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Abstract

Growing water scarcity, climate change, and increasingly stringent environmental regula-
tions have intensified the need for advanced wastewater treatment technologies capable
of removing emerging contaminants and enabling safe water reuse. This review provides
an integrated assessment of recent trends in membrane bioreactors (MBRs) and advanced
oxidation processes (AOPs), including their role in hybrid treatment systems, with em-
phasis on contaminant removal efficiency, energy demand, operational complexity, and
transformation product formation. In parallel, an exploratory statistical analysis of EURO-
STAT indicators—population connected to wastewater treatment plants, Water Exploitation
Index (WEI), freshwater availability, and sludge production—was conducted to examine
relationships between treatment infrastructure and pressures on water resources across
Europe. Correlation and principal component analyses reveal weak to moderate and
predominantly indirect relationships between infrastructure expansion and water stress,
highlighting that connectivity alone does not reduce resource pressure in the absence of
water reuse and advanced treatment. The combined technological and statistical evidence
demonstrates that reuse-oriented MBR–AOP systems are critical for improving effluent
quality, mitigating emerging pollutant risks, and supporting circular, climate-resilient water
management strategies under European policy frameworks.

Keywords: advanced wastewater treatment; membrane bioreactors (MBRs); advanced
oxidation processes (AOPs); sludge management; water exploitation index (WEI); water
reuse; water scarcity; circular economy

1. Introduction
Growing water scarcity, climate change, rapid urbanization, and increasingly stringent

environmental regulations are placing unprecedented pressure on wastewater treatment
systems. Conventional treatment technologies, originally designed to remove organic
matter, nutrients, and suspended solids, are no longer sufficient to address the widespread
presence of emerging contaminants (ECs) such as pharmaceuticals, endocrine-disrupting
compounds, personal care products, antibiotics, microplastics, and industrial additives. As
a result, wastewater treatment plants (WWTPs) are increasingly being reconceptualised
as wastewater resource recovery facilities (WRRFs), expected not only to protect receiv-
ing waters but also to enable water reuse, support the circular economy, and enhance
climate resilience.
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This review addresses current and emerging trends in advanced wastewater treatment,
with a focus on membrane bioreactors (MBRs) and advanced oxidation processes (AOPs)
as key technological pillars for improving effluent quality and mitigating environmental
risks. MBRs integrate biological treatment with membrane filtration, ensuring high-quality
effluent, compact system design, and enhanced removal of nutrients and ECs. AOPs rely
on highly reactive radical species to oxidize recalcitrant compounds that resist biological
degradation. When combined in hybrid treatment trains, MBRs and AOPs provide syn-
ergistic benefits by coupling physical separation with chemical transformation, enabling
compliance with increasingly strict discharge and reuse standards.

Over the past decade, a substantial body of review and meta-review literature has
addressed the development, performance, and limitations of membrane bioreactors and
advanced oxidation processes in wastewater treatment. Several high-impact review papers
and systematic reviews have examined membrane material innovation, fouling mitigation
strategies, and energy optimization in MBR systems, as well as the efficiency and scala-
bility of advanced oxidation technologies for the removal of contaminants of emerging
concern [1–5]. More recent “state-of-the-art” and critical review studies increasingly fo-
cus on hybrid treatment trains, combining biological processes, membrane filtration, and
oxidative polishing, in response to tightening regulatory requirements and water reuse
objectives [3–5]. Collectively, these “reviews of reviews” provide a consolidated, high-level
perspective on technological progress, operational bottlenecks, and research gaps, and they
form the conceptual basis for the integrative assessment presented in this work.

Despite rapid technological progress, the implementation of advanced treatment remains
uneven across Europe and is strongly influenced by hydrological, socio-economic, and in-
frastructural constraints. To address this gap, the present study integrates a critical literature
review with an exploratory statistical analysis of EUROSTAT indicators, linking technological
advances to real-world pressures on water resources. The indicators selected—percentage
of population connected to wastewater treatment plants, Water Exploitation Index (WEI),
total net freshwater abstraction, and annual sludge production—enable assessment of how
infrastructure development, water stress, and waste generation interact at the European scale.

The objectives of this study are to: (i) systematize recent technological trends in MBR
and AOP systems, focusing on performance, energy demand, and operational limitations;
(ii) analyze statistical relationships between wastewater infrastructure, sludge generation,
freshwater availability, and water stress; (iii) evaluate the role of advanced treatment in
enabling water reuse and supporting the circular economy, particularly in water-scarce re-
gions [6–14]; and (iv) identify knowledge gaps and future research priorities for sustainable
wastewater management [15–21].

Although MBRs and AOPs are each extensive fields, they are treated together here
because they increasingly function as complementary barriers within reuse-oriented treat-
ment trains rather than as standalone upgrades. The manuscript therefore prioritizes
cross-cutting decision criteria—effluent quality stability, CEC risk reduction, energy and
operational constraints, and transformation-product management—so that comparing and
integrating MBR and AOP options becomes the central contribution rather than a parallel
description of two separate technologies.

Figure 1 presents the conceptual framework of the study as an oriented causal dia-
gram. Water stress and climate change act as primary drivers, exerting systemic pressure
on wastewater infrastructure and stimulating the adoption of advanced technologies. The
treatment infrastructure—represented by EUROSTAT indicators—forms a key intermedi-
ate node that conditions the implementation of MBRs and AOPs and strongly influences
sludge quantity and quality. Advanced technologies represent both a response to resource
pressure and a feedback mechanism: MBRs ensure high-quality effluent and concen-
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trated sludge, while AOPs degrade emerging pollutants and reduce toxicity, enabling safe
tertiary treatment.

 

Figure 1. Concept Map—Advanced Wastewater Treatment in a European Context. Arrows:
continuous-direct influence, dotted-feedback, indirect consequences.

The conceptual map from Figure 1 illustrates the integrated framework for advanced
wastewater treatment in a European context. The diagram highlights the interactions
among environmental and socio-economic pressures (climate change, increasing water
demand, urbanization, and industrial activities), the current status of wastewater treatment
infrastructure, and the implementation of advanced technologies (membrane bioreactors
(MBRs) and advanced oxidation processes (AOPs). European policies and regulations
influence both infrastructure development and technology adoption, while sludge manage-
ment and water reuse pathways support the transition toward a circular water economy.
Statistical analysis and decision-support tools provide feedback for system evaluation and
optimization. Solid arrows indicate direct influences, dashed arrows represent feedback
mechanisms, and dotted arrows denote indirect consequences within the system.
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Water reuse is the central outcome of this system, reducing pressure on freshwater
resources and closing the circular-economy loop [6,7]. Its applications span agriculture [8,9],
industry, aquifer recharge [10], and urban non-potable uses [11], and its success depends
critically on the performance of advanced technologies [12,13]. Although reuse offers sig-
nificant benefits, implementation is constrained by technical, regulatory, and social factors,
including treatment reliability, public acceptance, and institutional coordination [16–20].
Sludge management represents a major secondary consequence of advanced treatment,
as increased sludge production and EC accumulation require stabilization, oxidation, and
resource recovery to ensure environmental safety and social acceptability [21].

European policies—including the Water Framework Directive (WFD), the revised Ur-
ban Wastewater Treatment Directive (UWWTD), the EU Water Reuse Regulation, and the
European Green Deal—provide the normative framework guiding these transitions [22–24].
While regulatory requirements act as constraints, they also stimulate investment in ad-
vanced technologies and infrastructure upgrades [25–29]. In this science–policy feedback
loop, statistical evidence plays a critical role in identifying structural patterns and informing
strategic decisions.

The paper is organized to facilitate a logical progression from the theoretical frame-
work to the applied analysis. After the introductory section, an overview of the main
wastewater treatments is provided, highlighting their limitations. The following chapter is
dedicated to membrane bioreactors and advanced oxidation processes, in which the operat-
ing principles, the performances reported in the literature, and the current challenges are
analyzed. The statistical analysis section presents the results obtained based on EUROSTAT
data and discusses their implications for the implementation of advanced technologies.
Finally, the paper summarizes the main conclusions and proposes future directions for
research and technological development.

The originality of this paper lies in the direct correlation between technological
progress in advanced wastewater treatment and the objectives and policy instruments
of Europe for the sustainable management of water resources and their reuse. While
most review studies analyze membrane bioreactors and advanced oxidation processes
exclusively from a technological perspective, this article integrates these solutions into
a European strategic framework, using official EUROSTAT indicators to assess the pres-
sures on water resources and the level of treatment infrastructure. The paper is based on
key EU Directives (Water Framework Directive, Urban Wastewater Treatment Directive,
and Water Reuse Regulation). It provides an innovative perspective on how MBR and AOP
technologies can support achieving European targets for pollution reduction, increased
water reuse, and adaptation to water stress. This approach goes beyond descriptive analysis
of technologies. It proposes an applicable analytical framework to underpin investment
decisions and strategic planning in the context of the transition to a circular water economy
in Europe.

