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This review explores the potential and challenges of synergetic approaches, such as coupling, hybrid, and
sequential methods, to enhance phosphorus recovery while minimizing environmental impacts. It emphasizes
phosphorus recovery’s economic and ecological dimensions, stressing the imperative for ongoing research and
development to bolster economic viability and scalability. This review also discusses factors for improvement
and outlines the exploration of innovative technologies and comprehensive techno-economic assessments to
bridge the gap between advancements and real-world implementation. Its highlights include global efforts for

phosphorus recovery, the need for synergetic approaches, an understanding of the difference between efficiency
and performance approaches, required innovation in the future, and the environmental and economic

implications.

1. Introduction

Phosphorus (P), an essential nutrient for the sustainability of life,
plays a critical role in various biological and environmental processes.
Its unique properties and extensive application make it the most
important non-renewable resource (Carrillo et al., 2020). Phosphorus
naturally occurs in phosphate rocks or phosphorite deposits, which are
distributed differently worldwide. The European Commission classifies
phosphate rock as a critical raw material (Blengini et al., 2017).

Nations without P deposits heavily rely on imports, leaving them
susceptible to market fluctuations in fertilizer and mineral P prices
(Cordell et al., 2015). Over the years, the importance of P has increased
due to the depletion of mineral reserves, and globally, approximately 95
% of the extracted P is primarily utilized in agriculture (Mekonnen and
Hoekstra, 2018; Walsh et al., 2023).

An approach to minimizing dependency involves extracting P from
readily accessible but often overlooked domestic sources, such as
wastewater (Schoumans et al., 2015). National P budgets in Central
Europe indicate that wastewater harbors a P load that could
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theoretically substitute for 40 %-50 % of the mineral P fertilizer annu-
ally applied in agriculture (Egle et al., 2016; Muntwyler et al., 2024;
Stamm et al., 2022). It is estimated that around 359.4 x 10° m® of
municipal wastewater is produced yearly, implying a potential of over
3.6 million metric tons of P that could be recovered from this source
(Snyder and Morales-Guio, 2024). To close the nutrient cycle, phosphate
must be reclaimed from these wastewater sources by upgrading existing
wastewater facilities and implementing innovative, modular phosphate
recovery technologies for urban and rural pollution sources, including
agricultural areas. Alternatively, treated wastewater can be reused
directly in agriculture through fertigation, potentially bypassing com-
plex recovery processes. However, this approach presents challenges,
including possible contamination with pathogens or heavy metals,
nutrient imbalances, soil salinity issues, and the need for careful regu-
lation and public acceptance (Mainardis et al., 2022).

Various single-method recovery techniques have been explored and
broadly categorized into four main groups: biological, chemical, phys-
ical, and electrochemical. Indeed, biological methods offer a promising
approach for P recovery from wastewater, using microorganisms and
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plants to capture and recycle P. Enhanced biological P removal systems
utilize phosphate-accumulating organisms to store and remove P (Yuan
et al., 2012). However, to close the phosphorus loop, the P stored in the
biomass must be further processed and recovered in a readily reusable
form. This typically requires coupling enhanced biological phosphorus
removal (EBPR) with downstream recovery techniques, such as chemi-
cal precipitation or side-stream recovery processes (Daneshgar et al.,
2022; Tomei et al., 2020). Algal pond systems recover phosphorus by
incorporating it into algal biomass during growth, which can then be
harvested and processed for reuse (Peng et al., 2018). Researchers also
explore various bio-origin materials and organisms, such as agricultural
by-products and microbial-derived nanoparticles, for efficient P recov-
ery (Giinther et al., 2018; Vuci¢ and Miiller, 2021; Witek-Krowiak et al.,
2022).

Chemical techniques, most commonly chemical precipitation, are
the most widespread form of phosphate recovery due to their reliable
performance at the plant scale (Chrispim et al., 2019; Deng and Dhar,
2023). Multiple different forms of chemical phosphate recovery exist,
including chemical precipitation, struvite precipitation, crystallization,
wet-chemical processes, and thermochemical processes (Enyemadze
et al., 2021; Jaffer et al., 2002; Krishnamoorthy et al., 2021; Lei et al.,
2018; Li et al., 2022; Nadagouda et al., 2024; Ye et al., 2017; Zheng
et al., 2022; Zhi et al., 2024). Phosphate recovery through chemical
processes from wastewater and sewage sludge is prevalent, being
extensively implemented on a large scale with encouraging outcomes
attributed to the chemical method’s high reliability and stability (Lei
et al., 2018; Yi and Lo, 2003).

Moreover, researchers are extensively exploring physical treatment
methods such as filtration (Bashar et al., 2018), membrane technologies
(Zheng et al., 2022), and adsorption (Bacelo et al., 2020). Adsorption
involves capturing phosphorus molecules onto solid adsorbent mate-
rials, providing high removal efficiency and rapid kinetics (Oliveira
et al., 2015; Wang et al., 2024).

There has been growing interest in electrochemical phosphate re-
covery methods due to their potential to address the alkali dosing issue
associated with chemical phosphate recovery techniques (Du et al.,
2023a). Electrochemical phosphate recovery also offers a promising
solution to the limitations of other conventional methods (Liu et al.,
2021). Utilizing water electrolysis to induce the required high pH for
phosphate precipitation eliminates the need for costly alkali dosing
(Witek-Krowiak et al., 2022). Although current energy costs are signif-
icant, affordable renewable energy could potentially render these pro-
cesses economically viable and environmentally sustainable (Neset and
Cordell, 2012). Moreover, modular electrochemical units can be seam-
lessly integrated into existing large wastewater treatment plants or
employed in decentralized networks for on-site phosphate recovery from
wastewater (Cid et al., 2018).

While each technique offers specific advantages, they also present
notable limitations when applied individually. Biological systems, for
instance, necessitate stringent conditions and are operationally complex
due to the involvement of microbial adaptation (Aida et al., 2016; Vucic¢
etal., 2024; Yang et al., 2017; Yuan et al., 2012). These plants effectively
recycle nutrients, such as P, into valuable biomass, which can be utilized
for various applications such as animal feed, fuel, and fertilizer pro-
duction (Molitor et al., 2024; Roy, 2017). Moreover, while biological
approaches can effectively reduce eutrophication by removing phos-
phorus from water, they typically accumulate it in biomass rather than
recovering it as reusable phosphate salts. This leads to the generation of
substantial secondary waste, such as sludge, which requires further
treatment or disposal (Kappel et al., 2013). Due to these drawbacks,
biological phosphate recovery has been underutilized, with chemical
techniques being favored instead. Chemical phosphate recovery tech-
niques, particularly precipitation, are favored for their reliability and
large-scale feasibility. Nevertheless, they are not without drawbacks.
These methods often require substantial alkali dosing to adjust pH.
However, the cost contribution can vary significantly depending on the
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targeted precipitate and buffering conditions, contributing up to 97 % of
total operating costs in some cases (Daneshgar et al., 2019; Jeon and
Yeom, 2009; Lei et al., 2017), and producing significant volumes of
waste sludge (Yesigat et al., 2022).

Physical methods such as filtration and membrane technologies have
also gained traction. Filtration using various media is effective but often
suffers from low removal efficiency and frequent maintenance demands
(Bashar et al., 2018; Kholoma et al., 2016; Koiv et al., 2010; Vohla et al.,
2011). Similarly, membrane technologies offer high phosphorus
removal rates but are limited by membrane fouling and high operational
costs (Leo et al., 2011; Robles et al., 2020; Xie et al., 2016; Zheng et al.,
2022). While efficient and rapid, adsorption also faces challenges
related to adsorbent saturation and regeneration requirements, limiting
its long-term sustainability (Hussain et al., 2011; Li et al., 2013; Wang
et al., 2024; Z. Zhang et al., 2021).

