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Abstract

Sewage sludge management is increasingly shifting from a liability-focused “treat-and-
dispose” approach toward resource recovery, where digestion residues and their liquid
fractions are treated as secondary feedstocks for nutrient, water, and energy recovery.
In Europe, the recast Urban Wastewater Treatment Directive strengthens performance
and monitoring requirements and reinforces the need for efficient sludge treatment and
downstream valorization routes. This review synthesizes evidence on how pretreatment-
induced changes in digestate properties translate into membrane performance outcomes
and maps practical design implications for selecting pretreatment-membrane trains for
nutrient recovery and reclaimed water production. Pressure-driven membrane methods
(MF/UF/NF/RO), together with membrane distillation and electrodialysis, are central
candidates for producing clarified water streams and concentrating nutrients; however,
their performance is governed by digestate rheology, colloidal stability, and the composition
of soluble microbial products and inorganic ions, which collectively shape fouling and
scaling risks. Pretreatments such as thermal hydrolysis and microwave conditioning can
modify floc structure and solubilize organics, with potential benefits for dewaterability
and mass transfer, but can also shift particle size distributions toward fines and increase
fouling propensity if not coupled with appropriate solid–liquid separation and conservative
flux control. Emphasis is placed on mechanisms and operational trade-offs rather than
single-point performance claims, highlighting where evidence is robust and where further
comparability and full-scale validation remain necessary.

Keywords: anaerobic digestate; resource recovery; membrane fouling; thermal hydrolysis;
microwave conditioning; nutrient recovery; electrodialysis; membrane distillation

1. Introduction
The management of sewage sludge is undergoing a significant transition in municipal

wastewater treatment. For decades, the prevailing philosophy in sanitary engineering
largely followed a linear approach in which pollutants were removed from the waterline,
concentrated into the sludge line, stabilized to reduce putrescibility, and then managed
through disposal routes such as landfilling, incineration, or land application [1,2]. Al-
though this approach has been effective for basic public-health protection, it is increas-
ingly regarded as unsustainable under conditions of resource scarcity, substantial sludge-
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management and disposal costs, and tightening environmental regulation, including the
recast Urban Wastewater Treatment Directive in the European Union [3,4]. Accordingly,
wastewater treatment plants are increasingly being reframed as Water Resource Recovery
Facilities (WRRFs), in which residual streams are viewed not as wastes but as secondary
resources containing recoverable energy, nutrients, organic carbon, and water [5].

The conceptual shift from conventional treatment and disposal toward circular re-
source recovery is summarized in Figure 1.

Figure 1. The paradigm shift from WWTP to WRRF.

It is important to recognize that the properties of sewage sludge, and therefore of the
digestate produced after anaerobic digestion, depend strongly on influent origin and plant
configuration. In municipal systems, urban wastewater can comprise different mixtures of
domestic wastewater, non-domestic discharges, and urban runoff, while upstream indus-
trial inputs and combined sewer conditions can substantially alter organic composition,
inorganic content, contaminant profiles, and biodegradability [3,4]. Following anaerobic
digestion, these differences remain reflected in the physicochemical characteristics of the
resulting digestate, which condition its suitability for downstream nutrient recovery and
membrane-based processing [6,7].

Despite its considerable resource potential, digestate presents substantial mechanical
and hydrodynamic challenges for downstream separation. Digested sludge behaves as
a complex non-Newtonian suspension whose apparent viscosity increases strongly with
solids concentration, and its rheology is further shaped by treatment history and solids
composition [8,9]. In parallel, extracellular polymeric substances (EPS) strongly influence
floc structure, water retention, and sludge dewaterability [10]. EPS should not be treated
as a single uniform fraction, because bound and soluble EPS have different implications
for downstream processing. Bound EPS is commonly described as tightly bound EPS
(TB-EPS), which is closely associated with cell surfaces and contributes to floc cohesion,
and loosely bound EPS (LB-EPS), which forms a more hydrated outer layer affecting
inter-floc interactions, water retention, and dewaterability [10,11]. In contrast, soluble EPS
and soluble microbial products (SMPs) are free macromolecules in the bulk liquid phase,
including proteins, polysaccharides, humic-like substances, and other cell- or hydrolysis-
derived compounds [11,12]. These soluble and colloidal fractions are particularly relevant
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for membrane filtration because they can adsorb onto membrane surfaces, constrict or
block pores, and promote gel-layer formation, thereby increasing hydraulic resistance in
pressure-driven systems [12,13]. Pretreatment can therefore create a trade-off: disruption
of bound EPS may support hydrolysis and alter dewaterability, but it may also increase the
soluble biopolymer load available to foul downstream membranes. Anaerobic digestion
effectively stabilizes organic matter and enables energy recovery; however, hydrolysis
remains its principal biological bottleneck. This limitation necessitates pretreatment, which
can subsequently complicate membrane separation if the digestate retains challenging
rheological and colloidal properties [14].

