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The emphasis on phosphorus removal and recovery from
wastewater treatment plants has intensified in recent years due
to the urgent need to reduce dependency on nonrenewable
phosphorus reserves. Enhanced biological phosphorus removal
(EBPR), driven by a diverse community of polyphosphate-
accumulating organisms with distinct metabolic capabilities,
offers several advantages over chemical precipitation methods.
These benefits include reduced chemical use, lower sludge
volumes, decreased reliance on costly chemical precipitants,
and improved phosphorus recovery quality. Recent
advancements in recovery technologies now enable efficient
phosphorus extraction from digester supernatant, dewatered
digested sewage sludge, and sewage sludge ash, each yielding
different recovery efficiencies. Despite these advances, a
comprehensive assessment of the phosphorus recovery
potential from these target streams in conjunction with EBPR
remains crucial and has yet to be fully explored.
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Introduction
Phosphorus is an essential element for agriculture and a
broad range of industrial and global food products [1]. It

is primarily sourced from finite phosphate rock reserves,
and its price has fluctuated considerably in recent dec-
ades [2]. Concomitantly, phosphate has been categorised
as critical raw material by the European Union, em-
phasising the need for recovery from waste and waste-
water within circular economy initiatives highlighted in
the recent revision of the Urban Wastewater Treatment
Directive [3,4].

Traditionally, wastewater treatment has focused on nu-
trient removal, but the field is shifting towards resource
recovery and recycling. In wastewaters, phosphorus is
predominantly present as orthophosphates, and its re-
moval is achieved through chemical precipitation or
enhanced biological phosphorus removal (EBPR), with
the latter considered as a more sustainable approach [5].
Despite this, the integration of EBPR with phosphorus
recovery remains uncommon in full-scale wastewater
treatment plants (WW'TPs) globally. Phosphorus re-
covery from WW'TPs holds significant potential to meet
a substantial portion of the phosphorus demands for
human activities [6,7]. This review explores the bior-
efinery approach for phosphorus removal and recovery
and discusses three key areas: (1) understanding the
microbiology that underpins EBPR, (2) highlighting
promising methods to identify the physiological traits
unique to microorganisms driving EBPR, and (3) eval-
uating the compatibility of target phosphorus recovery
streams in WW'TPs with EBPR applications.

Enhanced biological phosphorus removal
microbiology

The EBPR process is driven by the activity of polypho-
sphate-accumulating organisms (PAOs) that synthesise in-
tercellular polyphosphate as a storage polymer. Most of the
current understanding of PAOs is derived from studies on
the model organism Ca. Accumulibacter, including insights
into its metabolism, which is well-adapted to the feast-
famine conditions typical of WWTPs [8-12]. Phylogenetic
classification of Ca. Accumulibacter has been based on the
polyphosphate kinase (pp£/) gene, grouping species into
two clades and multiple species, though attempts to link
this grouping to distinct functional differences have been
unsuccessful [8,13,14]. Recent use of high-quality meta-
genome-assembled genomes (MAGs) for phylogenomic
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analysis of Ca. Accumulibacter has revealed 19 species,
of which eight are known to be present in full-scale
WWTPs [15].

In addition to laboratory-scale studies to explore the me-
tabolism of Ca. Accumulibacter, integrated multi-omics
surveys of full-scale WW'TPs provide key insights into the
PAO composition and functions that facilitate EBPR in
full-scale WW'TPs [16]. Such efforts have allowed to con-
firm PAO species belonging to the genus Azonexus (pre-
viously identified as Dediloromonas) (Figure 1). Notably,
Azonexus-related PAOs participate in denitrification, with
species such as Ca. Azonexus phosphorivans capable to
perform complete denitrification [17]. The genus 7erra-
sphaera has long been regarded as an abundant and im-
portant PAO in full-scale plants [18]; however,
phylogenetic analysis has reclassified many species to the
genera Ca. Phosphoribacter and Ca. Lutibacillus, with the
former being an abundant PAO in many WW'TPs [19]. I
situ studies and metagenomic reconstructions have shown
that members of Ca. Phosphoribacter lacks the ability to
store intracellular storage polymers, such as glycogen
or polyhydroxyalkanoates (PHA) but can ferment sugars or
amino acids.

Additionally, glycogen-accumulating organisms (GAOs),
such as Ca. Competibacter, Defluviicoccus, and
Propionivibrio, are frequently found to co-exist with
PAOs in WW'TPs. While GAOs have been assumed to
compete with PAOs for carbon substrates, this compe-
tition has been mainly observed in laboratory-scale sys-
tems where acetate is used in high concentrations
[20,21]. In full-scale plants, if intracellular polypho-
sphate limits the carbon substrates uptake by PAOs,
GAOs can utilise the remainder carbon substrates and
co-exist with PAOs [22]. Influent wastewater comprises a
diverse mix of carbon substrates, which may provide a
competitive advantage to PAOs due to their metabolic
versatility. When sugars are used in a laboratory-scale
EBPR process, fermentative GAOs (fGAOs), like Mi-
cropruina, have been observed to be dominant in the
microbial community. These fGAOs utilise part of the
influent glucose for glycogen synthesis and ferment the
remaining glucose into lactate, which may subsequently
be utilised by some PAOs [23,24].