Electrochemical methods have emerged as a promising alternative
by eliminating the need for chemical dosing through water electrolysis
to induce high pH. However, the high energy demand associated with
these systems remains a significant barrier to scale-up and widespread
implementation (Witek-Krowiak et al., 2022).

Collectively, limitations, such as high operational costs, generation
of secondary waste, and technical complexities, constrain the scalability,
economic feasibility, and environmental sustainability of single-method
phosphorus recovery strategies. Consequently, synergistic approaches
have gained attention as a promising pathway to overcome these chal-
lenges and improve overall recovery efficiency. These approaches
combine two or more complementary recovery methods to improve
efficiency, reduce resource consumption, and achieve better sustain-
ability compared to using a single process. By integrating different
techniques, synergistic strategies can lower costs, enhance phosphorus
removal and recovery, and reduce environmental impact (Ambat et al.,
2019; Ardiyanti et al., 2024). This combined approach not only im-
proves P recovery outcomes but also supports broader sustainability
goals related to resource conservation and environmental protection
(Neset and Cordell, 2012).

This review offers a novel and critical examination of synergistic
approaches to P recovery from aqueous wastewater streams. It stands
out by critically addressing and comparing all synergistic processes in a
single document, which has not been done before, as per the author’s
knowledge. By exploring existing knowledge and recent advancements,
it aims to deepen the understanding of these innovative technologies
and their potential applications in wastewater treatment. Additionally,
the review delves into the economic and sustainability benefits of syn-
ergistic approaches, evaluating their feasibility for large-scale imple-
mentation. This approach provides valuable insights and guidance for
future research and practical applications in the field.

2. Understanding phosphorus dynamics
2.1. Sources, characteristics, and environmental impacts

Phosphorus in wastewater mainly comes from point sources (e.g.,
sewage treatment plants) and non-point sources (e.g., agricultural
runoff). Point sources are consistent and easier to manage, with human
urine contributing significant nutrient loads (Renfrew et al., 2024;
Yesigat et al., 2022). Non-point sources are variable and harder to
control (Zhang, 2017). Phosphorus exists primarily as organic,
condensed, and orthophosphates. Orthophosphates, common in fertil-
izers, can runoff into water bodies, contributing to eutrophica-
tion—harmful algal blooms and oxygen-depleted zones (Karunanithi
etal., 2015; Nolan and Stoner, 2000). pH affects P solubility, influencing
its bioavailability and removal during treatment. Condensed phos-
phates, which include salts and metals like calcium and potassium, have
distinct structures (Lei et al., 2018). Despite control efforts, legacy P in
sediments remains a challenge. The EU’s goal to reduce fertilizer use by
20 % by 2030 underscores the need for improved data, regulations, and
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treatment technologies to manage P pollution and protect aquatic eco-
systems (European Commission, 2020, 2023; Walsh et al., 2023).

2.2. Global efforts and the regulatory framework for phosphorus recovery
from wastewater

In recent years, there has been an increased global effort to address P
recovery in wastewater treatment plants. The number of large-scale P
recovery facilities has significantly increased, with Europe leading in
this regard, having 50 units compared to the rest of the world’s 29 units
in 2018 (Carrillo et al., 2024). Over the past two decades, Germany and
the Netherlands have notably emerged as major participants in imple-
menting P treatment and recovery programs. Following suit are the
United States and Canada, both with 15 units. Asia, led by Japan, has
also progressed, with 13 plants installed. Additionally, Australia has
invested in P recovery with its facilities. This trend highlights a common
recognition of the necessity for P control in protecting water resources
(Carrillo et al., 2024). Council Directive 86/278/EEC and the Waste
Framework Directive specify standards for P usage in agriculture and
waste management. Germany and the Netherlands have stringent rules
that require municipal wastewater treatment plants to recycle P from
sewage sludge (Krishnamoorthy et al., 2021). Switzerland, Denmark,
and Austria prioritize sustainable waste management, with explicit
targets for P recovery. Japan leads in research and large-scale operations
in Asia, while initiatives are emerging in other countries such as China.
These activities demonstrate a global trend toward sustainable P man-
agement, which is critical for environmental protection and resource
conservation (Carrillo et al., 2024). In addition to individual countries,
the European Union has established a regulatory framework comprising
a set of directives and policies to address P pollution. This comprehen-
sive framework safeguards water quality and fosters sustainable devel-
opment across Europe (Garske et al., 2020). Key European directives
such as the Water Framework Directive and the Urban Wastewater
Treatment Directive set targets for P levels in surface waters and require
wastewater treatment to mitigate pollution. Sustainability concerns of
the European Union have driven efforts towards resource efficiency,
circular economy principles, and climate resilience. Initiatives such as
the Circular Economy Action Plan and the European Green Deal prior-
itize transitioning to circular economy models, promoting P recycling to
minimize environmental impact and reduce reliance on finite resources
(European Commission, 2020). Through collaboration and innovation,
Europe aims for environmentally sound and economically viable P
management practices to ensure the health and sustainability of its
water bodies and ecosystems. The report on the current status of
Nutrient Recovery Technologies (as of 19/10/22) across European
Union Member States highlights the progress in recovering phosphorus
(P) and nitrogen (N) from wastewater and other bio-based input
streams. It emphasizes new additions to the publicly accessible tech-
nologies for nutrient recovery (ESPP, 2019). Tracking industries
engaged in material and resource recovery from waste and wastewater
at national and regional levels, particularly those registered in the In-
dustrial Reporting Database, helps map the status of these technologies
in the EU. Notable projects and full-scale plants include ICL’s operations
in the Netherlands and Germany, which began in March 2019, recov-
ering P from sewage sludge and incineration ash (WalnutPlatform EU,
2022). The PAKU plant in Rovaniemi, Finland, has been operating since
early 2021, focusing on sludge incineration with nutrient recovery
(ESPP, 2019). PHOS4Green, located in Haldensleben, Germany,
launched its full-scale plant in June 2021, using sewage sludge incin-
eration ash to create phosphate-based fertilizers (ESPP, 2019). Renew-
able Nutrients’ QuickWash process, used for recovering phosphorus
from various waste streams, has been piloted in several locations with
plans for large-scale installations in the UK and USA. Other key initia-
tives include the TetraPhos plant in Hamburg, Germany, the AshDec
pilot plant in Leoben, Austria, and CarboREM’s industrial-scale contin-
uous plant in Mezzocorona, Italy. These projects highlight the dynamic
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and growing landscape of nutrient recovery technologies worldwide, as
summarized in Table 1.

3. Synergetic approaches to phosphorus recovery

Synergetic approaches in wastewater treatment and P recovery
combine various methods or technologies to maximize efficiency and
reduce environmental impact. This approach involves integrating bio-
logical processes with chemical or physical treatments as well as
incorporating advanced technologies or innovative solutions, enhancing
P removal rates, improving water quality, and reducing the environ-
mental impact of wastewater discharge (Xing et al., 2022). By consid-
ering interactions and synergies, synergetic strategies optimize
performance and sustainability. This section explores the concept of
synergetic approaches and discusses various strategies employed,
including coupling methods, sequential integration, and hybrid systems.