In this context, membrane separation technologies have emerged as key enablers for
digestate valorization. Pressure-driven membrane methods can be divided into clarification-
oriented processes, such as microfiltration and ultrafiltration, and tighter separation pro-
cesses, such as nanofiltration and reverse osmosis. In contrast, membrane distillation
and electrodialysis represent advanced thermal and electrochemical membrane-based ap-
proaches that can support nutrient concentration, ammonia recovery, and high-quality wa-
ter production from liquid digestate fractions [7,15–17]. Their performance and long-term
stability are strongly governed by feedstock properties, especially viscosity, particle-size
distribution, dissolved and colloidal organic matter, and ionic composition, all of which
affect hydrodynamics, mass-transfer resistance, fouling, and scaling propensity [17–19].

Recent studies show that membrane-based digestate treatment is increasingly moving
from single-unit demonstrations toward integrated treatment trains designed for specific
recovery targets. In pressure-driven systems, ultrafiltration is commonly used to remove
residual solids and colloids before nanofiltration or reverse osmosis, which can produce a
reusable permeate and a nutrient-enriched concentrate for further fertilizer recovery [20].
Electro-driven separation has also gained attention. Pilot-scale work on the liquid fraction
of digested sewage sludge has shown that inserting selective electrodialysis between
ultrafiltration and reverse osmosis can improve fractionation of ammonium, phosphate,
and potassium and increase clean-water recovery from approximately 38% to 88%, although
performance remains sensitive to dissolved organic matter and fouling [21]. Membrane
distillation has also been investigated for ammonia recovery from liquid digestate [22],
while solar-driven and photothermal MD configurations are developing rapidly, although
most reported applications still focus on saline rather than digestate-type feeds [23].

Taken together, recent membrane studies indicate that digestate valorization usually re-
quires complementary unit operations rather than a single membrane process. Clarification,
selective ion separation, nutrient concentration, ammonia recovery, and water reuse are
normally achieved through staged systems whose performance depends strongly on feed
conditioning, fouling control, and downstream product requirements [7,20]. These studies
also highlight recurring implementation barriers, including colloidal and macromolecular
fouling, scaling, energy demand, cleaning requirements, and the lack of long-term full-
scale validation. It is therefore useful to examine membrane-based digestate valorization
not only by membrane type, but also through the links between feedstock properties,
pretreatment-induced changes, and downstream separation behavior.

Existing reviews have advanced the field considerably, but they tend to treat the
relevant subjects in isolation. Digestate management, membrane-based nutrient recovery,
membrane fouling, and sludge pretreatment are each the subject of dedicated reviews, yet
relatively few works trace how upstream choices—feedstock origin, rheology, EPS and SMP
release, and pretreatment severity—propagate forward into membrane flux, fouling and
scaling behavior, energy demand, techno-economic implications, and scale-up constraints.
As a result, conditioning decisions and downstream separation performance are often
discussed separately rather than as a connected treatment train. This review addresses
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that gap by treating the pretreatment–membrane sequence as a single conditioning-to-
separation pathway and by interpreting reported performance through that lens, while
making clear where the supporting evidence is robust and where it remains fragmentary.

This review synthesizes recent advances in the pretreatment–membrane nexus, focus-
ing on how digestate feedstock characteristics and pretreatment-induced transformations
physically condition membrane separation performance. While selected pretreatment
mechanisms are discussed using sludge-based literature where it provides transferable
physicochemical insight, the review maintains a digestate-focused perspective and explic-
itly notes where extrapolation is uncertain. Thermal hydrolysis and microwave condi-
tioning are treated as representative high-intensity pretreatments because they have an
established empirical basis for increasing solubilization, modifying sludge rheology, and
altering particle-size distributions prior to digestion and downstream separation [14,24,25].
For downstream separation, the review covers pressure-driven membranes, membrane
distillation, and electrodialysis as complementary routes for water and nutrient recovery
from liquid digestate fractions, with emphasis on sustainable-flux thinking, molecular
fouling and scaling mechanisms, and process integration rather than isolated performance
maxima [15,16,26].

