, leading to embodied 

carbon emissions. Pre-precipitation and co-precipitation schemes can utilize existing fa-

cilities fully, but they induce negative impacts on nitrogen removal. Chemical dosing in 

the primary clarifier can probably remove organic matter excessively and unnecessarily, 

resulting in a deficiency of carbon source for the following denitrification. A low C/N ratio 

could induce high N2O emissions or require external carbon dosing, which contributes to 

Scope 1 or Scope 3 emissions, respectively. Meanwhile, pre-precipitation also brings ben-

efits for energy recovery by allocating more organic matter to anaerobic digestion for bio-

gas production, reducing imported electricity. 

0

20

40

60

80

100

120

0

5

10

15

20

1989 1992 1995 1998 2001 2004 2007 2010 2013 2016 2019 2022 2025

N
um

be
r 

of
 f

ac
il

it
ie

s

A
cc

um
ul

at
ed

 in
st

al
le

d 
ca

pa
ci

ty
 (
×

10
4

t/
a)

Year

Number/Capacity of facilities for
liquid
Number/Capacity of facilities for
sludge
Number/Capacity of facilities for
sludge ash

Germany
17%

the Netherlands
14%

Japan
19%

America
21%

Others

Aqueous phase recovery

Sludge recovery

Sludge ash recovery

(a) (b)

25%

Figure 4. The historical evolution of the global phosphorus recovery projects in terms of
(a) project number (stacked area chart) and installed capacity (stacked column chart) and
(b) country distribution.

6. Influence of Phosphorus Removal on GHG Emissions

As summarized and analyzed above, the mass flow of phosphorus and/or the applied
phosphorus management strategies have a series of impacts on the operation of WWTPs. In
other words, to make WWTPs more sustainable, a phosphorus management strategy is one
of the key factors and should be specifically tailored and optimized. Therefore, the level of
GHG emissions has been an important benchmark to evaluate the sustainability of WWTPs.
The association between phosphorus management and GHG emission, on the one hand, is
seldom discussed, as phosphorus is not directly related to CH4 and N2O emissions. On the
other hand, phosphorus management strategies significantly contribute to and/or affect
the carbon footprint of WWTPs. Falk et al. evaluated GHG emissions of WWTPs to achieve
different nutrient discharge limits [99]. The results showed that a stringent nutrient removal
target (<2 mg N/L and <0.05 mg-P/L) increased GHG emissions by 130% compared with a
general target (8 mg N/L and 1 mg-P/L). In general, phosphorus management requires
electricity and chemical input, which contributes to Scope 2 and 3 emissions (Figure 5). In
addition, phosphorus removal involves excess sludge abandonment and the treatment and
disposal of this sludge also leads to GHG emissions.

The associations between phosphorus management and carbon emissions are complex
when viewed systematically. According to the phosphorus mass flow, the phosphorus re-
moval process also impacts other GHG emission activities. For example, post-precipitation
configuration [66] requires additional construction works, leading to embodied carbon
emissions. Pre-precipitation and co-precipitation schemes can utilize existing facilities fully,
but they induce negative impacts on nitrogen removal. Chemical dosing in the primary
clarifier can probably remove organic matter excessively and unnecessarily, resulting in a
deficiency of carbon source for the following denitrification. A low C/N ratio could induce
high N2O emissions or require external carbon dosing, which contributes to Scope 1 or
Scope 3 emissions, respectively. Meanwhile, pre-precipitation also brings benefits for energy
recovery by allocating more organic matter to anaerobic digestion for biogas production,
reducing imported electricity.

The EBPR process also has some unfavorable impacts on GHG emissions of WWTPs.
As depicted in Figure 1a, the removed phosphorus flows to the sludge treatment line with
wasted sludge and is then released into the supernatant again, particularly in the anaerobic
digestion stage. The rejected water flows back to the biological treatment unit and con-
tributes about 35% to the total nutrient loadings. This means that this part of phosphorus is
looping internally, which undoubtedly increases electricity consumption (Scope 2 emission).
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In addition, EBPR results in high phosphorus concentration in an anaerobic tank of the
biological unit and sludge treatment line. The presence of magnesium, calcium, and/or
ferrous could induce precipitation on the surface of pipelines or equipment, and thus bring
extra O&M costs and carbon emission. Chemical phosphorus removal is criticized for
its chemical consumption and large sludge production. However, the sludge from the
chemical phosphorus removal process generally has better concentration and dewatering
properties, which could reduce the flocculants dosed in the sludge treatment line. The
opposite occurs in the EBPR process, in which the waste sludge generally requires a large
quantity of chemicals to assist in dewatering. Thus, coupling phosphorus management
with carbon emissions should include all emission activities within the reporting boundary
to evaluate more subjectively and precisely.
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7. Conclusions

Overall, phosphorus management strategies are important for meeting stringent dis-
charge standards and also bring some impacts on the operation of WWTPs. Improving the
phosphorus management strategy could save significant costs and maintenance work and
reduce some impacts on other treatment processes as well as GHG emissions. With the em-
phasis on GHG emission reduction, WWTPs are striving to minimize their GHG footprint.
Therfore, a tailored and systematic phosphorus management strategy is essential for each
specific WWTP. Based on the discussion above, the following suggestions are proposed:

(1) Prioritize phosphorus recovery in WWTPs, with phosphorus removal strategies de-
signed to facilitate recovery.

(2) The precipitate scaling issue should be noted in WWTPs and taken into consideration
in the operation of WWTPs.

(3) Whether implementing chemical phosphorus removal or EBPR, one should con-
sider effluent discharge standards, other pollutant removal processes, and sludge
treatment comprehensively.

(4) In addition, the shortage of precipitant chemicals could become a bigger problem in
the near future, which we have to consider further.

(5) Phosphorus recovery technologies implemented should be integrated into the sludge
disposal pathway and align them with policy directives.
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