3.1. Coupling methods

Coupling methods integrate complementary treatment processes to
address the limitations of standalone systems, such as low selectivity,
incomplete recovery, or high energy/chemical demands. By synergizing
technologies (e.g., electrochemical precipitation with filtration or bio-
logical removal with crystallization), these methods enhance efficiency,
reduce costs, and enable targeted resource recovery. Below are detailed
key coupling protocols, emphasizing their design motivations, chal-
lenges addressed, and process synergies.

3.1.1. Electrochemical coupling approaches

Phosphorus recovery via chemical precipitation often relies on
external pH adjusters (e.g., alkali/acid), increasing operational costs and
sludge production. Electrochemical coupling minimizes reagent use
while improving selectivity and energy efficiency. Electrochemical sys-
tems generate localized pH changes via water electrolysis, enabling in-
situ precipitation of phosphate salts (e.g., struvite, Ca-P). Coupling
with filtration (e.g., microfiltration) captures precipitates efficiently,
avoiding redissolution. Du et al. (2023b) investigated electrochemical
coupling approaches for P recovery as struvite. The applied voltage
eliminated the need for external alkalis, reducing sludge by 30 % and
improving energy efficiency by 25 % compared to the chemical pre-
cipitation method. It was shown that electrochemical coupling can
enhance the recovery efficiency, energy efficiency, and P recovery
compared to chemical precipitation methods. A recent investigation
developed an undivided electrolytic cell combined with a microfiltration
system for P recovery, utilizing the electrolytic unit to create an alkaline
environment for calcium phosphate precipitation and the microfilter to
capture precipitates (J. Chen et al., 2024). The cell’s anode extracted H™
ions, creating an alkaline cathode environment for Ca-P precipitation,
while the microfilter retained crystals and achieved a P recovery effi-
ciency of 81 %, with a recovery rate of 18.3 g P (m? h)~! and energy
consumption of 8.75 kWh (kg P) 1. Overall, this study offers a promising
electrochemical design for mitigating P shortages and reducing P con-
centrations in wastewater. Zhang et al. (2024) investigated an electro-
chemical system to recover P as iron(Ill) phosphate (FePO4) from
hypophosphite-laden wastewater, as illustrated in Fig. 1, which
commonly contains chloride ions (Cl7). The system achieved a hypo-
phosphite removal ratio of approximately 100 % and completed P re-
covery within 30 min at 5.0 V and an initial solution pH of 3.0. With a
maximum Faradaic efficiency of ~94 % and a minimum energy con-
sumption of ~16 kWh/kg P, the system improves phosphorus selectivity
in chloride-rich wastewater, where standalone methods struggle due to
interference from Cl™ ions. It also enables simultaneous treatment and
recovery by oxidizing hypophosphite to phosphate and precipitating it
as FePO4 in one process. This synergy overcomes the inefficiencies of
single-method approaches, making it a more effective solution for
treating Cl -rich wastewater.
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Table 1

Global efforts in phosphorus recovery.
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Region/ Estimated Key technologies used Estimated P Key initiatives/features Regulatory frameworks Notable projects/

country number of large- recovery technologies

scale units

Germany >10 Struvite, AshDec, ~6000-10,000 t Leading in regulatory- National P recycling PHOS4Green, ICL,
RecoPhos, TetraPhos P/year driven P recovery mandate (2017 Sewage TetraPhos

Sludge Ordinance)

Netherlands >5 Struvite crystallization, ~2000 t P/year Early technology adopter, National legislation on ICL Amsterdam,
manure treatment manure-rich agriculture nutrient reuse NuReSys

Switzerland 3-5 AshDec, Slag-based ~1000 t P/year Sustainable sludge National P recovery law ZAB plant (Ziirich),
recovery treatment, aligned with EU (2016) VUNA

directives
Austria, 2-4 AshDec, struvite, P-RoC ~1000-1500 t P/ Recycling from mono- National goals aligned with ~ AshDec (Austria),
Denmark year incineration ashes EU circular economy Biofos (DK)

Finland 1 Ash treatment, mono- ~200-400 t P/ Focus on sludge-to-energy National nutrient strategy PAKU plant
incineration year with nutrient recovery (Rovaniemi)

Italy 1 CarboREM Pilot scale Industrial-scale continuous Local-level initiatives CarboREM
(thermochemical processing (Mezzocorona)
recovery)

United States ~15 Quick Wash, Crystalactor, ~5000-6000 t P/ Expanding in wastewater Varies by state Ostara (Chicago,
NuReSys, Ostara year (est.) utilities and agriculture Portland),

QuickWash

Canada ~5-10 Ostara, research pilot ~500-1000 t P/ Collaborative efforts with Local policies EPCOR (Edmonton),
plants year (est.) the U.S and academia UBC Projects

Japan ~13 Thermal recovery, MAP ~5000-7000 t P/ Advanced technology Municipal guidelines Multiple regional
precipitation year implementation and R&D plants

investment

China Emerging (~5+) Pilot studies: struvite, Pilot scale National policies driving Nutrient recycling in rural Nanjing University
biochar, precipitation pilot-scale demonstration revitalization plans pilot programs

Australia 3-5 Adsorption, struvite, Small scale Interest in circular economy  National sustainability Western water
fertigation and water reuse roadmap projects

European ~50 Wide range: struvite, >20,000 t P/year Driving force in the global P Circular Economy Action ESPP database,

Union AshDec, RecoPhos, (est.) sustainability agenda Plan, EU Green Deal Horizon EU projects
(Total) NuReSys

Information in the table retrieved from: ESPP, 2019; WalnutPlatform EU, 2022; European Commission (2020).
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Fig. 1. Schematic diagram of electrochemical treatment of hypophosphite and
simultaneous recovery of P via field-induced electro-Fenton coupled with an
anodic oxidation system; adapted from (Zhang et al., 2024).

3.1.2. Biological coupling approaches

Biological P removal (e.g., EBPR) often struggles with low recovery
rates, as P remains trapped in biomass. Coupling with crystallization
enables direct P extraction from wastewater. Biological coupling sys-
tems (e.g., PAOs—polyphosphate-accumulating organisms) concentrate
P intracellularly, while in-situ crystallization (e.g., hydroxyapatite) im-
mobilizes dissolved P into recoverable minerals. Xin et al. (2024)
explored induced crystallization (IC) coupled biological P removal
(IC-BPR) for simultaneous P removal and recovery from wastewater.
Optimal conditions were determined by varying the side stream ratio
(SSR), with an SSR of 40 % yielding the highest efficiencies. At this ratio,

P removal efficiency reached 94 %, with 75 % attributed to IC, and total
P recovery efficiency was 67 %. These findings highlight the efficacy of
IC in enhancing P removal and recovery, providing valuable insights for
wastewater treatment with P resource recovery technologies. Zou and
Wang (2016) investigated the combination of enhanced biological P
removal with crystallization recovery of P to assess its feasibility in
nutrient removal and P recovery from domestic wastewater. The results
demonstrated high nutrient removal performance, with average COD,
PO%‘, and NO®~ removal efficiencies of 83 %, 88 %, and 92 %,
respectively. Additionally, 60 % of P was recovered as hydroxyapatite.
Furthermore, the incorporation of a P recovery column significantly
enhanced the biological P removal efficiency, leading to a notable
decrease in the effluent P concentration. This study presented a prom-
ising alternative for P removal and recovery from wastewater, with
potential benefits for environmental sustainability. Liao et al. (2024)
investigated the efficacy of enhanced biological P removal coupled with
in-situ fermentation (EBPR-F) for improving P removal from digested
swine wastewater. By using fermentable substrates as external carbon
sources to promote in-situ fermentation, P removal was enhanced
compared to conventional enhanced biological P removal (EBPR)
dominated by Candidatus Accumulibacter. EBPR-F exhibited over 95 %
total P removal, with concentrations in the effluent consistently below
1.0 mg L7!, meeting discharge standards. Enrichment of
polyphosphate-accumulating organisms such as Tetrasphaera through
enhanced in-situ fermentation contributed to the improved P removal
efficiency of EBPR-F.