Many full-scale WW'TPs designed for EBPR report co-
existence of a diverse PAO community. It is likely that
the complex mix of carbon substrates in influent waste
streams in EBPR supports the PAO phenotypic diversity
and indicates the different ecological niches that various
PAO members occupy [16,25]. PAO abundances vary
widely across WW'TPs, influenced not only by plant
design and operation but also by seasonal variations and
immigration from sewer systems [26,27]. The efficient
and stable phosphorus removal observed in most EBPR

plants can be attributed to the high functional resilience
offered by the diverse PAO community.

Identifying key physiological traits of
polyphosphate-accumulating organisms
Inorganic polyphosphate is ubiquitously stored in cells
where it serves as a source of energy and phosphate
[28,29]. In bacteria, polyphosphate storage has diverse roles
in metabolic activities, such as energy source in cells,
phosphorylation of carbon substrate, anaerobic substrate
uptake, balance regulatory functions by protein phos-
phorylation, quorum-sensing, stress response, and viru-
lence [29-32]. In PAOs, the primary function of inorganic
polyphosphate is for energy generation to support organic
carbon substrate uptake in the absence of electron accep-
tors. Under anaerobic conditions, (. Accumulibacter uti-
lises polyphosphate to generate energy for the uptake and
storage of organic carbon substrates as PHA. During
aerobic conditions, stored PHA is metabolised for growth,
while orthophosphate in the mixed liquor replenishes the
intracellular polyphosphate reserves. The cyclic feature of
polyphosphate accumulation and utilisation in PAOs is
attributed to the presence of polyphosphate kinases (en-
coded by the genes ppkl and ppk2), high-affinity phosphate
transporter (psf), and inorganic phosphate transporter (pif)
[33]. It is important to note that these genes are widely
conserved within the bacterial domain [32,34,35]. While
PAO metabolism is well understood, the fundamental
distinction between PAOs and other heterotrophic organ-
isms in terms of polyphosphate acquisition and regulation
is still unknown.

Integrated multi-omics techniques measuring gene ex-
pression and metabolite profiling have provided valuable
insights into the metabolic regulation in Ca.
Accumulibacter under dynamic environmental conditions
[37]. Previous studies on phosphate uptake regulation
have shown inconsistent transcriptomic regulation of the
key two-component regulatory system in Ca. Accumuli-
bacter, Dechloromonas, Microlunatus phosphovorus, and Ter-
rasphaera elongata [14,33,35,36]. This inconsistency results
in excess orthophosphate transported into the cell
whereas the elevated transcription levels of polypho-
sphate kinases in Ca. Accumulibacter suggest efficient
orthophosphate condensation to polyphosphate [38,39].
Assessing  polyphosphate accumulation and utilisation
traits in known PAOs can help distinguish their phy-
siology from that of heterotrophic organisms and support
the identification of potential novel PAOs in WW'TPs.

Our understanding of the PAO metabolism arises from
enrichment cultures, while the inability to cultivate re-
presentative PAO members limits physiological in-
sights. Combining the rapidly growing capability of
assembling  high-quality MAGs with metabolic
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Phylogenetic tree showing the diversity and phylogenetic classification of the
high-quality MAGs are shown for every genus. The PAO species are in blue.

most abundant genera of PAOs and GAOs. The species representative
For the Azonexus genus, only confirmed PAOs are shown. For Ca.

Accumulibacter, only species found in WWTPs are shown. The tree is based on the alignment of 120 concatenated proteins created by GTDB-Tk
v2.4.0 [36]. Bootstraps are shown with the value of >95%. Isolates are identified with dark orange squares. Taxonomic ranks (phylum, class, order, and
family) are identified by grey areas. High-quality MAGs from Chloroflexota phylum were chosen as an outgroup.

modelling reveals resource allocation strategies that
allow PAOs to thrive in dynamic environmental condi-
tions [12,40,41]. This approach aided in identifying an
Nicotinamide adenine dinucleotide-preferring acet-
oacetyl-CoA reductase in PAOs, suggesting PHA accu-
mulation primarily as a fermentation product rather than
a stress response function under anaerobic condi-
tions [42].

Integrating PAO metabolic insights has guided effective
process design for stable EBPR in full-scale WW'TPs
(‘Table 1). For instance, understanding orthophosphate
release during organic carbon uptake without electron
acceptors has informed plant designs such as Phoredox
and modified University of Cape Town, as well as
sidestream applications such as Phostrip and BCFS
[43,44]. Furthermore, in the now widely applied aerobic

Table 1

Critical process design parameters that afford stable EBPR in full-scale WWTPs.

Operational parameters Physiological relevance Criteria Reference
study

Oxidation reduction Reduced conditions characterised by low ORP Below —250 mV in anaerobic tank [44,45]

potential (ORP) lead to anaerobic substrate uptake by PAOs

Solid retention time (SRT)  PAOs are slow-growing organisms, and 6-10 days [44,46-48]

phosphorus removal performance is strongly
linked to operational SRT and temperature.

Proportion of return
activated sludge diverted
through sidestream

Impact of low-influent VFA or readily
biodegradable COD concentrations can be
overcome by hydrolysis/fermentation activity
promoted by sidestream processes.