2. Review Methodology and Literature-Selection Strategy
This review was prepared using a structured narrative approach. The aim was to iden-

tify and compare studies dealing with sludge digestate, liquid digestate fractions, digested
sludge liquors, and related high-strength wastewater streams in which pretreatment and
membrane-based separation were connected to resource recovery. A full meta-analysis was
not considered appropriate because the available studies differ substantially in feedstock
origin, solids content, pretreatment conditions, membrane type, operating mode, and
reported performance indicators. Therefore, the review focused on comparing reported
trends, mechanisms, performance ranges, and practical limitations rather than statistically
pooling the results.

The literature search was carried out using Web of Science, Scopus, and ScienceDirect.
Google Scholar was also used as a supplementary search tool to locate additional peer-
reviewed papers and relevant institutional or regulatory documents. In addition, the
reference lists of key review papers and highly relevant experimental studies were checked
manually to identify further sources.

The search terms were selected to cover four main areas: feedstock type, pretreatment,
membrane technology, and recovery performance. The main keywords included “sludge
digestate”, “anaerobic digestate”, “liquid fraction of digestate”, “digested sludge centrate”,
“membrane filtration”, “microfiltration”, “ultrafiltration”, “nanofiltration”, “reverse osmo-
sis”, “electrodialysis”, “bipolar membrane electrodialysis”, “membrane distillation”, “ther-
mal hydrolysis”, “microwave pretreatment”, “alkaline pretreatment”, “ozonation”, “extra-
cellular polymeric substances”, “EPS”, “soluble microbial products”, “SMP”, “fouling”,
“scaling”, “nutrient recovery”, “ammonium recovery”, “phosphorus recovery”, “potassium
recovery”, “volatile fatty acids”, “rheology”, and “solubilization”. Search strings were
built by combining feedstock terms with process and outcome terms using Boolean opera-
tors. For example, feedstock terms such as (“sludge digestate” OR “anaerobic digestate”
OR “liquid fraction of digestate” OR “digested sludge centrate”) were combined with
membrane terms such as (“membrane filtration” OR “microfiltration” OR “ultrafiltration”
OR “nanofiltration” OR “reverse osmosis” OR “electrodialysis” OR “bipolar membrane
electrodialysis” OR “membrane distillation”) and recovery or performance terms such as
(“nutrient recovery” OR “ammonium recovery” OR “phosphorus recovery” OR “potassium
recovery” OR “volatile fatty acids” OR “fouling” OR “scaling”) using the operator AND.
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This approach was used to capture studies linking feedstock characteristics, pretreatment
effects, membrane performance, fouling behavior, and recovery outcomes.

The search covered literature published from 2000 to June 2026, which was the final
search date used during manuscript revision. Particular attention was given to stud-
ies published from 2010 onward, because most digestate-specific membrane studies and
resource-recovery-oriented membrane applications have been reported during the last
decade. Earlier studies were included when they provided important mechanistic back-
ground, such as resistance-in-series modeling, concentration polarization, critical flux, EPS
characterization, or general membrane fouling theory.

Studies were included when they addressed at least one of the main topics of the
review: sludge or digestate characterization; pretreatment-induced changes in rheology,
particle-size distribution, solubilization, or EPS/SMP release; membrane treatment of
digestate, sludge liquor, centrate, or comparable high-strength streams; fouling and scaling
behavior; nutrient or water recovery; energy demand; or implementation challenges.
Studies reporting quantitative indicators such as permeate flux, recovery efficiency, fouling
resistance, solubilization degree, particle-size reduction, specific energy consumption, or
operational stability were prioritized. Pilot-scale and full-scale studies were preferred
where available, while laboratory-scale studies were included when they provided relevant
mechanistic or quantitative information.

Studies were excluded when they focused on matrices unrelated to sludge, digestate,
wastewater treatment, or resource recovery, unless they provided clearly transferable mech-
anistic insight. Papers were also excluded when the membrane or pretreatment process
was outside the scope of the review, when only an abstract was available, or when the
available information was insufficient to evaluate relevance to digestate or sludge-derived
liquid streams. Non-peer-reviewed sources were used only for regulatory, market, or imple-
mentation context and were not treated as primary evidence for membrane performance.