Methodology

The methodology adopted in this study combines a systematic review of the scientific
literature with an exploratory statistical analysis of official EUROSTAT data, thereby ensur-
ing an integrated, qualitative-quantitative approach. The literature review was conducted
by consulting international scientific databases (Web of Science and Google Scholar) and
selecting relevant works published over the last 10–15 years that address the performance,
applicability, and sustainability of MBR and AOP technologies in wastewater treatment.

This paper is based on the integration of two main categories of data sources:
(i) the specialized scientific literature on advanced wastewater treatment technologies
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and (ii) official statistical datasets at the European level, used for the quantitative analysis
of the implementation context of these technologies.

The scientific literature was collected from established international databases, which
provide access to peer-reviewed articles, book chapters, and relevant synthesis papers.
Bibliographic searches were performed using keyword combinations such as “advanced
wastewater treatment”, “membrane bioreactors”, “advanced oxidation processes”, “water
reuse”, “emerging pollutants” and “sludge management”. To ensure the timeliness and
relevance of the information, priority was given to studies published between 2010 and
2025, without excluding older reference works that have significantly contributed to the
field’s conceptual development.

For the literature review part, studies were included that met several criteria. It was
considered that their main characteristic was to explicitly address advanced wastewater
treatment technologies (MBR, AOP, or hybrid systems), report technological performance
indicators (removal efficiencies, energy consumption, sludge production), present pilot
or industrial-scale applications, and be published in indexed scientific journals. Works
with limited relevance for practical applications or those that did not provide sufficient
methodological information for critical evaluation of the results were excluded.

For the statistical component, official data provided by EUROSTAT, selected from the
field of environmental and water resources statistics, were used. EUROSTAT is a recognized
source of methodological consistency, spatial comparability, and periodic data updates at
the European level. The indicators used were extracted from the thematic tables on urban
wastewater treatment, water resource exploitation, freshwater availability, and sludge
management resulting from purification processes.

For the quantitative component, four EUROSTAT statistical indicators considered rele-
vant for assessing the technological and environmental context were selected: (i) percentage
of population connected to wastewater treatment plants, (ii) water exploitation index (WEI),
(iii) total net capacity of freshwater resources, and (iv) annual sludge production from
wastewater treatment.

The statistical analysis was performed using XLSTAT 2025.2. software and included
descriptive methods, correlation analyses (Pearson coefficients), and exploratory multivari-
ate techniques such as principal component analysis (PCA). These methods were used to
identify significant relationships between indicators, spatial patterns across Europe, and
factors that may influence the need to adopt advanced treatment technologies.

2. Overview of Wastewater Treatment Technologies
2.1. Types of Pollutants in Wastewater

Wastewater is a complex, heterogeneous matrix that contains contaminants originating
from domestic, industrial, agricultural, and urban runoff sources. In addition to conven-
tional parameters such as chemical oxygen demand (COD), biochemical oxygen demand
(BOD), nutrients, and suspended solids, increasing attention has been directed toward
emerging organic contaminants (EOCs), also referred to as contaminants of emerging
concern (CECs) [30–33]. These include pharmaceuticals, personal care products (PPCPs),
endocrine-disrupting compounds, surfactants, flame retardants, pesticides, and industrial
additives [30,31,34].

More recently, microplastics and antibiotics have been identified as pervasive and
persistent pollutants in wastewater streams [35,36]. Even at trace concentrations, these
contaminants pose significant ecological and public health risks, including endocrine dis-
ruption, chronic toxicity, and the proliferation of antimicrobial resistance genes [37,38].
Their physicochemical diversity and resistance to biodegradation present significant chal-
lenges for conventional treatment processes.
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2.2. Conventional Treatment Technologies and Their Limitations

Conventional wastewater treatment systems are predominantly based on the activated
sludge process (ASP) and its operational variants, such as sequencing batch reactors (SBRs).
These technologies were historically designed to reduce organic load, suspended solids,
and, to a limited extent, nutrients [39,40]. While effective for traditional pollution control,
their performance is increasingly inadequate in the context of modern regulatory and
environmental demands.

Several limitations are consistently reported in the literature. First, many EOCs
are poorly removed due to their recalcitrant nature or inhibitory effects on microbial
activity, leading to their discharge into receiving waters [30,31]. Second, conventional
secondary clarifiers require large land areas and are vulnerable to sludge settleability
problems, which compromise treatment stability under fluctuating hydraulic or organic
loads [41]. Third, achieving stringent nitrogen and phosphorus discharge limits often
requires energy-intensive aeration and chemical dosing, reducing overall process resilience
and sustainability [40,42].

2.3. Advanced Treatment Technologies and Selection Criteria

Advanced wastewater treatment technologies have been developed to address the
limitations of conventional systems and to enable water reuse, pollutant polishing, and
resource recovery. These technologies can be broadly classified into physical, biological,
and chemical processes [33,43].

Physical separation processes include membrane technologies such as microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO), which provide
practical barriers against suspended solids, pathogens, and selected micropollutants [44,45].
Membrane bioreactors (MBRs) integrate biological treatment with membrane filtration,
offering enhanced effluent quality, a compact footprint, and improved EOC removal relative
to conventional systems [2,44,46].

Chemical approaches are dominated by advanced oxidation processes (AOPs), in-
cluding ozonation, Fenton and photo-Fenton reactions, and UV/H2O2 systems, which
rely on highly reactive hydroxyl radicals to degrade non-biodegradable organic com-
pounds [47–50]. Although effective, AOPs are often associated with high energy and
chemical consumption, necessitating careful integration with biological or membrane
processes [43,51].

Technology selection increasingly relies on multi-criteria decision-making (MCDM)
frameworks that balance treatment efficiency, capital and operational costs (CAPEX/OPEX),
regulatory compliance, environmental impact, and long-term sustainability [42,52].

In addition to dissolved contaminants, wastewater also contains a significant fraction
of insoluble, particulate, and colloidal pollutants, including microplastics, hydrophobic
organic compounds, sorbed pharmaceuticals, metal-bearing particles, and organic solids
associated with sludge flocs [53,54]. These non-soluble fractions often act as vectors for
persistent contaminants, which are not readily accessible to conventional biological degrada-
tion or homogeneous AOPs. Their removal therefore relies primarily on physical separation
processes (e.g., membrane filtration, coagulation–flocculation, sedimentation) and on indi-
rect oxidative pathways, where reactive oxygen species (ROS) attack contaminants after
desorption from particle surfaces or following partial solubilization. In integrated systems
such as MBR–AOP treatment trains, membranes retain particulate-bound pollutants while
subsequent oxidative steps degrade the released or dissolved fraction, enabling effective
control of both soluble and insoluble contaminants.
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2.4. Trends Toward Integrated, Hybrid, and Digitalized Treatment Systems

Recent developments in wastewater treatment reflect a paradigm shift toward inte-
grated and hybrid process configurations designed to maximize efficiency and resource
recovery. Wastewater treatment plants (WWTPs) are increasingly being reconceptualized
as wastewater resource recovery facilities (WRRFs), emphasizing water reuse, nutrient
recovery, and energy production within a circular economy framework [34,48,55,56].

Hybrid treatment trains that couple biological processes with AOPs or membrane
systems are increasingly reported to be effective solutions for the removal of refractory
EOCs while minimizing chemical consumption and by-product formation [43,45,51,57].
Integrated membrane–AOP systems have also been explored as a means of mitigating
membrane fouling while enhancing micropollutant mineralization [3,58].

In parallel, digitalization and automation are emerging as key enablers of advanced
treatment performance. The transition toward “Water 4.0” involves the deployment of
real-time sensors, dynamic process models, and artificial intelligence (AI)-based control
strategies to optimize operational parameters [37,51]. Digital twins and predictive control
frameworks now enable proactive management of transmembrane pressure, nutrient
removal, and energy consumption, thereby reducing operational costs and improving
system resilience.

An overview of conventional, advanced, and integrated wastewater treatment tech-
nologies, including their target pollutants, removal efficiencies, energy demand, and re-
source recovery potential, is summarized in Table 1.

Table 1. Comparison of conventional, advanced, and integrated wastewater treatment technologies
with respect to contaminant removal and sustainability criteria.

Technology
Category

Representative
Processes Target Pollutants EOC Removal

Efficiency Energy Demand Footprint Resource Recovery
Potential

Conventional
Biological ASP, SBR COD, BOD, SS,

nutrients Low–moderate Moderate–high Large Limited

Membrane
Processes MF, UF, NF, RO SS, pathogens,

salts, EOCs Moderate–high Moderate–very
high Compact Water reuse

Membrane
Bioreactors MBR

COD, nutrients,
EOCs,

microplastics
High Moderate Very compact Water reuse, nutrient

recovery

Advanced
Oxidation
Processes

O3, UV/H2O2,
Fenton Recalcitrant EOCs Very high High Compact Limited

Hybrid/Integrated
Systems

MBR–AOP,
AnMBR Broad-spectrum Very high Optimized Compact Water, energy,

nutrients

3. Membrane Bioreactors (MBRs)
3.1. Role of MBRs in Reuse-Oriented Wastewater Treatment

Membrane bioreactors (MBRs) combine biological degradation with membrane fil-
tration, producing a consistently high-quality effluent suitable for advanced treatment
and water reuse [59–61]. In the European context, MBRs are increasingly recognized as
enabling technologies for meeting the stricter effluent requirements introduced by the
revised Urban Wastewater Treatment Directive (UWWTD) and the EU Water Reuse Reg-
ulation, particularly regarding pathogens, suspended solids, nutrients, and emerging
contaminants (CECs).