For integration with A-stage processes, a
minimum SRT of 4 days is recommended for
an operational temperature range of 16-25°C.
5-20%, with residence time of 15-40 hours
Only applied when there is low VFA in the
influent

[45,46][43,49]

VFA: volatile fatty acids, COD: chemical oxygen demand
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granular sludge technology, PAOs are observed to be
key to the EBPR process and critical to the structural
integrity of the granules. With increasingly stringent
effluent discharge criteria, a deeper understanding of
PAO physiology can guide technical strategies in full-
scale EBPR applications to achieve effluent orthopho-
sphate concentrations as low as 0.5 mg P/l [43].

Efficient phosphorus recovery strategies
coupled to biological phosphorus removal
processes

EBPR can be implemented in several ways in municipal
WWTPs, with a general distinction between systems
targeting the entire wastewater flow (‘mainstream’) and
processes that treat a fraction thereof (‘sidestream’).
Compared to chemical precipitation methods for phos-
phorus removal, EBPR minimises chemical use, results
in lower sludge volumes, lowers dependence and cost
accrued for chemical precipitant, and significantly im-
proves the quality of phosphorus recovered [50]. Fur-
thermore, WW'TPs often face significant challenges from
pipe clogging caused by the unwanted precipitation of
phosphorus-bound salts, which can greatly increase op-
eration and maintenance costs. Following a recent iron-
precipitant shortage observed in Germany, the estab-
lishment of EBPR in WWTPs was recommended as a
strategic response to ensure adequate phosphorus re-
moval and enhance water quality [51].

Phosphorus in activated sludge is available as inorganic
phosphates (in the form of salts), biogenic phosphorus

Figure 2

(incorporated in nucleic acids and phospholipids), and
polyphosphate stored in cells (Figure 2a) [52]. Most re-
covery technologies require redissolution of the in-
organic- and organic-bound phosphorus. The different
stages of treatment in WW'I'Ps offer opportunities to
recover these different phosphorus fractions. After bio-
logical treatment, excess activated sludge undergoes
anaerobic digestion and subsequent dewatering to pro-
duce a supernatant and digested dewatered sludge. The
latter can be incinerated, resulting in phosphorus-rich
sewage sludge ash (SSA; Figure 2b), although in some
countries, it can also be directly applied to farmland as
fertiliser. Thus, the three key streams for phosphorus
recovery are the digester supernatant, digested dewa-
tered sewage sludge (SS), and SSA from mono-in-
cineration. Numerous technologies and concepts have
been proposed and reviewed extensively [53]. This
section focuses on identifying key products that can be
recovered from each target stream and exploring how
integrating EBPR can improve phosphorus recovery
from these target streams [53].

Digester supernatant

During anaerobic digestion, the bacterial phosphorus
fraction stored as polyphosphate is released into the li-
quid phase under the prevalent anaerobic conditions and
commonly recovered from digester supernatant by pre-
cipitating struvite (MgNH4PO4-6H,0) and can directly
be applied as a slow-release fertiliser in agriculture.
Although some heavy metals may be incorporated
during crystallisation, the pollutant concentrations are
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Overview of phosphorus presence and fate in wastewater treatment. (a) Forms of phosphorus, including inorganically bound phosphorus, phosphorus
stored in bacteria as polyphosphate, and biogenic phosphorus stored in lipids, nucleic acids, and extracellular polymeric substances. (b) Key streams
for phosphorus recovery: digester supernatant, digested dewatered SS, and SSA from mono-incineration. The potential recovery products from these
key streams such as struvite, vivianite, phosphoric acid, slow-release fertilisers, etc. have been identified.
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low enough for safe fertiliser use [54,55]. EBPR im-
plementation increases phosphorus recovery rates from
digester supernatant, as more biologically bound P re-
dissolves from the sludge to the liquid phase during
anaerobic digestion, resulting in higher orthophosphate
concentrations in the supernatant. However, challenges
include low recovery efficiency and limited market po-
tential of struvite, partly due to lack of large-scale ap-
plications [53,56]. One factor for the low struvite
recovery is the presence of iron-phosphate mineral in the
form of vivianite (Fe(II);[PO4],-8H,0) [57]. Dosing iron
in the digestor can lead to 60-80% recovery of total
phosphate in the influent [5,57-60]. An investigation of
vivianite recovery with EBPR implementation requires
future attention.

Dewatered digested sewage sludge

Phosphorus recovery from dewatered digested sludge is
achieved by dissolving the bacterial and inorganic
phosphorus fractions by acidification [61]. The recovered
products after chemical precipitation are an amalga-
mated mixture of struvite, calcium phosphate, magne-
sium phosphate, brucite, etc, that severely lower
recovered phosphorus purity. The extensive use of
chemicals and maximum recovery rates reaching 40% of
total phosphorus in influent, further limit the viability of
this method. Some countries, such as Denmark, France,
and Australia, promote the safe use of dewatered sludge
as a slow-release fertiliser in agriculture. To alleviate
concerns of the presence of emerging contaminants in
this recovery method, thermal processing of the SS
fraction to destroy organic contaminants may be a viable
option [62]. The implementation of EBPR in WW'TPs
will typically increase intracellular polyphosphates and
biogenic phosphorus in the SS, which is expected to
enhance the phosphorus recovery from the SS stream.