The screening was performed in sequential steps. Records were first screened based
on title, keywords, and abstract to exclude clearly irrelevant studies. Potentially relevant
records were then assessed through full-text reading, with priority given to studies that
provided quantitative performance indicators, digestate-relevant operating conditions, or
mechanistic evidence linking pretreatment, feed characteristics, membrane behavior, and
recovery outcomes. Final inclusion was based on relevance to the review scope and the
availability of sufficient methodological or performance information.

The selected literature was organized according to feedstock characteristics, pretreat-
ment effects, membrane technology, fouling and scaling mechanisms, nutrient-recovery
potential, energy demand, and implementation constraints. Because this review was
designed as a structured narrative review rather than a formal systematic review, the
literature-selection process was not intended to provide a complete PRISMA-type record
count. Instead, the selection focused on identifying studies that were directly relevant
to the pretreatment–membrane nexus and that provided either quantitative performance
indicators or mechanistic insight applicable to sludge digestate, liquid digestate fractions,
digested sludge liquors, and comparable high-strength wastewater streams. This approach
helped identify comparable performance indicators across membrane technologies and
pretreatment strategies, while also showing where standardized reporting, long-term
operation, and full-scale validation are still limited.

3. The Impact of Pretreatment on Digestate Rheology and Chemistry
The effectiveness of sludge valorization and downstream resource recovery is fun-

damentally governed by the physical and chemical state of the feedstock. Pretreatment
technologies act as a critical conditioning lever by modifying sludge structure to alleviate
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hydrolysis limitations, enhance mass transfer, and prepare the resulting digestate and
liquid fractions for solid–liquid separation and membrane-based recovery processes. From
an engineering perspective, the principal pretreatment targets are (i) reducing apparent
viscosity and yield stress to improve pumping, mixing, and hydraulic performance; and
(ii) promoting controlled solubilization of particulate chemical oxygen demand (COD)
to increase bioavailability and conversion efficiency, while recognizing that excessive re-
lease of soluble biopolymers can increase the fouling burden in downstream membrane
treatment [27–32]. A comprehensive overview of how thermal, microwave, chemical, and
related pretreatment technologies affect digestate rheology and downstream membrane
performance is summarized in Table 1.

Pretreatment mechanisms observed in thickened sludge prior to digestion remain
highly relevant for downstream processing. Specifically, pretreatment-induced EPS dis-
ruption, solubilization, and rheological shifts dictate the properties of the digested slurry
and the final composition of the dewatered liquid fraction [24,28]. Importantly, “solubiliza-
tion” is not adequately described by COD alone: thermal pretreatment can differentially
increase soluble proteins, soluble carbohydrates/polysaccharides, and other EPS- or cell-
derived macromolecules [33–35]. This distinction matters for membranes because an
increase in soluble biopolymers may improve biodegradability while simultaneously in-
creasing the organic-fouling propensity of downstream UF/NF/RO treatment of digestate
liquors [11,31,32].

3.1. Rheological Framework

Digestate and sludge suspensions are typically non-Newtonian, commonly exhibiting
shear-thinning behavior, an apparent yield stress, and, in many cases, thixotropy. For engi-
neering description, flow behavior is frequently represented using the Herschel–Bulkley
model [36,37]:

τ = τ0 + K
.
γ

n (1)

where τ is shear stress, τ0 is yield stress, K is the consistency index,
.
γ is shear rate, and n

is the flow behavior index (n < 1 for shear-thinning). Pretreatment-induced disruption of
flocs and EPS networks often reduces τ0 and K and may shift n toward more Newtonian-
like behavior, which improves pumpability and mixing at a given solids content [36,37].
These bulk rheological changes are important for digester operation and for hydraulic
conditions upstream of dewatering and membrane treatment. However, improved bulk
rheology does not automatically imply improved separability, because membrane perfor-
mance is frequently constrained by colloidal and soluble-biopolymer loading, concentration
polarization, and specific fouling mechanisms rather than by viscosity alone [13,26,32].