A defining advantage of MBR technology is the physical retention of biomass and sus-
pended solids by the membrane barrier, which decouples hydraulic retention time (HRT)
from sludge retention time (SRT). This operational flexibility allows MBRs to operate at
elevated SRTs, typically beyond the limits of conventional activated sludge systems, result-
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ing in enhanced nitrification performance, improved degradation of slowly biodegradable
organics, and greater overall process stability [59,60,62,63]. This operational flexibility is es-
pecially advantageous for industrial effluents containing high organic loads and inhibitory
compounds [64]. Modern MBR configurations can consistently achieve effluent turbidity
below 1 NTU with near-complete suspended solids removal, making the technology espe-
cially suitable for water reuse and reclamation applications [61,65]. Recent technological
advances have further strengthened the role of MBRs as core units in next-generation
wastewater treatment and reuse systems.

3.2. Process Configurations and Policy-Relevant Applications
3.2.1. Submerged vs. Sidestream MBR

The selection of an MBR configuration—submerged (iMBR) versus sidestream
(sMBR)—is a critical engineering decision, primarily governed by the trade-off among
energy consumption, operational control, and system footprint [61]. In submerged MBR
systems, membrane modules are immersed directly within the bioreactor or an integrated
membrane tank, and filtration is driven by suction pressure. Membrane fouling is mit-
igated predominantly through coarse-bubble aeration, which generates shear stress at
the membrane–liquid interface, resulting in relatively low energy demand and a compact
system layout [60,66].

As shown in Table 2, submerged systems dominate municipal applications due to their
lower energy demand and compact footprint. At the same time, sidestream MBRs are pre-
ferred for industrial effluents that require high-shear cleaning and operational robustness.

Table 2. Comparison of Submerged and Sidestream MBR Configurations for Reuse-Oriented Applications.

Configuration Main Features Energy Demand Typical Application

Submerged MBR (iMBR) Membranes immersed in bioreactor,
suction-driven filtration Low–moderate Municipal reuse schemes

Sidestream MBR (sMBR) External cross-flow modules High Industrial/high-strength
wastewaters

3.2.2. Aerobic Versus Anaerobic MBR

Aerobic MBRs remain the standard for municipal wastewater, ensuring full nitrifi-
cation and stable organic removal. Anaerobic MBRs (AnMBRs) eliminate aeration and
enable biogas recovery, aligning with EU decarbonisation goals. However, their appli-
cation is still limited by methane losses, slower kinetics, and fouling under anaerobic
conditions [53,67–69].

3.3. Removal of Nutrients and Emerging Contaminants

In MBRs, contaminants are removed through combined biological degradation, ad-
sorption, and membrane separation mechanisms [64,70–72]. Organic matter removal is
typically assessed using chemical oxygen demand (COD) and biochemical oxygen demand
(BOD), while nutrient removal is achieved through integrated nitrification–denitrification
pathways supported by extended sludge retention times. The removal of emerging contam-
inants (ECs), including pharmaceuticals, endocrine-disrupting compounds, and pesticides,
occurs through a combination of biodegradation, adsorption onto biomass, and partial
membrane retention [54,64,68,73].

Enhanced nitrogen and phosphorus removal can be achieved by incorporating
anaerobic–anoxic–oxic (A2/O) configurations within MBR systems, enabling more ef-
fective control of biological nutrient transformation processes [53,67]. Regarding ECs,
numerous studies report highly variable, compound-specific removal efficiencies. Readily
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biodegradable pharmaceuticals, such as ibuprofen and diclofenac, are often removed to
a significant extent, whereas persistent compounds, such as carbamazepine, typically ex-
hibit only partial attenuation [5]. Nevertheless, evidence from full-scale municipal MBR
installations in regions such as Singapore and Spain demonstrates that MBR systems can de-
liver consistent long-term performance in nutrient removal and micropollutant attenuation
under realistic operating conditions [74,75].

3.4. Operational Challenges and Energy Considerations
3.4.1. Membrane Fouling Mechanisms

Membrane fouling, caused by the accumulation of organic and inorganic matter on
membrane surfaces, remains the main operational constraint in MBR systems [60]. Fouling
intensity is governed by a complex interplay among influent characteristics, membrane
properties, and operational conditions, including sludge composition, biomass concentra-
tion, and hydrodynamic regime [62,63,76].

Organic fouling is predominantly associated with extracellular polymeric substances
(EPS) and soluble microbial products (SMP), which contribute significantly to pore blocking
and cake-layer formation. Inorganic fouling arises from the precipitation and accumula-
tion of mineral scales such as calcium carbonate and metal hydroxides, while biofouling
results from microbial attachment followed by biofilm development on the membrane
surface [60,63,77,78].

3.4.2. Fouling Control Strategies and Novel Membrane Materials

Compared to conventional wastewater treatment systems, fouling control in MBRs
requires an integrated approach that combines operational optimization, physical and
chemical cleaning, and the development of antifouling membrane materials to maintain
long-term performance [79]. Operational mitigation strategies increasingly rely on real-
time monitoring and advanced process control, including intermittent aeration, relaxation,
and backwashing, to delay fouling onset and control transmembrane pressure rise [79].
Surface-modified and hydrophilic membranes have been developed to reduce fouling and
improve long-term stability [80,81].

In addition to material innovation, mechanical and hybrid fouling control strategies
are gaining attention. Configurations such as reciprocating submerged membrane systems
reduce reliance on air scouring by employing membrane oscillation to disrupt foulant
accumulation, with reported energy savings of up to 50% relative to conventional aerated
systems. Supplementary approaches, including the addition of powdered or granular
activated carbon, further mitigate fouling by adsorbing soluble foulants and reducing EPS
and SMP concentrations in the mixed liquor [80].

3.4.3. Low-Energy and Next-Generation MBR Designs

Next-generation MBR designs increasingly target reductions in energy consumption,
particularly by addressing the high aeration demand associated with aerobic membrane
filtration. Strategies include optimized aeration regimes, deployment of low-pressure
membranes, and integration of anaerobic treatment processes [69,82]. Within this context,
anaerobic membrane bioreactors (AnMBRs) have attracted considerable attention due to
their ability to eliminate aeration requirements while enabling simultaneous wastewater
treatment and biogas recovery, thereby offering the potential for energy-neutral or even
energy-positive operation [68,69].

Although AnMBRs demonstrate promising organic removal and methane recovery,
fouling and dissolved methane losses still limit large-scale deployment and net energy
recovery [68,83].
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Beyond energy considerations, the evolution of MBR technology aligns closely with
circular economy principles, repositioning wastewater treatment systems from pollutant
sinks toward platforms for resource recovery. In this framework, next-generation MBRs
are increasingly designed to recover energy, nutrients, and high-quality reclaimed water,
thereby reinforcing their role in sustainable, integrated water management strategies.

3.5. Applications and Case Studies

MBRs are now widely implemented in municipal and industrial wastewater treatment,
particularly in regions facing land scarcity and water stress [84,85].

Large-scale municipal installations provide compelling evidence of MBR technology’s
scalability and reliability. Notable examples include the 800,000 population equivalent
Beijing wastewater treatment facility and Singapore’s NEWater program, where MBRs
form the backbone of potable and non-potable water reuse schemes [86,87]. These sys-
tems highlight MBRs’ ability to deliver stable, long-term performance while integrating
seamlessly into dense urban environments.

A key driver for municipal adoption is the proven full-scale performance of MBRs
in removing emerging contaminants (ECs), including pharmaceuticals and microplastics,
as discussed mechanistically in Section 3.2.1. Operational data from installations in Spain
and Singapore indicate that MBRs consistently achieve pharmaceutical removal efficiencies
that are approximately 20–40% higher than those of conventional activated sludge systems,
reflecting the combined effects of long sludge retention times and physical membrane
separation. In parallel, MBR-based reuse systems have demonstrated removal efficiencies
exceeding 99% for microplastics larger than the membrane pore size, with the membrane
cake layer providing an additional barrier for smaller particles.

MBRs also enable downstream nutrient and energy recovery, supporting the transition
toward circular wastewater management.

Collectively, these case studies demonstrate that MBR technology has matured beyond
a high-performance treatment option into a versatile infrastructure solution capable of
addressing water reuse, contaminant control, and resource recovery objectives within
modern wastewater management frameworks.