3.1.3. Other coupling approaches

Single-stage systems often fail to simultaneously remove N and P
efficiently. Coupling processes combine physicochemical P recovery
with autotrophic N removal (e.g., anammox). Hydroxyapatite (HAP)
precipitation coexists with anaerobic ammonium oxidation (anammox),
enabling synergistic N-P removal without competing carbon demands.



P. Kaur et al.

Guo et al. (2024) evaluated a one-stage hydroxyapatite-based partial
nitritation/anaerobic ammonium oxidation (anammox) process
(HAP-PNA) to treat the nutrient-rich permeate from a high-solid
anaerobic membrane bioreactor (AnMBR). The HAP-PNA process com-
bined hydroxyapatite precipitation to remove P with nitritation and
anammox bacteria to remove nitrogen in a single stage. The process
achieved 82 % nitrogen removal and up to 73 % P removal from the
AnMBR permeate. C. Zhang et al. (2021) proposed a process that in-
volves preconcentrating P using flow-electrode capacitive deionization
(FCDI) and immobilizing it as vivianite crystals in a fluidized bed crys-
tallization (FBC) column. Optimal operational parameters were identi-
fied through experimentation, achieving a remarkable 63 % P removal
and concentration in the FCDI device with reasonable energy con-
sumption. Subsequent immobilization in the FBC system resulted in the
formation of high-purity vivianite crystals, with approximately 80 % of
P successfully converted. Chen and coworkers introduced an innovative
approach for P removal and recovery from wastewater using undivided
electrolytic cells (F. Chen et al., 2024). These cells feature H" or OH™
extraction from corresponding electrode surfaces, enabling efficient P
recovery. Operating under specific conditions, the system achieved a
high 81 % P recovery efficiency with an alkaline effluent pH of 10.5. The
calculated P recovery rate, treatment capacity, and energy consumption
surpassed those of cutting-edge divided electrolytic systems and con-
ventional undivided electrolytic systems. Overall, this established un-
divided electrolytic cell coupled with microfiltration offers promising
prospects for P recovery from wastewater without the need for acid-base
reagents.

Coupling different treatment processes for P recovery from waste-
water offers several advantages. This approach leverages synergistic
effects, where multiple treatment techniques complement each other,
resulting in better overall performance and selectivity. Moreover,
coupling methods provide flexibility in wastewater treatment design,
allowing tailored solutions to meet specific treatment objectives and
accommodate varying wastewater compositions. Additionally, coupling
methods enable resource recovery, such as energy, nutrients, and water,
contributing to resource sustainability (Sengupta et al., 2015). However,
there are also disadvantages to consider. Coupling methods can increase
the complexity of wastewater treatment systems, requiring sophisticated
design, operation, and maintenance (Bunce et al., 2018). Furthermore,
they may incur higher capital and operational costs compared to
single-process treatment systems, particularly for advanced technolo-
gies. Additionally, the need for additional space and operational chal-
lenges in coordinating and optimizing multiple treatment components
can be significant drawbacks. Challenges remain in addressing limita-
tions in recovery rates and energy consumption, but these technologies
hold promise for sustainable nutrient recovery as part of the circular
economy (Du et al., 2023b). Continued development aims to enable
their implementation in real wastewater streams, with specific tech-
niques such as calcium-to-P ratio optimization and hydroxyapatite for-
mation showing potential for improving nutrient removal efficiency.
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3.2. Sequential methods

Sequential methods involve the sequential application of different
treatment steps or processes, where wastewater undergoes treatment in
a step-by-step manner, moving from one treatment stage to the next.
Sequential methods typically involve a predetermined treatment
sequence, with each step addressing specific pollutants or treatment
objectives. Lou et al. (2024) investigated the efficient recovery and
valorization of multiple anions from phosphogypsum (PG) leachate by
employing stepwise precipitation, electrodialysis, and crystallization
methods, as illustrated in Fig. 2. This demonstrated high recovery rates
for fluoride, phosphate, and sulfate anions, ensuring effluent compliance
with discharge standards. Fluoride and phosphate anions are precipi-
tated as calcium fluoride and magnesium ammonium phosphate,
respectively, while sulfate anions are recovered through electrodialysis
and crystallization. Additionally, the concentrated sulfate-rich solution
is utilized for the electrochemical production of persulfate, further
enhancing the environmental and economic benefits of the integrated
approach. Vasenko et al. (2020) present a novel two-step sequential
approach for P recovery from municipal wastewater. It involves two
distinct steps: first, ozonation is applied to degrade natural organic
matter in the digester supernatant, which enhances the subsequent
crystallization step where calcium phosphates are recovered.
Throughout the investigation, low-crystallinity hydrox-
yapatite/amorphous calcium phosphate products were consistently
formed, demonstrating the feasibility of this approach for high-purity P
recovery from digester supernatants.

There is very limited research on sequential methods for P recovery,
which reflects several challenges inherent in the complexity and inte-
gration of such approaches. Sequential methods involve a series of
interconnected processes, each with its own set of challenges and limi-
tations, requiring careful coordination and optimization. Researchers
are prioritizing simpler single-step technologies over sequential
methods due to their perceived complexity (Sartorius et al., 2012).
Additionally, the lack of well-documented case studies demonstrating
the effectiveness of sequential methods may contribute to a reluctance
among researchers to invest time and resources in exploring this
approach further. Despite these challenges, there is recognition of the
potential benefits of sequential methods for improving P recovery effi-
ciency, highlighting the need for further research and innovation in this
area to address the growing demand for sustainable P management
solutions.

3.3. Hybrid methods

Hybrid methods combine different treatment processes within a
single treatment unit to achieve synergistic effects and maximize P
removal and recovery efficiencies. In the context of P recovery, hybrid
methods combine different approaches such as chemical precipitation,
membrane filtration, ion exchange, biological treatment, and/or

£ MgS0,47H,0
Ca(OH), PTOdUC‘ENHa-HQO

Product:

Phosphogypsum

leachate
pH=2.1 pH=4.7

o9 L)
op'ﬂo.n&.'p ,’oo % °
13
=
B

Filter Filter

Electrodialysis

Reused:iwater

F recovery reactor P recovery reactor

Product

Electrolysis Cooling

crystallization

Evaporative
condensation

Filter

S recovery reactor

Reused water

Fig. 2. Concept of closed-loop recovery and valorization of multiple anions from phosphogypsum leachate; adopted from (Lou et al., 2024).
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technologies such as electrochemical systems or nanotechnology. These
integrated approaches leverage the strengths of each method to enhance
overall efficiency, effectiveness, and sustainability in P extraction and
recovery from various sources such as wastewater, agricultural runoff,
or industrial effluents.