3.2. Thermal Hydrolysis Pretreatment (THP)

Thermal Hydrolysis Pretreatment (THP) is among the most widely implemented
full-scale pretreatment options for advanced sludge conditioning prior to anaerobic diges-
tion. The process typically heats dewatered or thickened sludge to elevated temperatures,
commonly around 150–170 ◦C, under pressure for short residence times, followed by
rapid depressurization; the exact operating window depends on the process configuration
and plant objectives [28,38]. The combined effect of temperature, pressure, and decom-
pression promotes cell disruption and weakens the gel-like EPS network that stabilizes
flocs and retains water [24,39]. Beyond SCOD release, THP commonly increases solu-
ble protein and carbohydrate fractions, reflecting disruption of cellular and EPS-bound
macromolecules [11,33–35].
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Mechanisms of Solubilization and Rheological Transformation

A central mechanism underlying THP performance is the conversion of particulate
COD into soluble COD (SCOD), driven by thermal lysis of microbial structures and partial
hydrolysis of EPS and cell-associated polymers [24,28]. As cellular structures rupture and
EPS matrices are disrupted, water previously bound within flocs and EPS is released to the
bulk liquid phase, and the cohesive strength of the particulate network decreases [11,39].
These transformations shift the suspension from a more structured, yield-stress material
toward more fluid behavior, consistent with reduced τ0 and K and a higher flow-behavior
index in Herschel–Bulkley fits reported for thermally treated sludge [36,37].

In practice, THP is frequently associated with some of the largest viscosity reductions
among pretreatment options, although the magnitude depends strongly on sludge type,
solids content, treatment severity, and measurement conditions [38]. Lower viscosity and
yield stress are operationally valuable because they improve pumping and mixing and
can support higher-solids digestion with lower hydraulic penalties [24,38]. At the same
time, THP-driven increases in soluble proteins and polysaccharides are directly relevant
for downstream separation because these fractions can act as important foulants or foulant
precursors in pressure-driven membrane systems [11,31,32].

3.3. Implications for Dewaterability and Downstream Membrane Processes
3.3.1. Dewaterability

THP can substantially improve dewaterability by releasing bound water and dis-
rupting the highly retentive EPS-structured matrix that otherwise confines water within
flocs. At plant scale, this is operationally important because higher cake dry solids directly
reduce the mass of material requiring transport, handling, and final disposal [24,40]. Re-
ported outcomes remain matrix- and equipment-dependent, but THP generally improves
dewatered cake solids relative to conventional digestion and simultaneously changes the
quality of the centrate/reject water [40]. THP also redistributes organic matter toward the
liquid phase: in a study of thermally pretreated secondary sludge, about 30% of particulate
organic matter and roughly 34% of the VS feeding were shifted to the liquid fraction, which
then contributed nearly half of the methane produced after fraction-specific digestion [41].
For integration with membrane recovery, this creates a clear trade-off: improved solids
reduction and handling on the one hand, but a more concentrated load of soluble and
colloidal foulants in the liquid phase on the other [31].

3.3.2. Thermal Severity and Refractory Organics

A further integration issue is that increasing THP severity can promote the formation of
colored and more refractory dissolved organics, often described as melanoidin-like Maillard
products formed from reactions between amino compounds and reducing sugars [35,42,43].
Product-color studies have shown that lower hydrolysis temperatures can reduce color
formation without sacrificing degradability, while full-scale THP reject waters have been re-
ported to contain elevated melanoidin-related signals that can affect downstream polishing
and nutrient-recovery processes [42,43]. For membrane-based polishing, this indicates that
THP should be treated as a tunable conditioning step rather than as a uniformly beneficial
front-end process: higher solubilization can aid digestion, but it can also increase the
burden of organic fouling and its coupling with inorganic scaling, which makes severity
optimization and staged pretreatment essential [31,32,44].

For digestate-derived liquids, it is technically useful to distinguish the dominant
fouling/scaling mechanisms:

• reversible cake-layer formation (suspended solids);
• pore blocking and adsorptive organic fouling (soluble proteins/polysaccharides);
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• inorganic scaling/precipitation (e.g., carbonate/phosphate minerals and struvite);
• biofouling (microbial attachment and EPS formation).

These mechanisms can be coupled, and concentration polarization often accelerates
the onset of persistent layers [11,13,26].

The relationship between pretreatment-induced EPS/SMP release, soluble foulant
formation, and downstream membrane fouling is illustrated in Figure 2.

Figure 2. Mechanism of Sludge Pretreatment and EPS Release.

Table 1. Impact of Pretreatment Technologies on Digestate Rheology and Membrane Performance.