3.6. Strategic Comparison of MBR Configurations for EU Reuse

No single MBR configuration is universally optimal. Submerged aerobic MBRs are
best suited for municipal reuse due to their reliability and moderate energy demand, while
side-stream systems remain appropriate for complex industrial wastewaters. Anaerobic
MBRs offer strong potential for energy-neutral treatment but still face technological barriers.
Hybrid MBR–AOP systems provide the highest effluent quality and are the most aligned
with future European reuse and discharge requirements (Table 3).

Table 3. Strategic Comparison of MBR Configurations for Municipal and Industrial Wastewater
Reuse in the EU.

Configuration CEC Removal Energy Demand Operational Complexity Policy Relevance

Submerged aerobic MBR High Moderate Medium Municipal reuse

Sidestream MBR Very high High High Industrial effluents

Anaerobic MBR Moderate Low (net) High Energy-neutral WWTPs

MBR + AOP Very high Optimized High Compliance with UWWTD
and EU reuse standards
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4. Advanced Oxidation Processes (AOPs)
4.1. Role of AOPs in Tertiary Treatment and EU Water Reuse

Advanced oxidation processes (AOPs) are tertiary treatment options designed to
oxidize contaminants that are poorly removed by conventional biological treatment, par-
ticularly contaminants of emerging concern (CECs) such as pharmaceuticals, endocrine
disruptors, and industrial additives [67,74,75,77]. In the European context, AOPs are
increasingly considered as polishing steps to support compliance with stricter effluent-
quality requirements under the revised Urban Wastewater Treatment Directive (UWWTD),
the Water Framework Directive (WFD), and the EU Water Reuse Regulation, especially
where treated wastewater is reused or discharged into sensitive receiving waters. In
practice, AOPs are most effective when applied after secondary treatment (or MBR) to
reduce radical scavenging by suspended solids and bulk organic matter, thereby improving
operational efficiency.

4.2. AOP Options Most Relevant to Municipal Wastewater Polishing
4.2.1. Ozonation (O3 and O3/H2O2)

Ozonation is among the most mature AOP-based options for municipal tertiary treat-
ment, providing high removal for many pharmaceuticals and other CECs. Hydrogen
peroxide addition (peroxone) can enhance •OH formation and reduce the ozone dose
required. Still, operational control is necessary to limit by-product formation (e.g., bromate
in bromide-containing waters) and to manage transformation products [67,75,88].

4.2.2. UV-Based AOPs (UV/H2O2)

UV/H2O2 is widely used for reuse-oriented polishing and disinfection, delivering
strong performance against a broad range of micropollutants while avoiding halogenated
by-products typical of chlorination [50,89,90]. Its main limitation is energy demand and
the sensitivity of performance to effluent UV transmittance, which depends on upstream
treatment quality [26,75].

4.2.3. Fenton and Photo-Fenton

Fenton and photo-Fenton processes are effective for oxidizing recalcitrant organics
and can improve biodegradability when used as a pre-oxidation step [4,91,92]. However,
conventional operation typically requires pH adjustment and produces iron-containing
sludge, which can increase operational complexity at a large scale [83,93].

4.2.4. Heterogeneous Photocatalysis

TiO2-based photocatalysis has demonstrated high degradation efficiencies under
controlled conditions, and recent developments focus on visible-light activation and catalyst
recovery. Nevertheless, municipal-scale implementation remains limited by matrix effects,
reactor design challenges, and currently insufficient full-scale operational evidence for
complex wastewater effluents [67,84,94].

4.2.5. Electrochemical Oxidation and Electro-Fenton

Electrochemical AOPs can achieve very high CEC removal and enable in situ gen-
eration of oxidants. Still, widespread municipal deployment is constrained by electricity
demand, electrode costs, and the potential formation of oxidation by-products, depending
on the water matrix and operational conditions [85,93].
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4.2.6. Ozone Microbubble and Nanobubble AOP Systems

Ozone microbubble and nanobubble systems enhance mass transfer efficiency, rad-
ical generation, and oxidation kinetics by increasing gas–liquid interfacial area and pro-
longing ozone residence time [95–97]. These systems demonstrate improved removal of
pharmaceuticals, dyes, and recalcitrant organics at lower ozone doses compared with
conventional diffusers. Their compact design and energy efficiency make them promis-
ing candidates for tertiary polishing and decentralized reuse applications, particularly in
water-stressed regions.

4.3. Comparative Assessment for Municipal Tertiary Treatment

Table 4 summarizes the main AOP options for municipal wastewater polishing with
respect to (i) CEC removal, (ii) energy demand, (iii) transformation products/by-product
risks, and (iv) operational complexity—criteria that directly affect feasibility under EU
reuse-oriented strategies.

Table 4. Comparative assessment of AOP options for tertiary treatment of municipal wastewater in
the EU context.

AOP Option Typical CEC
Removal Potential Energy Demand By-Products/

Transformation Products
Operational
Complexity

Deployment
Maturity

O3/O3-H2O2 High Medium Bromate risk; TPs
require monitoring Medium High

UV/H2O2 High High Lower halogenated BP risk;
TPs possible Medium High

Fenton/Photo-Fenton High Medium Iron sludge; pH control;
TPs possible High Medium

Photocatalysis Medium–high
(pilot-dependent) Medium Lower chlorinated BP risk;

catalyst issues High Low–medium

Electrochemical/Electro-
Fenton High–very high High Matrix-dependent TPs;

electrode aging High Medium

For near-term municipal deployment, ozonation and UV/H2O2 remain the most
robust and scalable AOP options for tertiary CEC removal. At the same time, Fenton-type
processes are attractive for targeted applications but face chemical and sludge-handling
constraints. Electrochemical AOPs and photocatalysis are promising for specific contexts
and future deployment. Still, their feasibility is currently limited by energy demand, cost,
and the need for stronger full-scale evidence under real effluent matrices.

4.4. Decision-Oriented Comparison: When MBR, AOP, or Hybrid Trains Are Justified

Despite the large body of literature on MBRs and AOPs, a recurring practical question
for utilities and regulators is not whether these technologies work, but when each is
justified and how they should be combined to meet reuse- or discharge-driven performance
targets under variable influent matrices. To address this, the present review synthesizes the
evidence into a decision-oriented comparison, distinguishing (i) MBR as an intensification
and separation platform, (ii) AOP as a polishing and transformation barrier, and (iii) hybrid
trains (MBR–AOP) as a dual-barrier strategy.

This synthesis is operationalized in Table 5, which provides a screening-level compari-
son of MBR, AOP, and hybrid treatment trains based on performance, risk, and implemen-
tation criteria relevant to reuse-oriented applications.

MBR alone is most justified when the primary objective is consistently high effluent
clarity and pathogen/solids control, compact footprint, and robust nutrient removal, while
accepting that removal of hydrophilic and biologically persistent CECs remains compound-
dependent. In this role, MBR functions as a high-retention biological reactor that stabilizes
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effluent quality (low turbidity/SS), which is also advantageous for any downstream UV-
based or oxidative polishing step.

Table 5. Screening-level comparison of MBR, AOP, and hybrid trains for reuse-oriented
municipal applications.

Option Primary Role in
Treatment Train Strengths (Why Choose) Key Limitations/Risks Best-Fit Context

(Rule-of-Thumb)

MBR Intensified secondary +
physical barrier

Very low SS/turbidity;
compact footprint; stable
nitrification at high SRT;

improved EC removal vs.
CAS for

many compounds

Fouling control and
aeration energy;

persistent hydrophilic
CECs only partially

removed; concentrate
solids/associated

contaminants into sludge

When effluent clarity +
footprint + stability are

priorities and reuse
targets are moderate or

a polishing step
is planned

AOP (tertiary) Oxidative polishing of
dissolved residuals

High removal for many
pharmaceuticals/CECs;

strong disinfection
synergy (UV/H2O2);

retrofit potential

Energy/chemical demand;
matrix sensitivity

(UVT/scavengers); TP
formation; bromate

risk (ozone)

When existing secondary
effluent is stable but

additional CEC reduction
or reuse/sensitive

discharge compliance
is required

MBR–AOP
(hybrid)

Dual barrier: separation +
oxidation

More controllable AOP
(lower scavenging, better
UVT); higher robustness

for reuse readiness;
improved multi-barrier

risk management

Highest integration and
monitoring complexity;

combined OPEX;
requires TP management

strategy (bio-
polishing/adsorption)

When the target is
reuse-ready effluent or
strict discharge limits

and performance must be
robust under

variable conditions

AOP–biological
polishing
(hybrid)

Pre-oxidation to improve
biodegradability

Can reduce recalcitrance
and toxicity before bio

step; may lower
downstream load

Requires careful dosing
to avoid inhibitory

intermediates; still TP
management needed

When influent contains
inhibitory/recalcitrant

organics and a biological
step can finish oxidation

products efficiently

AOP alone is most justified as a tertiary retrofit where a WWTP already achieves stable
secondary effluent but faces additional requirements for CEC control, disinfection robust-
ness, or discharge into sensitive receiving waters. In this role, AOP acts primarily on the
dissolved residual fraction, but its performance is strongly influenced by radical scaveng-
ing, UV transmittance, bromide content (ozonation), and the formation of transformation
products (TPs), making monitoring and post-treatment considerations essential.