3.3.1. Electrodialysis-based hybrid method

Zhang et al. (2013) proposed an innovative hybrid system incorpo-
rating an ED process and a struvite reactor for phosphate recovery. Their
research showcased the efficiency of dosing the P-rich effluent from the
ED process into the struvite reactor, achieving a high recovery rate of 93
% for phosphate. Furthermore, Shi et al. (2018) developed a lab-scale
bipolar membrane electrodialysis system for nutrient recovery. Their
findings revealed that the bipolar membrane electrodialysis system
could recover 78 % of ammonium and 75 % of phosphate ions, attrib-
uting its success to the reduction of nutrient loss and enhancement of
nutrient enrichment. Li et al. (2024) demonstrated the successful inte-
gration of bipolar membrane electrodialysis (BMED) and resin adsorp-
tion (RA) techniques for treating triethylammonium phosphate
wastewater, as illustrated in Fig. 3. The hybrid BMED and RA process
achieved high recovery rates for triethylammonium phosphate waste-
water and phosphoric acid, exceeding 99 % and 96 %, respectively,
while also minimizing waste generation and environmental impacts.
These studies collectively underscore the potential of ED-based hybrid
approaches in nutrient recovery.

3.3.2. Bio-electro-chemical hybrid system

Microbial fuel cells (MFCs) and microbial electrolysis cells (MECs)
are extensively researched bio-electro-chemical hybrid systems (BESs),
with MFCs showing significant potential for advancing nutrient recovery
by generating electricity and creating high pH conditions conducive to
chemical precipitation (Yaqoob et al., 2021). In MFCs, microorganisms
anaerobically oxidize organic substances in an anode chamber, gener-
ating electrons that are released to the anode concurrently with the
production of protons and biogas (Logan et al., 2006). These electrons
flow through an external circuit to the cathode, where they facilitate
electricity generation. Simultaneously, protons migrate across a
cation-exchange membrane from the anolyte to the catholyte while
biogas is collected. Transitioning to MECs involves applying an external
voltage (>0.25 V), wherein the cathode reaction diverges, allowing for
hydrogen production (Wang and Ren, 2013).

Effluent

Triethylamine
TEA

H3PO,

Desorbent

ipolar

Resin adsorption

Acid

Base

Wastewater Eluate

Cation exchange Bipolar Effluent

membranes membranes

Anion exchange
membranes

Fig. 3. Schematic illustration of the BMED and RA hybrid system (TEA: trie-
thylamine; BPM: bipolar membranes; AEM: anion exchange membranes; CEM:
cation exchange membranes; BMED: bipolar membrane electrodialysis; RA:
resin adsorption); adopted from (Li et al., 2024).
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However, while MFCs are not capable of concentrating phosphorus
(P) on their own, integrating them with membrane systems such as
forward osmosis (FO), membrane distillation (MD), and electrodialysis
(ED) can enhance nutrient recovery from wastewater. This integration
promises to improve the quality and quantity of recovered P, high-
lighting a promising direction for future development (Al-Juboori et al.,
2024).

3.3.3. Hybrid membrane bioreactor technology

The integration of membrane bioreactor (MBR) technology into
hybrid systems offers a promising approach for organics removal and
subsequent nutrient recovery, minimizing the membrane fouling po-
tential and enhancing overall efficiency (Huang et al., 2015).

One such advancement is the osmotic membrane bioreactor (OMBR).
Qiu and Ting (2014) demonstrated the efficacy of an OMBR-based
hybrid system in direct nutrient recovery from municipal wastewater,
achieving over 90 % nutrient recovery via struvite precipitation. Further
enhancements to the OMBR hybrid system include incorporating
membranes for phosphate recovery (Qiu et al., 2015). This addition
enables the extraction of phosphate and mineral salts rejected by the
membrane, leading to efficient phosphate recovery through calcium
phosphate precipitates without the need for added Ca%* ions. Addi-
tionally, the introduction of fixed bed biofilms into OMBR hybrid sys-
tems offers alternative approaches to nutrient recovery, reducing energy
consumption and the membrane fouling potential (Luo et al., 2016; Yan
et al., 2018). The integration of microbial electrochemical units into
anaerobic OMBRs, as demonstrated by (Hou et al., 2017), further en-
hances nutrient recovery efficiency while maintaining high organic
removal rates. Hence, further investigation into P recovery via anaerobic
osmotic membrane bioreactor-based hybrid systems is warranted in
future studies. However, the significance of feed solutions in osmotic
membrane bioreactor systems has been inadequately addressed in the
existing literature, underscoring the need for future research to
comprehensively explore this aspect.

3.3.4. Other hybrid methods

Hybrid ion exchange nanotechnology for P removal and recovery
holds significant promise for advancing wastewater treatment. Ownby
et al. (2021) demonstrated the potential of hybrid ion exchange nano-
technology by characterizing resin, adsorption, and desorption behav-
iors. Among the regeneration chemistries evaluated, those utilizing
recovered NH4OH and tap water showed promise for efficient P recov-
ery, offering sustainable and cost-effective solutions. However, further
research is needed to explore their economic feasibility in real-world
settings and optimize operational parameters for maximum efficiency.

The broader concept of hybrid approaches, which combine multiple
technologies or methodologies, enhances performance through syner-
gistic interactions, improved resource efficiency, and resilience to
varying conditions (Zheng et al., 2022). Despite their advantages, hybrid
systems face challenges, including design complexity, higher upfront
capital, and operational costs, difficulties in scaling up from laboratory
to commercial scales, and integration issues arising from the need to
coordinate disparate technologies and ensure compatibility between
components and scaling difficulties (Egle et al., 2016). Overcoming
these hurdles requires interdisciplinary collaboration and innovation to
unlock their full potential.

Fig. 4 compares eight synergetic approaches for P recovery across
four metrics: phosphorus recovery efficiency, energy efficiency, selec-
tivity, and cost, all scored out of 100. It focuses on performance for
sustainability and efficiency, emphasizing how effectively phosphorus
can be recovered while considering energy use, selectivity for targeting
phosphorus, and economic factors. A detailed discussion of these trends,
including the implications for practical applications and the specific
advantages of coupling methods in various waste streams, is provided in
the next section.
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4. Performance evaluation, efficiency metrics, and selectivity of
synergetic approaches

In P recovery processes, the concepts of performance and efficiency
play an important role in evaluating their effectiveness and sustain-
ability. Performance metrics provide information about a method’s
ability to meet its intended goals, focusing on selective P removal rates
and compliance with regulatory standards. A high-performing P recov-
ery process demonstrates robustness in achieving desired outcomes
while effectively treating wastewater streams. Conversely, efficiency

measures the economic utilization of resources in the recovery process,
encompassing factors such as energy consumption, chemicals usage, and
overall operational costs. An efficient P recovery process optimizes
resource utilization, minimizing input requirements while maximizing P
recovery output. Striking a balance between performance and efficiency
is essential for developing cost-effective and environmentally sustain-
able P recovery solutions. A detailed comparison between synergistic
approaches and single methods is crucial to assess their relative
strengths, limitations, and applicability in phosphorus recovery
(Table S1). Single methods focus on either dissolved or particulate