Pretreatment
Technology Primary Mechanism Expected Rheology

Effect
Likely Shift in Liquid

Fraction Chemistry

Membrane-Relevant
Implications (Tight
UF/NF/RO Treating

Dewatering Liquors)

Reference

Thermal hydrolysis
(THP)

Heat + pressure +
rapid decompression

Strong reduction in
yield stress/
consistency;
improved

pumpability

↑ SCOD; ↑ soluble pro-
teins/polysaccharides;

possible refractory
dissolved organics at

high severity

Higher hydraulic
operability; trade-off:
↑ biopolymer-driven
organic fouling risk;
severity-dependent
persistent dissolved

organics may worsen
NF/RO fouling

[24,28,33,34,38]

Microwave
irradiation (MW)

Dielectric heating
(dipole rotation +
ionic conduction);
rapid volumetric
heating; floc/cell

disruption

Often decreases
apparent viscosity

(matrix-dependent);
may create finer PSD

and reduce floc
strength

↑ solubilization (SCOD)
and release of soluble

biopolymers/SMP; ↑ fine
colloids; potential

increase in soluble pro-
teins/polysaccharides

Trade-off: improved
disintegration/

solubilization but
↑ risk of pore
blocking/gel

formation due to
fines and

biopolymers; often
needs staged

clarification (MF/UF)
before tight NF/RO;
fouling sensitivity
strongly severity-

and matrix-
dependent

[13,25,45–47]
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Table 1. Cont.

Pretreatment
Technology Primary Mechanism Expected Rheology

Effect
Likely Shift in Liquid

Fraction Chemistry

Membrane-Relevant
Implications (Tight
UF/NF/RO Treating

Dewatering Liquors)

Reference

Alkaline hydrolysis
pH-induced

solubilization; EPS
weakening

Variable: can reduce
yield stress but

depends on dose and
neutralization

↑ solubilization; ↑ ionic
strength; pH shift

Can increase
scaling/precipitation
tendency and change
charge interactions;

requires
pH/alkalinity and

hardness
management for

membranes

[33,39]

Ozonation
Oxidative

degradation of
organics/EPS

Often improves
filterability

(case-dependent)

Oxidation of
soluble/colloidal
organics; altered

biopolymer
characteristics

Potential reduction in
high-fouling fractions

if dosed correctly;
overdosing may
increase smaller

soluble organics and
shift fouling

behavior;
dose-sensitive

[14,48,49]

Enzymatic/biological
conditioning

Targeted polymer
hydrolysis

Usually modest alone
unless combined

Selective conversion of
specific polymers

Potential benefits if it
reduces problematic

biopolymers;
feasibility

constrained by
cost/robustness and

matrix variability

[11,14]

3.4. Microwave Irradiation (MW): Particle Size and Solubilization Risks

Microwave (MW) pretreatment (as outlined in Table 1) applies electromagnetic radi-
ation, typically at 2.45 GHz in laboratory and industrial systems, to deliver energy volu-
metrically into high-water matrices such as thickened sludge and digestate slurries [25,46].
In contrast to conventional conductive heating, which is limited by wall heat transfer and
boundary-layer resistance, MW heating is governed by dielectric mechanisms, primarily
(i) dipolar rotation of polar molecules and (ii) ionic conduction driven by dissolved ions
and charged species [45,46]. Consequently, MW performance is highly sensitive to mois-
ture content, ionic strength, solids concentration, and penetration depth, which together
influence heating uniformity, localized hot-spot formation, and the extent of floc and cell
disruption [25,46].

3.4.1. Athermal vs. Thermal Effects

Current literature debates whether MW irradiation induces “athermal” effects—namely,
changes attributable to the electromagnetic field itself rather than to localized heating. In
practice, separating field effects from rapid localized heating is difficult because sludge
and digestate are heterogeneous materials with non-uniform dielectric properties and
micro-scale temperature gradients. Most synthesis literature therefore treats temperature–
time severity and energy input as the dominant, reproducible predictors of solubilization
outcomes, while acknowledging that some comparative studies report differences between
MW and conventional heating at similar bulk temperatures [25,45,46]. For process de-
sign, MW pretreatment is therefore best interpreted as a dielectric-heating method whose
practical outcomes are governed mainly by measurable operating variables—temperature,
power density, exposure time, solids fraction, and ionic strength—rather than by assuming
field-specific biological effects.
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3.4.2. The Particle Size Paradox