Hybrid MBR–AOP trains are most justified when the objective shifts from “improved
effluent” to reuse-ready effluent and/or consistent CEC risk reduction under tight compli-
ance constraints. In this configuration, MBR reduces suspended solids and bulk organic
matter that otherwise consume oxidants or limit UV transmission, thereby improving AOP
efficiency and controllability. The hybrid concept is therefore best described as a treatment-
train optimization strategy rather than a simple technology stacking: MBR improves the
operating window of AOP, while AOP addresses the fraction that remains persistent after
biological treatment.

A key trade-off in selecting among these options is the balance between (i) energy
demand, (ii) operational complexity, and (iii) risk management of by-products/TPs and
fouling. MBRs are typically constrained by membrane fouling and aeration energy for
filtration, whereas AOPs are constrained by oxidant/electricity demand and TP formation.
Hybrid systems distribute risk across barriers but increase monitoring needs and integration
complexity. For reuse-oriented strategies, this trade-off is often acceptable because hybrid
trains provide the most defensible pathway to consistent effluent quality under variable
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conditions, especially when paired with biological post-treatment or adsorption to manage
partially oxidized intermediates.

4.5. Transformation Products, Toxicity, and Integration with Biological Post-Treatment

AOPs may reduce parent-compound concentrations while generating transformation
products (TPs) with unknown or elevated toxicity, depending on the oxidation pathway and
effluent matrix [98]. This highlights the need for (i) TP-oriented monitoring and bioassays,
and (ii) treatment-train design that includes biological post-treatment or adsorption to
manage partially oxidized intermediates. Hybrid approaches (e.g., MBR followed by AOP,
or AOP followed by biological polishing) can reduce oxidant demand and improve overall
environmental safety.

4.6. Emerging Trends Relevant to EU Implementation

Recent developments focus on reducing energy intensity and improving controllability,
including UV-LED systems, catalytic ozonation, and electro-Fenton variants with improved
cost performance under selected operating objectives [93,94]. Digital monitoring and
optimization (e.g., control of ozone dose, UV fluence, and scavenger effects) is increasingly
important for maintaining performance under variable effluent quality and for aligning
advanced treatment with climate and circular-economy objectives.

5. Statistical Analysis
5.1. Data Sources and Selection Criteria

The selection of EUROSTAT indicators was intended to reflect both the level of wastew-
ater treatment infrastructure and the pressures on water resources, as well as the operational
implications of the treatment processes. Four indicators were used in the analysis.

The population connected to wastewater treatment plants reflects the degree of de-
velopment and accessibility of wastewater collection and treatment infrastructure at the
national level (PCWTP, [%]). The Water Exploitation Index (WEI), [%], quantifies the
ratio of the annual volume of water abstracted to renewable freshwater resources and
is widely used to assess water stress. It is considered an integral part of ensuring water
safety, incorporates several key elements, and is regarded as a guideline for ameliorative
proposals [99].

The total net freshwater abstraction (TNFA, [106 m3]) is an indicator of the long-
term availability of water resources at the national level. Annual sludge production from
wastewater treatment (TSP, [103 T]) is a relevant indicator for assessing the secondary
impact of treatment processes and for analyzing the need for advanced sludge treatment
and recovery technologies.

The analysis drew on harmonized population percentages connected to wastewa-
ter treatment plants, the water exploitation index, total sludge production from urban
wastewater treatment plants, and total net freshwater abstraction-related indicators from
the EUROSTAT database. To ensure comparability across countries and indicators, a com-
mon reference period of ten years, 2014–2023, was selected, representing the most recent
interval with consistent and complete data for all variables considered. For the reported
indicators, average values over the selected period were considered to minimize the influ-
ence of short-term fluctuations and to provide a representative cross-sectional overview of
national performance.

By using period averages rather than single-year observations, the analysis addressed
temporal variability and focused on structural relationships between variables rather than
year-specific anomalies.
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5.2. Analytical Methods

The analysis in this study was carried out by combining multivariate statistical analysis
of EUROSTAT data with a critical synthesis of the specialized literature on advanced
wastewater treatment technologies. The analytical methods were selected to highlight the
relationships among pressures on water resources, the level of treatment infrastructure, and
the potential for implementing membrane bioreactors and advanced oxidation processes in
the context of European policies.

In a first stage, a descriptive analysis of the selected indicators (% of population con-
nected to treatment plants, water exploitation index, total net freshwater capacity, and an-
nual sludge production) was conducted using basic statistical parameters (mean, standard
deviation, minimum, and maximum). This analysis allowed the assessment of interstate
variability and the identification of structural differences between European countries.

The relationships among the indicators were investigated using Pearson correlation
coefficients, depending on the data distribution. The study focused in particular on the
correlations between the level of connection to the treatment infrastructure, water stress,
and sludge production, as indirect indicators of the need for advanced treatment and
water reuse.

To reduce dimensionality and identify dominant patterns, principal component analysis
(PCA) was applied. The principal components were used to highlight groups of states with
similar characteristics regarding pressure on water resources and treatment infrastructure.

Statistical analyses were performed using XLSTAT software (Addinsoft), integrated
into Microsoft Excel. Interpretation of the results was carried out by correlating the identi-
fied statistical patterns with the European legislative and strategic framework for wastewa-
ter treatment and water reuse.

5.3. Results and Interpretation

The information available on the EUROSTAT database was graphically represented
for the same period of ten years (2014–2023), Figures 2–5).

Figure 2 shows divergent situations. When Denmark, Germany, France, Malta, the
Netherlands, Austria, Finland, or Sweden is the country, the indicator has the maximum
value. There are also situations in which data are unavailable for some of the years
considered (Estonia, Croatia) or for the entire period (Italy, Portugal, Slovakia, etc.). Such
absences may be due to reporting delays, national methodological differences, or uneven
database updates. Missing data were removed from the analyses to ensure comparability of
the series. Statistical analyses were performed only on the subset of countries with complete
data for all indicators used. The lack of complete data for this indicator in some countries
or years highlights the need to improve European-level statistical reporting systems. This
limitation is congruent with similar observations in the literature on statistics on water and
wastewater infrastructure.

For this parameter, only one data point was missing. The analysis was based on
the average value for each county. In view of this, countries such as Romania and Malta
could be considered to be experiencing water scarcity, with values of 23.00% and 33.22%,
respectively. Meanwhile, Cyprus and Kosovo could be classified as experiencing severe
water scarcity, with WEI values of 70.62% and 51.69%, respectively, suggesting a severe
level of water scarcity and increased pressure on available resources.
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Figure 2. Representation of population percentage connected to wastewater treatment plants. Source: EUROSTAT. (*) This designation is without prejudice to
positions on status, and is in line with UNSCR 1244/1999 and the ICJ Opinion on the Kosovo declaration of independence. (with asterisk and footnote in written
documents, only the first time that Kosovo is mentioned). (Eurostat Statistics Explain).
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Figure 3. Representation of the water exploitation index percentage. Source: EUROSTAT. (*) This designation is without prejudice to positions on status, and is in
line with UNSCR 1244/1999 and the ICJ Opinion on the Kosovo declaration of independence. (with asterisk and footnote in written documents, only the first time
that Kosovo is mentioned). (Eurostat Statistics Explain).
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Figure 4. Representation of the total sludge production resulted from urban wastewater treatment plants. Source: EUROSTAT.
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Figure 5. Representation of the total net freshwater abstraction. Source: EUROSTAT. (*) This designation is without prejudice to positions on status, and is in line
with UNSCR 1244/1999 and the ICJ Opinion on the Kosovo declaration of independence. (with asterisk and footnote in written documents, only the first time that
Kosovo is mentioned). (Eurostat Statistics Explain).
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As shown in Figure 4, we encounter the same situation as with the population per-
centage connected to wastewater treatment plants. In this case, the data gaps affected
different states rather than the same ones, indicating uneven availability of statistical report-
ing across indicators and regions. Given that the deficiencies were specific and limited to
a small number of observations, the analysis was conducted using the same methodological
approach as previously described.

As shown in Figure 5, a situation comparable to that identified for the indicator on the
percentage of the population connected to wastewater treatment plants and for total sludge
production was also observed for total net freshwater extraction. Given that these gaps
were specific and did not fully overlap among the analyzed indicators, the methodological
approach remained consistent. The analysis was based on the available average values.

Figures 2–5 aim to visually highlight data availability gaps across countries and
indicators, thereby justifying the selection of only those countries with complete and
consistent data for inclusion in the statistical analysis.