Table 2
Overview of synergistic methods employed in various processes to recover phosphorus from wastewater.
Process Phosphorus Feed stream Product References
recovery
Hybrid methods
Hybrid system incorporating an ED process and a struvite 93 % Syntetic Struvite Zhang et al. (2013)
reactor wastwater
Bipolar membrane electrodialysis system 75 % Synthetic NH{, PO3™ and volatile fatty acids Shi et al. (2018)
77 % wastwater
Real wastwater
Bipolar membrane electrodialysis coupled resin adsorption 96 % Real wastewater Triethylamine and phosphoric acid Li et al. (2024)
techniques
Hybrid anion exchange resin >90 % Real wastwater Struvite O’Neal and Boyer
(2013)
Hybrid microfiltration-forward osmosis membrane >90 % Real wastwater phosphate phosphorus (PO3 -P) Qiu et al. (2015)
bioreactor process
Coupled methods
Flow-electrode capacitive deionization coupled with a 80 % Synthetic Vivianite (C. Zhang et al.,
fluidized bed crystallization column wastwater 2021)
Undivided electrolytic cell combined with a microfiltration 90 % Synthetic Calcium phosphate (J. Chen et al.,
system 65 % wastewater 2024)
Real wastwater
Field-induced electro-Fenton coupled with an anodic 100 % Real wastewater Iron(II) phosphate (FePO,) Zhang et al. (2024)
oxidation electrochemical system
Induced crystallization coupled with biological P removal 67 % Synthetic Crystallized phosphorus Xin et al. (2024)
wastewater
Enhanced biological P removal combined with 59 % Real wastewater Hydroxyapatite Zou and Wang
crystallization (2016)
Enhanced biological P removal coupled with in situ 95 % Real wastewater polyphosphate Liao et al. (2024)
fermentation
One-stage hydroxyapatite-based partial nitritation/ 73 % Real wastewater Hydroxyapatite Guo et al. (2024)
anammox
Sequential methods
Stepwise precipitation, electrodialysis, and crystallization >99 % Real wastewater Precipitates (MgNH4PO4-H,0) Lou et al. (2024)
methods
A multi-stage precipitation approach 99 % Real wastewater BaS0O4, CaHPO,4-2H,0, and Cas(P0O4)30H Zhou et al. (2023)
Ozonation and crystallization sequential process 73-86 % Real wastewater Low-crystallinity hydroxyapatite (HAp)/amorphous  Vasenko et al.

calcium phosphate (ACP)

(2020)
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phosphorus, while synergistic approaches often achieve higher phos-
phorus recovery rates (>90 %) and produce high-value by-products.
They also demonstrate better robustness to influent variability, meeting
stricter discharge limits (<0.1 mg L), and better handling of variable
wastewater compositions. However, they come with trade-offs,
including higher capital and operational costs, and require skilled op-
erators for optimal performance. By systematically comparing these
methods across key parameters like efficiency, cost, scalability, and
environmental impact, researchers can identify the most practical and
sustainable solutions tailored to different wastewater treatment
scenarios.

A review of the literature on synergistic approaches for phosphorus
recovery from wastewater (Table 2) highlights that selective P recovery
is still relatively rare in research. However, there has been a notable shift
in recent studies towards prioritizing coupling methods to achieve se-
lective P recovery from wastewater. Field-induced electro-Fenton
coupled with an anodic oxidation system and enhanced biological P
removal coupled with in situ fermentation have shown promising results,
with P recovery rates exceeding 90 % (Liao et al., 2024; Zhang et al.,
2024). Coupling processes demonstrate high efficiency by integrating
two or more treatment technologies with a major focus on selectivity.
This approach optimizes operational parameters, reduces energy con-
sumption, and enhances overall performance. By harnessing the com-
plementary strengths of combined treatments, coupling methods offer
improved efficiency and effectiveness in managing complex wastewater
compositions. Moreover, by optimizing each technology’s role within a
contiguous system, coupling processes achieve higher selectivity and
performance, making them a promising solution for effective and sus-
tainable phosphorus recovery.

Hybrid methods prioritize the selective recovery of P, adapting to
various wastewater compositions and treatment goals. Systems like
electrodialysis (ED) combined with struvite reactors or bipolar mem-
brane electrodialysis achieve P recovery rates of 75-96 % (Li et al.,
2024). While their efficiency may not always surpass specialized
methods, hybrid processes integrate diverse technologies, leveraging the
strengths of each to enhance overall performance (Zheng et al., 2022).

These systems strike a balance between efficiency and selectivity,
making them suitable for complex environmental challenges. Their
adaptability allows for tailored solutions that meet a wide range of
operational and environmental requirements.

However, challenges remain, including design complexity, high
capital and operational costs, scaling difficulties, and integration issues
when coordinating different technologies (Egle et al., 2016). Addressing
these challenges demands interdisciplinary collaboration and innova-
tive solutions to fully realize the potential of hybrid systems.

In contrast, sequential methods prioritize maximizing overall prod-
uct recovery from wastewater through a sequential arrangement of
multiple process units. While not specifically targeting single metal re-
covery like P, they contribute to P recovery as part of a broader strategy
for resource utilization. Sequential methods such as stepwise precipi-
tation, electrodialysis, and multi-stage precipitation have demonstrated
high P recovery rates of nearly 100 % (Lou et al., 2024). Advancements
suggest the potential for selective P recovery within these methods.
Sequential processes employ a systematic treatment cascade, addressing
diverse wastewater compositions and treatment objectives. This stra-
tegic design allows for optimization throughout the treatment cascade,
balancing selectivity and holistic recovery. Although they may not
achieve the peak efficiency of coupling methods, sequential methods’
structured framework enables tailored treatment strategies adaptable to
various wastewater complexities, leveraging synergistic interactions
between stages to optimize overall performance.

Phosphorus recovery technologies vary in their maturity levels, as
evaluated by technology readiness levels (TRLs). Struvite and chemical
precipitation methods (TRLs 7-8) and enhanced biological phosphorus
removal (EBPR) methods (TRLs 6-8) are among the most developed
(Kaljunen et al., 2022; Murujew, 2019). Conversely, adsorption
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technologies and electrodialysis are at intermediate stages (TRLs 4-6),
while phytoremediation and membrane bioreactors are still evolving
(TRLs 4-7) (Al-Juboori et al., 2024; Scotti et al., 2021). Advancing these
synergetic technologies requires addressing their scalability,
cost-effectiveness, and selectivity, particularly for complex wastewater
streams.

Comprehensive techno-economic assessments are essential to eval-
uate the feasibility of technologies, considering capital investment,
operational costs, and environmental impacts. As these technologies
progress along the TRL scale, they hold the potential to transform
wastewater treatment into a more efficient, sustainable, and cost-
effective process (Table S2).

Synergistic approaches to recovering P from wastewater represent a
promising intersection of advanced technologies and sustainable prac-
tices. Emerging research directions emphasize optimizing the integra-
tion of biological, electrochemical, and membrane-based systems to
enhance phosphorus recovery efficiency while reducing energy con-
sumption and operational costs (Table 3). These synergistic approaches
demand targeted research into system integration, process optimization,
and material innovation to unlock their full potential for sustainable
phosphorus recovery.

5. Economic and environmental considerations

The evaluation of methods for P recovery from wastewater, both
economically and environmentally, is a relatively underexplored area.
Despite the importance of P as a finite and essential resource, the focus
on its recovery from wastewater streams has been limited. This lack of
attention may stem from various factors, including technical complex-
ities, regulatory frameworks, and market dynamics. Therefore, the
commercialization of recovered P from wastewater treatment systems
remains limited, resulting in a need for precise market values for these
products. However, some estimated data are available, indicating
varying market values for specific methods for P recovery (Table 4). The
market value of P recovered from struvite’s methods has been reported
to be between US$245 and US$ 345 per ton. At the same time, calcium
phosphate precipitates could potentially be utilized in the production of
triple superphosphate or as a raw material for phosphate rock replace-
ment, having a market value of approximately US $554 per ton. Despite
these values, phosphate rock-based fertilizers in 2020 maintained a
more favorable market price, ranging from approximately US$2.1 to US
$3.7 per kg of P (Ye et al., 2020). However, research suggests that the
production of struvite in recovery systems consumes significantly less
energy compared to conventional phosphate fertilizers such as triple
superphosphate, offering potential advantages in sustainability and
production costs (Molinos-Senante et al., 2011). Nevertheless, the pro-
cess typically requires the addition of magnesium, which can be a sig-
nificant cost factor. Exploring alternative, low-cost sources of
magnesium, such as seawater, bittern, or industrial by-products, may
help enhance the overall economic viability of struvite recovery
(Desmidt et al., 2015).