Sewage sludge ash

When dewatered SS is treated in mono-incineration
plants, phosphorus is concentrated in the ash as organic
compounds combust. SSA allows highest phosphorus
recovery rates by wet-chemical extraction of P from the
ash matrix by acidic or alkaline leaching [53]. This
method removes organic and microbial contaminants but
requires significant chemical use for leaching and sub-
sequent purification of the leachate (e.g. Fe, Al, and
other heavy metals). The recovered product, often
phosphoric acid, is a well-accepted chemical compound
for use in the fertiliser and chemical industry. Industrial-
scale phosphorus recovery plants from SSA are currently
planned and installed more frequently in Switzerland
and Germany due to the respective phosphorus recovery
obligation and the associated requirements for the re-
covered products [63-65]. However, phosphorus re-
covered from SSA is significantly costlier than direct
phosphorus recycling, so in countries where it is allowed,
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direct land application of SS improves the economic
prospects for phosphorus recovery from WW'TPs [53].

Phosphorus recovery from the liquid phase of anaerobic
reactors in EBPR-based WW'TPs has been explored only
for orthophosphate recovery or chemical release of
bound phosphorus [66,67]. However, polyphosphate is a
valuable product already recovered from food industry
byproducts at laboratory scale [68]. Implementing direct
recovery of polyphosphate from PAOs offers a promising
avenue for future research [69].

Conclusions

Attention to phosphorus removal and recovery has sig-
nificantly grown in recent years. Strategic EBPR im-
plementation effectively removes phosphorus from
wastewater and enhances recovery from digester super-
natant and dewatered, digested SS fractions. Full-scale
WWTPs designed for EBPR report stable performance
and a diverse community of PAOs that offers functional
resilience ensuring efficient phosphorus removal. Given
the significant recovery potential from vivianite or SSA,
evaluating the synergistic benefits of these technologies
with EBPR at pilot or full-scale implementation is es-
sential to develop a robust techno-economic perspective.

CRediT authorship contribution statement
SR: Conceptualization, Writing — original draft. JFP:

Conceptualization, Writing - original draft. SM:
Conceptualization, Writing — original draft. ZK:
Conceptualization, Writing - original draft. MvL:
Conceptualization, Writing — review and editing,

Funding acquisition. TW: Conceptualization Writing —
review and editing, Funding acquisition. PHN:
Conceptualization, Writing — review and editing,
Funding acquisition.

Data Availability

Data will be made available on request.

Declaration of Competing Interest

We wish to confirm that there are no known conflicts of
interest associated with this publication and there has
been no significant financial support for this work that
could have influenced its outcome. We confirm that the
manuscript has been read and approved by all named
authors and that there are no other persons who satisfied
the criteria for authorship but are not listed. We further
confirm that the order of authors listed in the manuscript
has been approved by all of us. We confirm that we have
given due consideration to the protection of intellectual
property associated with this work and that there are no
impediments to publication, including the timing of
publication, with respect to intellectual property. In so
doing, we confirm that we have followed the regulations

www.sciencedirect.com

Current Opinion in Biotechnology 2025, 92:103266



6 Phosphate Biotechnology

of our institutions concerning intellectual property. We
understand that the Corresponding Author(s) is the sole
contact for the Editorial process (including Editorial
Manager and direct communications with the office).
The Corresponding Author(s) are responsible for com-
municating with the other authors about progress, sub-
missions of revisions, and final approval of proofs.

Acknowledgements

SR has been supported by the European Union’s Horizon Europe research
and innovation programme under the Marie Sklodowska-Curie grant
agreement No 101068900. SR and MvL have been supported by the SIAM
Gravitation Grant 024.002.002, The Netherlands Organization for Scientific
Research. PHN, JFP and ZK have been supported by the Villum
Foundation (grant 13351) and the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 952908 (Glomicave).

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
ee Of outstanding interest

1. de Boer MA, Wolzak L, Slootweg JC: Phosphorus: Reserves,
Production, and Applications. Springer; 2019.

2. de Ridder M, de Jong S, Polchar J, Lingemann S: Risks and
Opportunities in the Global Phosphate Rock Market: Robust
Strategies in Times of Uncertainty. TheHague: The Hague Centre
for Strategic Studies; 2012.

3. Jupp AR, Beijer S, Narain GC, Schipper W, Slootweg JC:

] Phosphorus recovery and recycling-closing the loop. Chem
Soc Rev 2021, 50:87-101.

A comprehensive and holistic review of recovery technologies from

different municipal wastewater treatment streams, covering not only

technological and financial aspects of the reviewed processed but also

the type, quality, and applicability of the recovered products.

4. Directorate General for Environment Deal on more efficient
treatment and reuse of urban wastewater. European Parliament
Committee Environment, Public Health, and Food Safety; 2024.

5. Zheng M, Hu Z, Liu T, Sperandio M, Volcke EIP, Wang Z, Hao X,
Duan H, Vlaeminck SE, Xu K, et al.: Pathways to advanced
resource recovery from sewage. Nat Sustain 2024,.

6. Hao X, LiJ, Liu R, van Loosdrecht MCM: Resource recovery from
wastewater: what, why, and where? Environ Sci Technol 2024,
58:14065-14067.

7. Carrillo V, Castillo R, Magri A, Holzapfel E, Vidal G: Phosphorus
recovery from domestic wastewater: a review of the
institutional framework. J Environ Manag 2024, 351:119812.

8. Rubio-Rincon FJ, Weissbrodt DG, Lopez-Vazquez CM, Welles L,
Abbas B, Albertsen M, Nielsen PH, van Loosdrecht MCM,
Brdjanovic D: “Candidatus Accumulibacter delftensis”: a clade
IC novel polyphosphate-accumulating organism without
denitrifying activity on nitrate. Water Res 2019, 161:136-151.