A defining characteristic of MW pretreatment is strong fragmentation of sludge flocs.
Fragmentation increases the specific surface area and can improve accessibility of partic-
ulate organics for hydrolysis and fermentation, but it also increases the fraction of fine
particles and colloids that are prone to pore entry, pore blocking, and formation of more
persistent deposits than a looser surface cake layer [13]. This trade-off is particularly rele-
vant when MW is used upstream of membrane trains, where irreversible fouling risk is
often governed by the fine and colloidal fraction rather than by bulk suspended solids. A
clear empirical example is summarized in Table 2. Although the cited dataset was gen-
erated using raw waste activated sludge before anaerobic digestion, it remains relevant
here because it quantifies the structural responses expected after severe MW conditioning:
increased solubilization, collapse of the particle-size distribution, and deterioration of
dewaterability [47].

Table 2. Particle Size Distribution and Rheological Changes Under Microwave Treatment [47].

Parameter Raw Activated
Sludge

MW Treated
(80 ◦C, 5 min) Change (%) Impact on

Downstream Process

Median Diameter (d50) 228 µm 44.6 µm −80.4%
Increases bio-kinetics

(positive); Increases pore
blocking risk (negative).

Coarse Fraction (d90) 368 µm 72.8 µm −80.2%
Eliminates large flocs that

usually form reversible
cake layers.

Specific Surface Area ~70 m2/kg 235.9 m2/kg +237% Massive increase in
enzyme accessibility.

Sludge Filter Resistance
(SFR) 1.02 × 1013 m/kg 2.15 × 1014 m/kg +2007.8%

Severe deterioration in
dewaterability due to fines
blinding the filter media.

Soluble COD (SCOD) ~88.5 mg/L 2380 mg/L +2280%
Massive release of organics

for VFA/Methane
production.

The dataset in Table 2 illustrates a clear engineering trade-off. Under MW disinte-
gration at 80 ◦C with a slow ramp rate, soluble COD increased from 88.5 to 2380 mg/L,
d50 decreased from 228 to 45 µm, d90 decreased from 368 to 73 µm, and sludge filter resis-
tance (SFR) increased from 1.02 × 1013 to 2.15 × 1014 m/kg, indicating markedly poorer
dewaterability [47]. For membrane integration, this shift in particle-size distribution is
significant because it can move the dominant resistance contribution from largely reversible
cake filtration toward more persistent pore-scale deposition and internal blocking once
the colloidal fraction becomes dominant [13]. As a conservative design implication, MW
pretreatment intended to enhance solubilization should be paired with an appropriately
selected upstream barrier step, such as MF/UF or equivalent solids management, before
tighter membranes are applied, rather than assuming that MW-generated fines can be
managed by hydraulics alone [50].

3.5. Chemical and Biological Pretreatment Nuances

While thermal and microwave pretreatments are often discussed in the context of
improving biodegradability and hydrolysis kinetics, chemical and biological pretreatments
can be advantageous when the process objective is targeted solubilization, for example
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in VFA-oriented schemes, or selective alteration of biopolymer characteristics relevant to
membrane fouling [11,14].

3.5.1. Alkaline Pretreatment

Alkaline pretreatment, which presents distinct scaling risks (Table 1), typically in-
volves increasing pH, commonly to approximately 10–12, using bases such as NaOH or
CaO. Mechanistically, alkaline conditions ionize functional groups and disrupt intermolec-
ular interactions within EPS and floc structures, promoting deflocculation and release
of particulate organics into the soluble phase [11,29]. Alkaline dosing can increase COD
solubilization and is frequently used in schemes aimed at promoting hydrolysis and, un-
der controlled configurations, VFA accumulation; however, achievable outcomes remain
strongly feedstock- and configuration-dependent [14,51].

From a membrane perspective, a critical constraint is that alkaline dosing increases
ionic strength and can elevate the precipitation potential of carbonate- and phosphate-
bearing salts. In digestate-type streams, higher pH has been associated with greater CaCO3

formation potential, while membrane processing of manure and digestate liquid fractions
is known to be vulnerable to inorganic foulants containing calcium, phosphorus, and
magnesium [50,52]. Practically, alkaline pretreatment is therefore best positioned as an
upstream conditioning lever followed by explicit pH and scaling management before
tight-membrane recovery stages.