Nevertheless, in the synergetic approach, anaerobic digestion is
essential in increasing soluble phosphate availability for struvite pre-
cipitation, which could generate revenue from struvite sales. For
instance, a case study by Morrissey et al. (2022) estimated annual gross
revenues from struvite fertilizer sales ranging from $163,627 to $295,
438, based on a medium-sized wastewater treatment plant treating
approximately 20,000 m>/day, with phosphate capture rates of 45 %
and 90 %, respectively. This corresponds to an estimated revenue of
$0.02-$0.04 per m> of treated wastewater, highlighting the potential
economic viability of struvite recovery under favorable conditions.
Moreover, hydrogen capture offers additional annual revenues.
Although there is potential for revenue generation, the income gener-
ated is inadequate to cover the rising capital and operational expenses.
Break-even analysis indicates that struvite fertilizers would need to be
sold at $6.0/kg to offset costs, while hydrogen compression and storage
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Table 3
Possible synergistic approaches for phosphorus recovery and required key innovations for enhancing efficiency and commercial viability.
Synergistic Processes components Benefits Challenges Innovations needed for commercial References
approach viability
Electrochemical Electrochemical cell, High recovery efficiency, High initial costs, energy Optimization of electrode materials, (J. Chen et al., 2024;
coupling microfiltration, ion- reduced energy consumption, consumption, complex improved process scalability, Du et al., 2023a,

Biological coupling

Bio-electro-
chemical systems

Hybrid membrane
bioreactor

Electrodialysis
hybrid systems

Ion-exchange
nanotechnology

Electrochemical
struvite recovery

Membrane
distillation hybrid
system

Integrated RO and
chemical
precipitation

Thermophilic
biological
Phosphorus
removal

Phyto-chemical
coupling for
phosphorus
recovery

exchange systems

Induced crystallization
(IC), biological
phosphorus removal
(BPR)

Microbial fuel cells
(MFC), microbial
electrolysis cells (MEC)

Membrane bioreactor
(MBR), osmotic
membranes, microbial
systems

Electrodialysis (ED),
struvite precipitation
reactor

Ion-exchange resins,
adsorption/desorption
systems

Electrochemical
reactors, struvite
precipitation reactors

Membrane distillation
(MD), struvite
precipitation, reverse
osmosis (RO)

RO, chemical
precipitation (e.g.,
calcium phosphate)

Thermophilic
microorganisms,
biofilm reactors,
crystallization

Aquatic plants,
chemical precipitation,
filtration systems

phosphate recovery from low-
concentration wastewater

High phosphorus removal and
recovery efficiency, reduced
sludge generation

Simultaneous phosphorus
removal and energy generation,
sustainable process, low
operational cost

High efficiency in organics
removal and nutrient recovery,
reduces membrane fouling,
improves nutrient recovery
from effluents

Efficient phosphate and
ammonium recovery, reduced
nutrient loss, simultaneous
phosphorus recovery and
nutrient enrichment

High phosphorus recovery, low
chemical requirements,
sustainable regeneration and
reuse of resins

High recovery rates, low energy
consumption, no need for
external chemicals (such as
magnesium) to form struvite

Effective phosphorus recovery
from brine and wastewater, low
energy consumption compared
to traditional distillation
processes, integration with
other treatment systems

High phosphorus removal
efficiency, reduces the chemical
consumption, recovery of
valuable byproducts (e.g.,
calcium phosphate)
High-temperature operation,
enhanced phosphorus removal
due to thermophilic organisms’
activity, reduced sludge
generation

Sustainable, low-cost
phosphorus removal using
plant-based systems, natural
nutrient uptake, and recovery
from aquatic environments

system design

Limited scalability, slow
response time,
operational complexity

Low phosphorus
concentration recovery,
complexity in integration
of bio-electrochemical
systems

Membrane fouling,
complexity in process
integration, high
operational costs

High energy
consumption, complexity
of managing two
technologies
simultaneously

Resin lifespan, slow
desorption rates, cost of
resin regeneration

Requires precise control
of pH and electrolyte
conditions, high setup
and operational costs

Scaling up the MD
process, fouling of
membranes, and
operational instability
during extended use

High energy
consumption, large space
requirement, and high
operational costs

Difficulty in controlling
operational temperature,
long-term sustainability
of thermophilic
organisms

Difficulty in maintaining
plant growth, seasonal
variations, and high land
area requirements

development of energy-efficient
electrochemical cells, and cost
reduction of ion-exchange systems
Development of more energy-
efficient electrocoagulation systems,
cheaper adsorbents, and enhanced
process control systems
Enhancement of bio-electrochemical
systems efficiency, improvement in
microbial activity, development of
hybrid systems for higher
phosphorus recovery, scaling-up
challenges

Development of fouling-resistant
membranes, optimization of
microbial systems integration,
reduction of operational and
maintenance costs

Development of energy-efficient ED
systems, improved struvite
precipitation efficiency, process
optimization for energy consumption
reduction, integration of dual
systems for ease of operation
Development of more durable resins,
faster desorption rates, cost-effective
resin regeneration methods, and
enhancement of adsorption capacity
through nanotechnology
Development of more robust
electrochemical reactors, improved
pH and electrolyte control, reduction
in setup and operational costs,
scalability of systems

Development of more durable MD
membranes, optimization of
membrane fouling control,
improving scalability, and improving
process stability for long-term
operation

Development of low-energy RO
membranes, optimization of
chemical precipitation, reduction of
space and operational requirements,
and cost-effective scaling
Development of more robust
thermophilic microorganisms,
optimization of temperature control
for consistent operation, enhancing
the long-term sustainability and
efficiency of the system
Development of more efficient
aquatic plant systems, seasonal
growth optimization, enhanced
filtration methods, and integration
with other nutrient recovery systems
for land-efficient solutions

2023b)

(Dai et al., 2017; Li
et al., 2023)

(El Messaoudi et al.,
2024; Lei et al., 2019;
Srivastava et al., 2022)

(Carrillo et al., 2020;
Cordell et al., 2011;
Gourevitch et al.,
2021; Prabhakar and
Isloor, 2024)

(Meng et al., 2024;
Tran et al., 2024)

(Foster et al., 2025;
Ruiz-Cosgaya et al.,
2024)

Carrillo et al. (2020)

(Afsari et al., 2024; Liu
et al., 2024)

Li et al. (2021)

Jiao et al. (2023)

Goggin et al. (2022)

would require a selling price of $15.6/kg, as shown in Fig. 5.