9. Mao, YuK, XiaY, Chao Y, Zhang T: Genome reconstruction
and gene expression of “Candidatus Accumulibacter
phosphatis” Clade IB performing biological phosphorus
removal. Environ Sci Technol 2014, 48:10363-10371.

10. Camejo PY, Oyserman BO, McMahon KD, Noguera DR: Integrated
omic analyses provide evidence that a “Candidatus
Accumulibacter phosphatis” strain performs denitrification
under microaerobic conditions. mSystems 2019, 4, https://doi.
org/10.1128/msystems.00193-18

11. Qiu G, Liu X, Saw N, Law Y, Zuniga-Montanez R, Thi SS, Ngoc
Nguyen TQ, Nielsen PH, Williams RBH, Wuertz S: Metabolic traits
of Candidatus Accumulibacter clade IIF strain SCELSE-1 using

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

amino acids as carbon sources for enhanced biological
phosphorus removal. Environ Sci Technol 2020, 54:2448-2458.

Paez-Watson T, van Loosdrecht MC, Wahl SA: From
metagenomes to metabolism: systematically assessing the
metabolic flux feasibilities for “Candidatus Accumulibacter”
species during anaerobic substrate uptake. Water Res 2024,
250:121028.

Flowers JJ, He S, Yilmaz S, Noguera DR, McMahon KD:
Denitrification capabilities of two biological phosphorus
removal sludges dominated by different "Candidatus
Accumulibacter" clades. Environ Microbiol Rep 2009, 1:583-588.

Kim JM, Lee HJ, Lee DS, Jeon CO: Characterization of the
denitrification-associated phosphorus uptake properties of
“Candidatus Accumulibacter phosphatis” clades in sludge
subjected to enhanced biological phosphorus removal. App/
Environ Microbiol 2013, 79:1969-1979.

Petriglieri F, Singleton CM, Kondrotaite Z, Dueholm MKD, McDaniel
EA, McMahon KD, Nielsen PH: Reevaluation of the phylogenetic
diversity and global distribution of the genus “Candidatus
Accumulibacter”. mSystems 2022, 7:e00016-22.

Qiu G, Zuniga-Montanez R, Law Y, Thi SS, Nguyen TQN,
Eganathan K, Liu X, Nielsen PH, Williams RBH, Wuertz S:
Polyphosphate-accumulating organisms in full-scale tropical
wastewater treatment plants use diverse carbon sources.
Water Res 2019, 149:496-510.

Petriglieri F, Singleton C, Peces M, Petersen JF, Nierychlo M,
Nielsen PH: “Ca. Dechloromonas phosphoritropha” and “Ca. D.
phosphorivorans”, novel polyphosphate accumulating
organisms abundant in wastewater treatment systems. ISME J
2021, 15:3605-3614.

Kristiansen R, Nguyen HTT, Saunders AM, Nielsen JL, Wimmer R,
Le VQ, Mcllroy SJ, Petrovski S, Seviour RJ, Calteau A, et al.: A
metabolic model for members of the genus Tetrasphaera
involved in enhanced biological phosphorus removal. ISME J
2013, 7:543-554.

Singleton CM, Petriglieri F, Wasmund K, Nierychlo M, Kondrotaite
Z, Petersen JF, Peces M, Dueholm MS, Wagner M, Nielsen PH: The
novel genus, ’Candidatus Phosphoribacter’, previously
identified as Tetrasphaera, is the dominant polyphosphate
accumulating lineage in EBPR wastewater treatment plants
worldwide. ISME J 2022, 16:1605-1616.

Erdal UG, Erdal ZK, Daigger GT, Randall CW: Is it PAO-GAO
competition or metabolic shift in EBPR system? Evidence from
an experimental study. Water Sci Technol 2008, 58:1329-1334.

Erdal UG, Erdal ZK, Randall CW: The competition between PAOs
(phosphorus accumulating organisms) and GAOs (glycogen
accumulating organisms) in EBPR (enhanced biological
phosphorus removal) systems at different temperatures and
the effects on system performance. Water Sci Technol 2003,
47:1-8.

Nielsen PH, Mcliroy SJ, Albertsen M, Nierychlo M: Re-evaluating
the microbiology of the enhanced biological phosphorus
removal process. Curr Opin Biotechnol 2019, 57:111-118.

Elahinik A, de Clercq F, Pabst M, Xevgenos D, van Loosdrecht
MCM, Pronk M: Effects of salinity on glycerol conversion and
biological phosphorus removal by aerobic granular sludge.
Water Res 2024, 257:121737.

Elahinik A, Haarsma M, Abbas B, Pabst M, Xevgenos D, van
Loosdrecht MCM, Pronk M: Glycerol conversion by aerobic
granular sludge. Water Res 2022, 227:119340.

Stokholm-Bjerregaard M, Mcllroy SJ, Nierychlo M, Karst SM,
Albertsen M, Nielsen PH: A critical assessment of the
microorganisms proposed to be important to enhanced
biological phosphorus removal in full-scale wastewater
treatment systems. Front Microbiol 2017, 8.

Peces M, Dottorini G, Nierychlo M, Andersen KS, Dueholm MKD,
Nielsen PH: Microbial communities across activated sludge
plants show recurring species-level seasonal patterns. ISME
Commun 2022, 2:18.