A total of 18 European States were included in the analysis. The selection was based
on the full data availability across all selected indicators for the defined time period and
relevance to the study objectives. Countries with incomplete or inconsistent datasets were
excluded to avoid bias introduced in data analysis. Table 6 summarizes the Pearson cor-
relation coefficients obtained. The Pearson correlation matrix illustrates the strength and
direction of relationships between the population percentage connected to wastewater treat-
ment plants, the water exploitation index, total sludge production from urban wastewater
treatment plants, and total net freshwater abstraction across Europe.

Table 6. Pearson correlation coefficients.

PCWTP WEI TSP TNFA

PCWTP 1
WEI 0.1685 1
TSP 0.2787 −0.1160 1

TNFA 0.0468 −0.0166 0.3789 1
Note: Source: EUROSTAT.

The values observed are both negative and positive ranges. A general overview anal-
ysis highlights weak to moderate statistical relationships, suggesting a complex, indirect
interdependence between treatment infrastructure and pressures on water resources. The
interpretation of the significance of the obtained values was based on the ranges reported
in the field [100–102].

The highest observed correlation (r = 0.38) describes the relationship between total
sludge production and total net freshwater abstraction. It indicates a moderate positive
relationship between the indicators considered. The result suggests that countries with
higher freshwater abstraction tend to have larger wastewater treatment systems and,
consequently, higher sludge production. This finding highlights the interdependence
between water resource use and the challenges of sludge management. It strengthens the
case for integrating advanced technologies (MBR and AOP) to reduce resource pressures
and efficiently utilize waste streams.

The following result, r = 0.28, was obtained for the relationship between the percentage
of the population connected to wastewater treatment plants and total sludge production.
This positive correlation, of low to moderate intensity, is consistent with theoretical ex-
pectations, indicating that the expansion of treatment infrastructure increases the amount
of sludge generated. The result highlights a direct consequence of improved connectiv-
ity. It justifies the need to integrate advanced sludge management into treatment plant
modernization strategies, especially in the context of adopting MBR technologies.
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The value r = 0.17 indicates that the percentage of the population connected to wastew-
ater treatment plants against WEI shows a positive but weak correlation. It suggests that a
higher level of connection to wastewater treatment plants is not directly associated with
reduced water stress. This relationship indicates that the degree of development of wastew-
ater treatment infrastructure reflects the level of urbanization and socio-economic develop-
ment rather than an effective reduction in pressure on water resources. The result highlights
that simple expansion of collection and treatment networks is insufficient to reduce WEI in
the absence of complementary measures, such as water reuse or consumption optimization.

The lowest positive coefficient (r = 0.05) was observed for the percentage of the pop-
ulation connected to wastewater treatment plants and total net freshwater abstraction.
This indicates a very weak correlation and suggests no direct relationship between the
extent of wastewater treatment infrastructure and the total volume of freshwater abstracted.
This result indicates that water abstraction is driven primarily by structural factors, such
as agricultural, industrial, and climatic demand, rather than by connection to wastew-
ater treatment plants. Therefore, the impact of wastewater treatment infrastructure on
total freshwater abstraction is indirect and depends on the implementation of treated
water reuse.

The weak negative correlation (r = −0.12) WEI/TSP suggests that countries with
higher water stress have, on average, lower sludge production. This relationship may
reflect the presence of less extensive treatment systems or lower connectivity in water-
scarce regions, indicating significant potential for infrastructure development and the
adoption of advanced technologies.

WEI/TNFA (r = −0.02) could be considered in the state of almost complete absence
of correlation. The result shows that water stress, as measured by WEI, is not determined
solely by the absolute volume of water abstracted, but rather by the ratio of abstraction
to the availability of renewable resources. This result supports the use of WEI as an
appropriate synthetic indicator for assessing pressure on water resources in comparative
analyses at the European level.

Principal Component Analysis

Statistical results of performing the PCA are summarized in Table 7. It was performed
on a set of four variables relevant to assessing the relationship between wastewater treat-
ment infrastructure, water resource pressure, and waste stream generation: percentage of
population connected to wastewater treatment plants (PCWTP), water exploitation index
(WEI), total sludge production (TSP), and total net freshwater extraction (TNFA).

Table 7. Statistics values.

Variable Observations Obs. with
Missing Data

Obs. Without
Missing Data Min. Max. Mean Std. Deviation

PCWTP 18 0 18 14.337 100.000 78.111 26.801
WEI 18 0 18 0.209 70.621 8.554 17.374
TSP 18 0 18 6.767 1744.168 213.682 412.753

TNFA 18 0 18 41.854 60,345.824 7155.108 14,258.601

Note: Source: EUROSTAT.

PCWTP ranges from 14.34% to 100%, with a mean of 78.11% and a standard deviation
of 26.80%. This relatively high dispersion indicates significant differences among the
analyzed countries in the level of development of wastewater collection and treatment
infrastructure. Maximum values close to 100% reflect countries with mature treatment
systems, while minimum values indicate regions with a low level of connection, potentially
vulnerable from both environmental and public health perspectives. This variable is
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particularly relevant in the PCA, as it can function as a proxy for the degree of technical
and institutional development of the water sector.

WEI ranges from 0.21% to 70.62%, with a mean of 8.55% and a standard deviation
of 17.37%. The very wide range and high standard deviation from the mean suggest
an asymmetric distribution, characterized by a few states with severe water stress and
many with low index values. This characteristic makes WEI a key indicator in the PCA for
distinguishing between states with severe water shortages and those with relatively abun-
dant water resources. In the context of the article, WEI is essential for assessing the potential
and need for implementing advanced wastewater treatment and reuse technologies.

TSP presents the highest relative variability among the analyzed indicators, with
values ranging from 6.77 × 103 T to 1744.17 × 103 T, an average of 213.68 × 103 T, and
a standard deviation of 412.75·103 T. This extremely high dispersion reflects major dif-
ferences between countries in the size of treatment systems, the degree of population
connectivity, and the volume of treated wastewater. From a PCA perspective, TSP has
strong potential to influence the first principal components, as it is closely linked to opera-
tional pressure on treatment plants and to challenges in sludge management.

TNFA records values between 41.85 × 106 m3 and 60,345.82 × 106 m3, with a mean of
7155.11 × 106 m3 and a standard deviation of 14,258.60 × 106 m3. The very high variability
indicates structural differences across countries, influenced by factors such as population
size, economic structure (agriculture and industry), climatic conditions, and water resource
availability. In PCA, TNFA provides an important quantitative dimension for assessing the
intensity of water resource use and the relationship between total consumption and waste
flow generation.

Table 8 shows the interest parameters that reflect each component’s contribution.

Table 8. Eigenvalues.

C1 C2 C3 C4

Eigenvalue 1.494 1.148 0.851 0.507
Variability (%) 37.349 28.699 21.281 12.672
Cumulative % 37.349 66.048 87.328 100.000

Note: Source: EUROSTAT.

The first two principal components, C1 and C2, have eigenvalues greater than
1 (1.494 and 1.148), according to the Kaiser criterion, and together explain 66.05% of the
total variance of the data set. This proportion is considered adequate for interpreting the
structural relationships between variables in comparative analyses at the European level.

Component C1 explains 37.35% of the total variance. It can be interpreted as a domi-
nant axis associated with the size and intensity of water resource use, given the influence
of variables related to water extraction and sludge production.

Component C2 explains 28.70% of the variance and reflects structural differences
across countries in treatment infrastructure development and water stress, capturing
complementary variations to F1.

The C3 component, with an eigenvalue of 0.851, contributes an additional 21.28% of
the variance, but, because it falls below the Kaiser threshold, it plays a secondary role in the
main interpretation. The C4 component explains only 12.67% of the variance and can be
considered residual, representing specific variations or statistical noise. Given that the first
two components account for over two-thirds of the total variance, further analysis focused
on the C1–C2 factorial design, which provides a synthetic and informative representation of
the relationships between variables. The inclusion of the C3 component might be relevant
for detailed exploratory analyses, but is not essential for the strategic interpretation of the
results in the context of water management policies.
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The variance structure revealed by PCA suggests that differences among the analyzed
countries are mainly determined by factors related to the use and availability of water
resources, as well as the level of development of treatment infrastructure. This finding
supports the hypothesis that water stress reduction strategies cannot be based solely on
expanding connections to treatment plants but require integrating advanced wastewater
treatment and reuse technologies.

The analysis of the contribution of observations highlights the countries that have
a disproportionate influence on the definition of each principal component. High contri-
bution values indicate observations that determine the orientation of the factor axis and
reflect distinct structural profiles relative to the variables analyzed (Figure 6).
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Figure 6. Biplot representation.

Dimension of resource use and treatment infrastructure (37.35%, C1) is clearly domi-
nated by Germany, which contributes 46.89%, followed by Türkiye (19.37%), Serbia (8.22%),
Albania (7.26%), and Bosnia and Herzegovina (6.80%). This distribution indicates that it
is strongly influenced by countries characterized by high absolute freshwater extractions,
extensive treatment systems, and high sludge production.