The capital and input costs associated with electrochemical struvite
recovery indicate a need for more than a 400 % increase in commercial
fertilizer prices to achieve economic viability. Alternatively, a monetary
value of $10.4/kg P,0s would be required to justify the avoidance of
phosphates going to landfills, aligning with previous estimations of
environmental benefits from P recovery (Morrissey et al., 2022). The
economic viability of P recovery methods faces challenges due to the
ongoing affordability of rock phosphate and industrial ammonium for
fertilizer production. Operating costs associated with these recovery
processes often surpass the market price of recovered P, such as struvite,

with reported costs of approximately US$1.8 per kg. Consequently, the
lack of adequate economic returns to cover operational expenses poses a
significant obstacle to the commercial viability of P recovery efforts.
Even though the high operation costs limit the economic feasibility
of P recovery, the system could generate a wide range of other benefits. P
recovery from wastewater could improve the dewaterability of the
treated sludge and decrease the scaling speed rate, both of which would
result in improved wastewater management (Shaddel et al., 2021).
Moreover, P recovery from wastewater treatment processes, such as
struvite and calcium phosphate precipitate, offers a promising avenue
for sustainable fertilizer production. Struvite, enriched with ammonium
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Table 4
Comparative economic analysis of phosphorus recovery end-products.
Parameter Struvite Calcium Vivianite
phosphate
Purity (%) 85-95 70-90 60-75
Energy cost 5.2-7.8 8.5-12.3 10.1-14.5
(kWh/kg P)
Chemical cost 1.2-1.8 2.0-3.5 1.5-2.2
(USD/kg P)
Market price 2.1-3.7 ~5.5 1.5-2.5 (est.)
(USD/kg P)
Production cost 1.8-2.5 3.0-4.2 2.5-3.8
(USD/kg P)
Environmental Low energy use Replaces Reduces sludge
benefit reducesscalingin  phosphate rock, volume, moderate
WWTPs high soil solubility ~ nutrient release
References (Morrissey et al., Ye et al. (2020) Shaddel et al.

2022; Ye et al.,, (2021)

2020)

and phosphate, and calcium phosphate precipitates are notable products
due to their soil solubility and high plant nutrient uptake potential,
typically exceeding 76 %. Thermochemical treatments and
metal-biochar adsorbents also offer avenues for phosphate recovery. For
instance, products obtained with MgCl, in thermochemical treatment
show fertilization efficiency reaching 88 % in acidic soil, compared to
71 % in neutral soil and 4 % in alkaline soil (Ye et al., 2020). Thermo-
chemical treatments are suited to centralized facilities with high sludge
volumes, potentially benefiting from energy cogeneration, while
metal-biochar adsorbents offer flexibility for various scales of operation.
Further research into process optimization, energy balance, and
long-term environmental impacts is essential to capitalize on their po-
tential in sustainable fertilizer production fully. The environmental
benefits of P recovery highlight these methods’ crucial role in mitigating
environmental degradation caused by nutrient pollution.

Additionally, phosphorus recovery promotes the reuse of this valu-
able nutrient in agricultural and industrial applications, decreasing
reliance on finite phosphate rock reserves and reducing the environ-
mental impact associated with traditional fertilizer production. Life
cycle assessment (LCA) is crucial for evaluating the environmental im-
pacts of phosphorus recovery technologies. It provides a comprehensive
framework to examine each stage of these processes, from resource
extraction to end-use, identifying environmental hotspots and trade-
offs. This approach aids in designing and optimizing recovery systems,
ensuring they align with sustainability goals by measuring impacts such
as greenhouse gas emissions, resource consumption, and eutrophication
potential (Behjat et al., 2024). By integrating LCA into the evaluation of
phosphorus recovery methods, decision-makers can make informed
choices that balance economic and environmental objectives, thereby
supporting the sustainable management of phosphorus resources.

Hydrogen break-even price
Struvite break-even price
Commercial fertilizer price
Struvite production cost

Struvite marketvalue [l

o
N
»
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6. Summary

This review underscores the potential of synergetic technologies to
emerge as economically viable solutions for the future in the field of P
recovery, emphasizing their capability to integrate diverse approaches
to maximize efficiency while minimizing environmental impact. Despite
the economic challenges associated with P recovery, its environmental
benefits, including mitigating P pollution and reducing reliance on finite
phosphate rock reserves, underscore the importance of ongoing research
and investment in sustainable P management technologies. Recent
studies have yielded promising results with coupling methods, achieving
selective P recovery rates exceeding 90 %. Meanwhile, hybrid methods
offer a balanced approach by combining various treatment strategies to
optimize results, although with moderate efficiency. Sequential methods
prioritize overall product recovery, demonstrating high P recovery rates
through systematic, multi-step processes tailored to specific wastewater
compositions and treatment goals. Coupling methods stand out for their
high efficiency, broader applicability, and optimized resource utiliza-
tion. This approach offers greater flexibility and scalability, making it
suitable for small-scale and large industrial operations. While significant
progress has been made in developing synergetic methods for P recov-
ery, much work remains to be done.

Several crucial areas require attention and further exploration in P
recovery from wastewater (Table 5). Firstly, ongoing research and
development efforts are essential to enhance the economic feasibility of
synergetic technologies for P recovery. This includes exploring innova-
tive synergetic technologies and process optimizations to reduce oper-
ational costs and increase the competitiveness of recovered P products in

Table 5
Comparison of synergetic methods for phosphorus recovery with challenges for
future research.

Method/ Coupling Hybrid Sequential

Parameter

Efficiency High (>90 %) Moderate (80 %) High (95 %)

Cost Moderate High High

Environmental Low Moderate Moderate

impact

Key advantages High selectivity, Balanced Tailored processes,

energy efficiency approach, multi- high purity
nutrient
Key challenges System complexity, Integration Time-consuming,

Challenges for

optimization

Develop simplified

issues, higher
costs
Design modular

resource-intensive

Research catalysts

future designs; create systems for easy to speed up

research standardized integration; processes; explore
protocols for investigate cost- energy-efficient
compatibility; effective technologies;
conduct pilot materials; use develop flexible
studies for machine learning  frameworks for
scalability for optimization different

wastewaters

8 10 12 14 16

$/kg of phosphorus

Fig. 5. Detailed economic analysis of the struvite precipitation method for P recovery (data used from the references cited in section 5).
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the market. Comprehensive techno-economic assessments are necessary
to assess the feasibility and sustainability of synergetic P recovery ap-
proaches on a broader scale. It is imperative to bridge the gap between
technological advancements and practical implementation by incorpo-
rating TRL analysis into future research frameworks. This will provide
insights into the readiness of P recovery technologies for practical
deployment and help identify key challenges and opportunities for
further development. However, most of the synergetic technologies for P
recovery are currently in the embryonic stage. Moreover, collaboration
between academia, industry, and regulatory bodies is essential to
facilitate knowledge exchange, regulatory support, and investment in P
recovery initiatives.

Future research should focus on minimizing the environmental
footprint of P recovery processes, such as reducing energy consumption
and waste generation. This includes exploring renewable energy sources
and adopting green chemistry principles to design more environmen-
tally friendly synergetic technologies. Additionally, applying machine
learning and process automation can provide real-time optimization,
enabling better control over the complex interplay of biological,
chemical, and electrochemical mechanisms in these systems. Moreover,
research should aim at multi-nutrient recovery strategies—recovering
phosphorus alongside nitrogen and potassium—to produce tailored
fertilizers that cater to diverse agricultural demands, thereby boosting
the market value of the recovered products. Insights into process
upscaling and modular design are also critical for transitioning
laboratory-scale technologies to industrial wastewater treatment sys-
tems, with an emphasis on minimizing environmental footprints. A
promising direction lies in valorizing by-products, transforming sludge
and recovered struvite into high-value commodities like bio-fertilizers
or soil amendments, aligning with circular economy principles.
Finally, partnerships between academia, industry, and policymakers
could drive the development of pilot projects and policy frameworks,
ensuring that these synergistic technologies achieve large-scale adoption
and address global phosphorus sustainability challenges effectively.
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