Current Opinion in Biotechnology 2025, 92:103266

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref1
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref1
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref2
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref2
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref2
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref2
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref3
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref3
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref3
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref4
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref4
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref4
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref5
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref5
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref5
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref6
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref6
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref6
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref7
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref7
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref7
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref7
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref7
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref8
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref8
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref8
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref8
https://doi.org/10.1128/msystems.00193-18
https://doi.org/10.1128/msystems.00193-18
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref10
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref10
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref10
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref10
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref10
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref11
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref11
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref11
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref11
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref11
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref12
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref12
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref12
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref12
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref13
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref13
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref13
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref13
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref13
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref14
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref14
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref14
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref14
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref15
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref15
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref15
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref15
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref15
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref16
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref16
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref16
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref16
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref16
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref17
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref17
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref17
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref17
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref17
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref18
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref18
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref18
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref18
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref18
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref18
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref19
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref19
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref19
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref20
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref20
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref20
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref20
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref20
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref20
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref21
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref21
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref21
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref22
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref22
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref22
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref22
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref23
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref23
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref23
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref24
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref24
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref24
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref24
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref24
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref25
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref25
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref25
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref25

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Dottorini G, Michaelsen TY, Kucheryavskiy S, Andersen KS,
Kristensen JM, Peces M, Wagner DS, Nierychlo M, Nielsen PH:
Mass-immigration determines the assembly of activated
sludge microbial communities. Proc Nat/ Acad Sci USA 2021,
118:€2021589118.

Achbergerova L, Nahélka J: Polyphosphate — an ancient energy
source and active metabolic regulator. Microb Cell Factor 2011,
10:63.

Brown MR, Kornberg A: Inorganic polyphosphate in the origin
and survival of species. Proc Nat/ Acad Sci USA 2004,
101:16085-16087.

Azevedo C, Saiardi A: The new world of inorganic
polyphosphates. Biochem Soc Trans 2016, 44:13-17.

Rashid MH, Rumbaugh K, Passador L, Davies DG, Hamood AN,
Iglewski BH, Kornberg A: Polyphosphate kinase is essential for
biofilm development, quorum sensing, and virulence of
Pseudomonas aeruginosa. Proc Natl Acad Sci USA 2000,
97:9636-9641.

Wang L, Yan J, Wise MJ, Liu Q, Asenso J, Huang Y, Dai S, Liu Z, Du
Y, Tang D: Distribution patterns of polyphosphate metabolism
pathway and its relationships with bacterial durability and
virulence. Front Microbiol 2018, 9:782.

Ruiz-Haddad L, Ali M, Pronk M, van Loosdrecht MCM, Saikaly PE:
Demystifying polyphosphate-accumulating organisms relevant
to wastewater treatment: a review of their phylogeny,
metabolism, and detection. Environ Sci Ecotechnology 2024,
21:100387.

Roy S, Guanglei Q, Zuniga-Montanez R, Williams RB, Wuertz S:
Recent advances in understanding the ecophysiology of
enhanced biological phosphorus removal. Curr Opin Biotechnol
2021, 67:166-174.

Nocek B, Kochinyan S, Proudfoot M, Brown G, Evdokimova E,
Osipiuk J, Edwards AM, Savchenko A, Joachimiak A, Yakunin AF:
Polyphosphate-dependent synthesis of ATP and ADP by the
family-2 polyphosphate kinases in bacteria. Proc Nat/ Acad Sci
USA 2008, 105:17730-17735.

Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH: GTDB-Tk v2:
memory friendly classification with the genome taxonomy
database. Bioinformatics 2022, 38:5315-5316.

. McDaniel EA, Wahl SA, Ishii S, Pinto A, Ziels R, Nielsen PH,

McMahon KD, Williams RBH: Prospects for multi-omics in the
microbial ecology of water engineering. Water Res 2021,
205:117608.

A holistic summary of modern genome-resolved metagenomic ap-
proaches applied to a variety of water engineering applications from
laboratory-scale bioreactors to full-scale systems.

38.

39.

40.

41.

42.

Xie X, Deng X, Chen L, Yuan J, Chen H, Wei C, Liu X, Wuertz S, Qiu
G: Integrated genomics provides insights into the evolution of
the polyphosphate accumulation trait of Ca. Accumulibacter.
Environ Sci Ecotechnology 2024, 20:100353.

Oyserman BO, Noguera DR, del Rio TG, Tringe SG, McMahon KD:
Metatranscriptomic insights on gene expression and
regulatory controls in Candidatus Accumulibacter phosphatis.
ISME J 2016, 10:810-822.

Guedes da Silva L, Olavarria Gamez K, Castro Gomes J,
Akkermans K, Welles L, Abbas B, van Loosdrecht MCM, Wahl SA:
Revealing the metabolic flexibility of “Candidatus
Accumulibacter phosphatis” through redox cofactor analysis
and metabolic network modeling. App/ Environ Microbiol 2020,
86:e00808-20.

Oehmen A, Carvalho G, Lopez-Vazquez C, Van Loosdrecht M, Reis
M: Incorporating microbial ecology into the metabolic
modelling of polyphosphate accumulating organisms and
glycogen accumulating organisms. Water Res 2010,
44:4992-5004.