Germany stands out as an extreme observation, reflecting the size and intensity of its
water management system. The significant contributions of the countries of South-Eastern
Europe and Turkey suggest that this component captures a gradient from mature, large-
scale systems to expanding systems, characterized by increasing pressure on infrastructure.

Water stress and structural constraints (28.70%, C2) are dominated by Cyprus, with
a very high contribution (48.02%), followed by Malta (15.66%), Serbia (13.01%), and Albania
(9.76%). This configuration indicates that this component mainly reflects severe water stress,
characteristic of island or southern states, where WEI has high values, renewable resources
are limited, and water reuse becomes a strategic necessity.
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The central role of Cyprus underscores its status as an extreme case of water scarcity,
and the significant contributions of Malta and Serbia indicate that this component captures
both natural constraints and anthropogenic pressures on water resources.

The statistical structure of the data suggests that the first principal components will
likely reflect an axis of water resource use intensity and infrastructure volume (dominated
by TNFA and TSP). Another axis represents infrastructure development and water stress
(correlated with PCWTP and WEI).

This conceptual separation is relevant to the study’s objective, as it allows the iden-
tification of groups of countries characterized by either high consumption and extensive
infrastructure or pronounced water stress and insufficiently developed infrastructure.

The distribution of observations’ contributions highlights key countries that define the
PCA’s structure. For example, Germany could be considered a major determinant of the
size of water use and treatment systems. Cyprus and Malta are among the most severely
water-stressed countries. Turkey and the Western Balkan countries are transition regions,
with mixed pressure and infrastructure profiles.

This structure justifies the differentiated approach of EU policies on wastewater treat-
ment and reuse. In particular, the PCA results support the idea that advanced technologies
(MBR, AOP) are critical not only in countries with severe water scarcity but also in those
with large and complex systems, where optimizing flows and reducing pressure on re-
sources can have a significant impact at the regional scale.

5.4. Implications for Policy and Technology Adoption

The counties identified based on WEI value criteria should be interpreted in the con-
text of the adopted methodology and the limitations of using aggregated average values.
However, the trends identified are consistent with European reports on water stress in the
Mediterranean and South-Eastern European regions and provide an additional argument
for the need to implement advanced wastewater treatment and reuse technologies in these
countries [103]. Especially in countries characterized by severe water scarcity, integrating
dynamic technologies [104] such as membrane bioreactors and advanced oxidation pro-
cesses can significantly reduce pressure on freshwater resources and increase the resilience
of water supply systems. As Zhang et al. highlighted in their study, pressure on aquatic
resources will likely increase in the coming years due to industrial and urban develop-
ment [105]. Hydric management optimization could consider the potential to improve the
reused of treated wastewater in farming. Such an initiative could help reduce pressure on
water resources.

Overall, the presence of limited, unevenly distributed gaps between indicators un-
derscores the need to strengthen data-collection and harmonization mechanisms at the
European level. However, the general trends identified remain relevant for assessing pres-
sures on treatment infrastructure and for informing discussion of the role of advanced
technologies in sludge management and in supporting water reuse.

The weak to moderate correlations indicate that wastewater treatment infrastructure,
water stress, and water extraction are linked through indirect relationships, mediated by
socio-economic, climatic, and political factors. These results support the study’s central
hypothesis that the implementation of advanced wastewater treatment and reuse tech-
nologies is an essential condition for reducing pressure on water resources, beyond simply
expanding the degree of connection to wastewater treatment plants.

The statistical characteristics of the variables used in the PCA support the hypothesis
that pressures on water resources and the level of development of treatment infrastructure
are not uniformly distributed across Europe. This heterogeneity underscores the need for
differentiated solutions, such as membrane bioreactors and advanced oxidation processes,
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tailored to each country’s specific context. The PCA thus provides a robust framework
for integrating statistical analysis with the strategic discussion of water reuse and for
achieving the objectives set by EU policies in the fields of circular economy and water
resources protection.

The uneven availability of data on the percentage of the population connected to
wastewater treatment plants may compromise inference robustness, especially in cross-
country comparisons. Interpretation of the results should be done with caution, given the
heterogeneity of the available data.

Due to partial gaps or the complete absence of EUROSTAT data on the percentage of
population connected to wastewater treatment plants in several countries for the period
2014–2023, correlation analyses and PCA were performed only on the subset of complete
data. The strategy adopted was to eliminate incomplete cases from the comparative studies
to maintain statistical consistency and comparability. It is acknowledged that this approach
may reduce the sample size analyzed and should be taken into account when interpreting
the results and generalizing the conclusions.

6. Limitations, Future Perspectives, and Research Directions
Although this paper provides an integrated perspective on trends in advanced wastew-

ater treatment technologies, combining a critical review of the literature with a statistical
assessment of indicators at the European level, several limitations must be considered
when interpreting the results.

A first limitation concerns the aggregated nature of the EUROSTAT statistical data
used in the quantitative analysis. The indicators analyzed are reported at the national level
and do not capture regional or local variations, which can be significant in the context
of treatment infrastructure and water resource pressures. Consequently, the statistical
relationships identified reflect general trends and cannot be directly extrapolated to the
level of each treatment plant or specific regions.

Another important limitation derives from the lack of direct indicators on the im-
plementation of advanced technologies. The available EUROSTAT data do not provide
detailed information on the degree of adoption of membrane bioreactors, advanced oxida-
tion processes, or other tertiary technologies within treatment plants. Thus, the statistical
analysis is based on proxy indicators, such as the percentage of the population connected,
sludge production, or the water exploitation index, which may suggest the need or potential
for advanced technologies but do not directly quantify their level of implementation.

The temporal comparability of the data series is also influenced by methodological
changes introduced by EUROSTAT over time, as well as by differences in the reporting
rhythm of the States. These aspects can introduce uncertainty into the analysis of long-term
trends and affect the robustness of some statistical correlations, especially when time series
are incomplete or discontinuous.

Additional limitations relate to the exploratory nature of the statistical analyses con-
ducted. The correlations identified between the indicators do not imply causal relationships.
They may be influenced by confounding factors not explicitly included in the study, such
as the economic structure, the level of industrialization, population density, or national
policies on water and sludge management. In the absence of complex econometric mod-
els or micro-level data sets, the interpretation of observed relationships should be done
with caution.

Regarding the literature review component, a limitation is the methodological het-
erogeneity of the studies reviewed. Differences in experimental conditions, application
scale (laboratory, pilot, industrial), types of wastewater treated, and reported performance
indicators make it difficult to make direct quantitative comparisons between technologies.
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As a result, conclusions regarding the relative performance of MBR and AOP systems are
mainly based on general trends and consensus reported in the literature, rather than on
a strict statistical meta-analysis.

Despite these limitations, the study provides a coherent and well-founded picture of
the current context of advanced wastewater treatment in the European Union and highlights
relevant directions for future research. The integration of more detailed datasets at the
regional or treatment plant level, along with the inclusion of economic and sustainability
analyses, could strengthen and extend the presented conclusions.

Recent developments in wastewater treatment highlight the need for an accelerated
transition from conventional solutions to advanced technologies that can simultaneously
meet the requirements of environmental protection, resource efficiency, and climate re-
silience. In this context, membrane bioreactors and advanced oxidation processes are
emerging as central elements of future treatment systems, but their large-scale implementa-
tion requires integrated and well-founded approaches.

From a research perspective, it is necessary to develop standardized comparative
studies that allow rigorous evaluation of the technological performance of MBR and AOP
systems under similar operational conditions. Future research should focus on optimizing
energy consumption, reducing membrane fouling, minimizing the formation of oxidation
by-products, and evaluating the long-term behavior of emerging pollutants. The integration
of advanced modeling techniques and artificial intelligence into the design and operation of
wastewater treatment plants represents a promising approach to improving the efficiency
and reliability of these systems.

At the technological level, it is recommended to develop and pilot-scale test hybrid
systems that combine biological processes with membrane separation, advanced oxidation,
and adsorption to obtain high-quality effluents suitable for reuse. Especially in regions with
high water stress, these systems can play an essential role in supporting the circular water
economy by closing the water-use cycle and reducing dependence on freshwater resources.

From the perspective of sludge management, future strategies should aim to transform
sludge from waste into a resource by applying advanced stabilization, oxidation, and
energy- or material-recovery technologies. Advanced oxidation processes, integrated into
sludge treatment lines, can help reduce loads of emerging pollutants and improve the
safety of their use in agriculture and other applications, in accordance with the principles
of the circular economy.

At the level of public policies and strategic planning, it is recommended to align
investments in treatment infrastructure with indicators of water stress and pressure on
water resources, such as the Water Exploitation Index. Statistical analysis at the European
level suggests that States with limited freshwater resources should benefit from priority
funding mechanisms to implement advanced technologies, especially in light of new
requirements imposed by European legislation on effluent quality and water reuse.

It is also necessary to expand and improve statistical reporting systems to include
specific indicators on the level of advanced treatment and the types of technologies used in
treatment plants. Such an approach would facilitate more accurate comparative assessments
and support data-driven decision-making at both the national and European levels.