Olavarria K, Carnet A, van Renselaar J, Quakkelaar C, Cabrera R,
Guedes da Silva L, Smids AL, Villalobos PA, van Loosdrecht MCM,
Wahl SA: An NADH preferring acetoacetyl-CoA reductase is
engaged in poly-3-hydroxybutyrate accumulation in
Escherichia coli. J Biotechnol 2021, 325:207-216.

Bio-P Removal and Integrated Recovery Solutions Roy et al. 7

44,

45.

46.

47.

48.

49.

50.

51.

52.

Lopez-Vazquez CM, Wentzel MC, Comeau Y, Ekama GA, van
Loosdrecht MC, Brdjanovic D, Oehmen A: Enhanced biological
phosphorus removal. Biological Wastewater Treatment:
Principles, Modelling and Design. 2nd edn., IWA Publishing;
2020:239-326.

Barnard JL, Dunlap P, Steichen M: Rethinking the mechanisms of
biological phosphorus removal. Water Environ Res 2017,
89:2043-2054.

Keene NA, Reusser SR, Scarborough MJ, Grooms AL, Seib M,
Santo Domingo J, Noguera DR: Pilot plant demonstration of
stable and efficient high rate biological nutrient removal with
low dissolved oxygen conditions. Water Res 2017, 121:72-85.

Onnis-Hayden A, Majed N, Li Y, Rahman SM, Drury D, Risso L, Gu
AZ: Impact of solid residence time (SRT) on functionally
relevant microbial populations and performance in full-scale
enhanced biological phosphorus removal (EBPR) systems.
Water Environ Res 2020, 92:389-402.

Yang Y, Zhang L, Shao H, Zhang S, Gu P, Peng Y: Enhanced
nutrients removal from municipal wastewater through
biological phosphorus removal followed by partial nitritation/
anammox. Front Env Sci Eng 2017, 11:8.

Valverde-Pérez B, Wagner DS, Lérant B, Gulay A, Smets BF, Plosz
BG: Short-sludge age EBPR process — microbial and
biochemical process characterisation during reactor start-up
and operation. Water Res 2016, 104:320-329.

Farmer M, Sabba F, Jia Z, Dunlap P, Barnard J, Qin CD, Straka L,
Kozak JA, Downing L, Wells G: Confronting assumptions of
phosphorus-accumulating organisms and glycogen-
accumulating organisms: peaceful coexistence in a carbon-
limited sidestream EBPR demonstration. ACS EST Water 2023,
3:2384-2394.

Devos P, Filali A, Grau P, Gillot S: Sidestream characteristics in
water resource recovery facilities: a critical review. Water Res
2023, 232:119620.

Eichholz C, Barjenbruch M, Bannick C-G, Hartwig P: A study on
the situation and learnings of the precipitant shortage in the
German wastewater sector. Resources 2024, 13:1.

Petriglieri F, Petersen JF, Peces M, Nierychlo M, Hansen K,
Baastrand CE, Nielsen UG, Reitzel K, Nielsen PH: Quantification
of biologically and chemically bound phosphorus in activated
sludge from full-scale plants with biological P-removal. Environ
Sci Technol 2022, 56:5132-5140.

By combining several analytical methods, the authors quantify different
P-fractions in EBPR sludge and characterize PAO communities present
in four full-scale EBPR WWTPs in Denmark.

53.

Egle L, Rechberger H, Krampe J, Zessner M: Phosphorus
recovery from municipal wastewater: an integrated
comparative technological, environmental and economic
assessment of P recovery technologies. Sci Total Environ 2016,
571:522-542.

A comprehensive and holistic review of recovery technologies from
different municipal wastewater treatment streams, covering not only
technological and financial aspects of the reviewed processed but also
the type, quality, and applicability of the recovered products.

54.

55.

56.

57.

Boniardi G, Close K, Turolla A, Canziani R, Oehmen A:
Assessment of three different approaches for integrating
phosphorus recovery from sewage sludge and derived
products in existing wastewater treatment plants. Bioresour
Technol 2024, 402:130822.

Santos AF, Almeida PV, Alvarenga P, Gando-Ferreira LM, Quina
MJ: From wastewater to fertilizer products: Alternative paths to
mitigate phosphorus demand in European countries.
Chemosphere 2021, 284:131258.

Brye KR, Omidire NS, English L, Parajuli R, Kekedy-Nagy L, Sultana
R, Popp J, Thoma G, Roberts TL, Greenlee LF: Assessment of
struvite as an alternative sources of fertilizer-phosphorus for
flood-irrigated rice. Sustainability (15) 2022, 14:9621.