The prospects for advanced wastewater treatment point to an evolution towards more
flexible, digitalized, and resource-recovery-oriented systems. The successful implementa-
tion of these solutions will depend on close collaboration among researchers, operators,
policymakers, and regulators. By correlating technological progress with objective in-
dicators of pressure on water resources, review studies can play a key role in guiding
sustainable development strategies in water protection.
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7. Conclusions
This review provides an integrated assessment of advanced wastewater treatment

technologies—specifically membrane bioreactors (MBRs) and advanced oxidation processes
(AOPs)—by combining a critical analysis of recent scientific literature with an exploratory
statistical evaluation of EUROSTAT indicators at the European level. By explicitly linking
technological developments to pressures on water resources, infrastructure characteristics,
and policy objectives, the study advances a systemic perspective on wastewater treatment
in the context of water scarcity, reuse, and the circular economy.

The SWOT analysis (Figure 7) briefly summarizes the paper’s main findings and iden-
tifies key points that open the door to future derivative topics and policies. It synthesizes
the enabling factors, structural limitations, emerging benefits, and external risks associated
with the deployment of advanced wastewater treatment technologies in Europe.

Strengths

The integrated analysis of EUROSTAT indicators, supported by
statistical correlations and PCA, highlights the ability of
advanced wastewater treatment technologies (such as MB and
AOP) to respond simultaneously to multiple structural
pressures on water systems.

The results show that countries with extensive treatment
infrastructure generate significant amounts of sludge but also
have high potential to optimize flows and integrate water reuse.

PCA confirms the existence of clear state typologies,
demonstrating the robustness of the multivariate approach and
the relevance of the selected indicators for informing strategic
decisions at the European level.

Weaknesses

The main limitation identified is the uneven availability of
statistical data between indicators and states, which requires the
use of average values and the exclusion of some observations
from multivariate analyses.

The weak correlations between the degree of connection to
wastewater treatment plants and water stress (WEI) indicate
that conventional wastewater treatment infrastructure, in the
absence of water reuse, has a limited impact on reducing
pressure on water resources.

The indicators analysed, being largely national aggregates, do
not fully capture regional or seasonal variations in water stress.

Opportunities

The study results highlight significant opportunities to expand
and modernize wastewater treatment systems by integrating
MBR and AOP technologies, particularly in countries identified
by the PCA as experiencing severe water stress or in transition

The implementation of specific regulations on water reuse
provides a favorable framework for utilizing treated wastewater
as an alternative resource, contributing to reducing net
freshwater abstraction and increasing the resilience of water
supply systems.

Increased sludge volumes can be transformed from an
operational problem into a circular-economy opportunity
through energy and nutrient recovery.

Threats

Persistent water stress, amplified by climate change and
growing water demand, poses a major threat to the
sustainability of water systems, particularly in the southern and
island regions of Europe.

Without the widespread adoption of advanced technologies and
water reuse, countries with high WEI risk will face severe water
availability constraints.

Furthermore, the high investment and operating costs of MBR
and AOP technologies, as well as limited public acceptance of
water reuse, may delay their implementation, accentuating the
gaps between countries.

Figure 7. Integrated strategic assessment.

The analysis confirms that advanced wastewater treatment technologies represent
a structural pillar of the transition from linear to circular and resilient water management
systems, fully aligned with European policy frameworks such as the Water Framework
Directive, the revised Urban Wastewater Treatment Directive, the EU Water Reuse Reg-
ulation, and the European Green Deal. In the context of climate change and increasing
hydrological variability, reuse-oriented advanced treatment emerges not only as a pollution-
control strategy but also as an effective climate adaptation measure, capable of reducing
dependence on freshwater abstraction and enhancing the resilience of water supply sys-
tems during drought periods. These findings are directly consistent with the objectives of
Sustainable Development Goal 6, particularly regarding improved wastewater quality and
water-use efficiency.

The statistical analysis highlights that pressures on water resources, the level of
wastewater treatment infrastructure, and sludge generation are linked through weak-
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to-moderate, predominantly indirect relationships. Correlation analysis indicates that
expanding wastewater collection and treatment coverage alone does not translate into
reduced water stress, as measured by the Water Exploitation Index. Instead, water stress is
primarily governed by structural factors such as renewable resource availability, climatic
conditions, and sectoral water demand. This result underscores the study’s central con-
clusion: mitigating water stress requires not only infrastructure expansion but also the
implementation of advanced treatment technologies that enable safe, reliable water reuse.

Principal component analysis further reveals a marked heterogeneity among European
countries. The first principal component is dominated by indicators related to the scale
and intensity of water use and wastewater treatment systems. In contrast, the second
component reflects structural constraints associated with water scarcity and infrastructure
development. This differentiation supports the need for tailored technological and policy
strategies, rather than uniform solutions across Europe. Advanced technologies such
as MBRs and AOPs are therefore relevant both in water-scarce regions—where reuse is
a strategic necessity—and in countries with large, complex treatment systems, where
optimizing flows, reducing pollutant loads, and improving sludge management can yield
substantial environmental benefits at scale.

From a technological perspective, the literature review confirms that MBRs have
evolved into a mature and versatile platform capable of delivering consistently high effluent
quality, compact system design, and enhanced removal of emerging contaminants. AOPs,
while associated with higher energy and operational costs, play a critical complementary
role in degrading recalcitrant organic pollutants and reducing toxicity, particularly when
integrated into hybrid treatment trains. The review also highlights sludge management
as a key secondary consequence of implementing advanced treatment. Increased sludge
production and the accumulation of emerging contaminants underscore the need for
integrated sludge treatment strategies that combine advanced oxidation, stabilization, and
resource recovery to enhance environmental safety and social acceptability.

Despite limitations in data availability and national-level aggregation, the proposed
analytical framework demonstrates that linking official statistical indicators with tech-
nological analysis provides a valuable, transferable approach for supporting strategic
decision-making. The results indicate that investments in advanced wastewater treat-
ment should be aligned with indicators of water stress and infrastructure pressure, rather
than being driven solely by connectivity rates or compliance with minimum treatment
standards. Strengthening European statistical reporting to include technology-specific
indicators would significantly enhance the robustness of future comparative assessments
and policy evaluations.

Looking forward, wastewater treatment systems are expected to evolve toward more
flexible, digitized, and resource-recovery-oriented configurations, consistent with the con-
cept of wastewater resource recovery facilities. Future research should prioritize stan-
dardized comparative studies of MBR and AOP performance, optimization of energy
consumption and fouling control, assessment of transformation products and long-term
ecotoxicological risks, and the integration of advanced modeling and artificial intelligence
for process optimization. At the policy level, closer coordination among researchers, opera-
tors, regulators, and decision-makers will be essential to translate technological progress
into effective, context-sensitive solutions.

Overall, by correlating technological advances with objective indicators of pressure on
water resources, this study reinforces the role of advanced wastewater treatment and reuse
as key enablers of sustainable water management in Europe and provides a coherent basis
for guiding future research, investment, and policy development in water protection.
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A2/O Anaerobic–Anoxic–Oxic process
AI Artificial Intelligence
AOP Advanced Oxidation Process
AnMBR Anaerobic Membrane Bioreactor
ASP Activated Sludge Process
BDD Boron-Doped Diamond
BOD Biochemical Oxygen Demand
CA Cellulose Acetate
CAPEX Capital Expenditure
CEC Contaminant of Emerging Concern
COD Chemical Oxygen Demand
CFV Cross-Flow Velocity
EGD European Green Deal
EPS Extracellular Polymeric Substances
EU European Union
FO Forward Osmosis
GO Graphene Oxide
HMOF Hybrid Membrane Ozone Filtration
HRT Hydraulic Retention Time
MBR Membrane Bioreactor
MBBR Moving Bed Biofilm Reactor
MCDM Multi-Criteria Decision-Making
MF Microfiltration
ML Machine Learning
MLSS Mixed Liquor Suspended Solids
MR Membrane Reactor
NDMA N-Nitrosodimethylamine
NF Nanofiltration
NTU Nephelometric Turbidity Unit
OPEX Operational Expenditure
PCA Principal Component Analysis
PCWTP Population Connected to Wastewater Treatment Plants
PDS Peroxydisulfate
PES Polyethersulfone
PIL Polyionic Liquid
PMS Peroxymonosulfate
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PP Polypropylene
PPCP Pharmaceutical and Personal Care Product
PVDF Polyvinylidene Fluoride
RO Reverse Osmosis
ROS Reactive Oxygen Species
SBR Sequencing Batch Reactor
SDG Sustainable Development Goal
SMP Soluble Microbial Products
SRT Sludge Retention Time
STOTEN Science of the Total Environment
TNFA Total Net Freshwater Abstraction
TSP Total Sludge Production
UF Ultrafiltration
UV Ultraviolet
UWWTD Urban Wastewater Treatment Directive
WEI Water Exploitation Index
WFD Water Framework Directive
WRRF Water Resource Recovery Facility
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