Wilfert P, Dugulan Al, Goubitz K, Korving L, Witkamp GJ, Van
Loosdrecht MCM: Vivianite as the main phosphate mineral in
digested sewage sludge and its role for phosphate recovery.
Water Res 2018, 144:312-321.

www.sciencedirect.com

Current Opinion in Biotechnology 2025, 92:103266


http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref26
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref26
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref26
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref26
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref26
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref27
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref27
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref27
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref28
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref28
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref28
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref29
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref29
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref30
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref30
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref30
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref30
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref30
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref31
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref31
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref31
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref31
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref32
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref32
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref32
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref32
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref32
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref33
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref33
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref33
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref33
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref34
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref34
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref34
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref34
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref34
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref35
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref35
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref35
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref36
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref36
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref36
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref36
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref37
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref37
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref37
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref37
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref38
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref38
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref38
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref38
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref39
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref39
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref39
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref39
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref39
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref39
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref40
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref40
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref40
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref40
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref40
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref41
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref41
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref41
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref41
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref41
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref42
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref42
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref42
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref42
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref42
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref43
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref43
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref43
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref44
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref44
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref44
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref44
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref45
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref45
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref45
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref45
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref45
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref46
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref46
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref46
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref46
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref47
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref47
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref47
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref47
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref48
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref48
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref48
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref48
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref48
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref48
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref49
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref49
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref49
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref50
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref50
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref50
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref51
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref51
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref51
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref51
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref51
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref52
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref52
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref52
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref52
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref52
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref53
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref53
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref53
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref53
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref53
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref54
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref54
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref54
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref54
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref55
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref55
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref55
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref55
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref56
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref56
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref56
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref56

8 Phosphate Biotechnology

58.

59.

60.

61.

62.

63.

64.

Hao X, Yu W, Yuan T, Wu Y, van Loosdrecht MC: Unravelling key
factors controlling vivianite formation during anaerobic
digestion of waste activated sludge. Water Res 2022,
223:118976.

Prot T, Korving L, Dugulan Al, Goubitz K, van Loosdrecht MCM:
Vivianite scaling in wastewater treatment plants: occurrence,
formation mechanisms and mitigation solutions. Water Res
2021, 197:117045.

Cao J, Wu Y, Zhao J, Jin S, Aleem M, Zhang Q, Fang F, Xue Z, Luo
J: Phosphorus recovery as vivianite from waste activated
sludge via optimizing iron source and pH value during
anaerobic fermentation. Bioresour Technol 2019, 293:122088.

Quist-densen CA, Wybrandt L, Lokkegaard H, Antonsen SB,
Jensen HC, Nielsen AH, Christensen ML: Acidification and
recovery of phosphorus from digested and non-digested
sludge. Water Res 2018, 146:307-317.

Rastetter N, Gerhardt A: Toxic potential of different types of
sewage sludge as fertiliser in agriculture: ecotoxicological
effects on aquatic, sediment and soil indicator species. J Soil
Sediment 2017, 17:106-121.

EasyMining: Green Light for a new phosphorus recovery Plant
to address global resource needs; 2024.

Council SBSF: Verordnung iiber die Vermeidung und die
Entsorgung von Abfallen (Abfallverordnung, VVEA); Bundesamt
fur Umwelt / Federal Office for the Environment; 2015.

65.

66.

Germany B.F.Go: Verordnung zur Neuordnung der
Klarschlammverwertung (Klarschlammverordnung - AbfKlarV);
Bundesministerium flr Umwelt, Naturschutz, nukleare Sicherheit
und verbraucherschutz / Federal Ministry for the Environment,
Nature Conservation, Nuclear Safety and Consumer Protection;
2017.

Zhang C, Guisasola A, Baeza JA: A review on the integration of
mainstream P-recovery strategies with enhanced biological
phosphorus removal. Water Res 2022, 212:118102.

This work assesses current strategies for mainstream phosphorus
recovery from EBPR WWTPs, with a special focus on the key
operational aspects that need to be considered for a successful im-
plementation.

67.

68.

69.

Salehi S, Cheng KY, Heitz A, Ginige MP: Re-visiting the Phostrip
process to recover phosphorus from municipal wastewater.
Chem Eng J 2018, 343:390-398.

Herrmann KR, Fees J, Christ JJ, Hofmann I, Block C, Herzberg D,
Broéring S, Reckels B, Visscher C, Blank LM, et al.:
Biotechnological production of food-grade polyphosphate
from deoiled seeds and bran. EFB Bioeconomy J 2023, 3:100048.

Demling P, Baier M, Deitert A, Fees J, Blank LM: Biotechnological
polyphosphate as an opportunity to contribute to the
circularization of the phosphate economy. Curr Opin Biotechnol
2024, 87:103107.

Current Opinion in Biotechnology 2025, 92:103266

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref57
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref57
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref57
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref57
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref58
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref58
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref58
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref58
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref59
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref59
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref59
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref59
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref60
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref60
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref60
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref60
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref61
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref61
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref61
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref61
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref62
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref62
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref62
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref63
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref63
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref63
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref64
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref64
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref64
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref64
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref65
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref65
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref65
http://refhub.elsevier.com/S0958-1669(25)00010-2/sbref65

	Wastewater biorefineries: exploring biological phosphorus removal and integrated recovery solutions
	Introduction
	Enhanced biological phosphorus removal microbiology
	Identifying key physiological traits of polyphosphate-accumulating organisms
	Efficient phosphorus recovery strategies coupled to biological phosphorus removal processes
	Digester supernatant
	Dewatered digested sewage sludge
	Sewage sludge ash

	Conclusions
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