3.5.2. Ozonation

Ozonation is an oxidative pretreatment that can disrupt cell envelopes and oxidize
EPS constituents and other biopolymers, thereby altering sludge structure and downstream
filtration behavior [14,48]. It can also provide a disinfection benefit: sludge ozonation has
been shown to reduce viable bacterial populations, although the extent of inactivation is
dose-dependent rather than universal [53]. Reported studies further indicate that carefully
controlled ozone dosing can modify filterability and, in digestate-liquid applications,
can substantially improve ultrafiltration performance; under-stoichiometric ozonation
increased UF flux by approximately 50–80% in laboratory and pilot operation, consistent
with partial oxidation of biopolymer-associated resistance [49,54].

At the same time, ozonation is non-selective and energy-intensive, and excessive
dosing can over-fragment organics into smaller soluble fractions rather than universally im-
proving filtration behavior [14,54]. Residual ozone also poses a materials-compatibility risk
for polymeric membranes. Long-term ozone exposure has been shown to alter membrane
pore structure and permeability and to seriously degrade supported polymeric UF mem-
branes, particularly the PET support layer in PVDF/PET materials [55]. Ozonation should
therefore be treated as a tightly controlled conditioning step rather than as a universally
beneficial pre-oxidation [14,49].

3.5.3. Enzymatic Hydrolysis

Enzymatic pretreatment, for example using proteases and glycosidases, offers a more
targeted approach to modifying EPS and can, therefore, reduce gel-layer tendency and
interfacial “stickiness” without generating the fine inorganic colloids often associated
with aggressive physical fragmentation. However, enzymatic effects are substrate-specific,
reaction kinetics can be slower than in physicochemical methods, and operating costs
remain a major practical constraint, which limits deployment to cases where selectivity or
downstream performance gains justify the expense [11,14]. To synthesize the comparative
effects of these physical and chemical conditioning methods, Table 3 outlines their expected
rheological and solubilization shifts alongside their conceptual implications for downstream
membrane flux.
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Table 3. Impact of Pretreatment on Sludge Rheology and Solubilization Metrics.

Pretreatment Viscosity Reduction Solubilization
(SCOD Increase)

Implication for
Membrane Flux

(Conceptual)
Reference

Thermal hydrolysis
(THP)

High (often reported
as large reductions)

Moderate
(commonly reported

increases)

Often favorable
for hydraulics; cake-layer
dominated fouling more
likely than pore blocking

(matrix-dependent)

[24,38]

Microwave (MW) Moderate/variable High to very high
(case-dependent)

Mixed: increased fine
fraction can raise pore
blocking risk; typically
benefits from MF/UF

barrier protection before
tight membranes

[13,25,46]

Alkaline
(e.g., pH ~10) Low to moderate High (often reported

increases)

Negative risk driver if
scaling is unmanaged;
requires pH/scaling

control before NF/RO

[7,28,29]

3.6. Combined Pretreatment Strategies and Their Implications for Membrane Performance

Single pretreatment methods are increasingly applied in combination because pairing
a physical, thermal, or oxidative step with chemical conditioning can enhance sludge
disintegration and solubilization more effectively than either step alone. For waste ac-
tivated sludge, low-temperature thermo-alkaline treatment (0–0.2 M NaOH, 60–90 ◦C)
has been reported to achieve sludge disintegration of up to approximately 75.6% and
methane production increases of up to about 70.6% compared with untreated controls [56].
Microwave–alkaline treatment has also shown synergistic behavior: at approximately 85 ◦C
and pH 12, COD solubilization reached about 46%, exceeding the value expected from the
additive effects of microwave-only and alkaline-only treatments, approximately 26.5% [57].
Similarly, simultaneous ultrasonic–alkaline treatment of sewage sludge increased soluble
COD from approximately 1200 to 11,000 mg/L, indicating strong solubilization of organic
material [58]. These results demonstrate the potential of combined pretreatments to in-
tensify hydrolysis and organic-matter release, although most evidence is based on raw or
thickened sludge before digestion rather than on digestate liquors; therefore, the reported
magnitudes should not be transferred directly to membrane treatment of digestate.

From a membrane perspective, the same solubilization effect can become a drawback
if it increases the load of soluble and colloidal foulants. In the ultrasonic–alkaline study,
the fraction of high-molecular-weight organics (>300 kDa) increased from approximately
7.8% to 42.3%, and the dominant products were reported as SMP-like and humic-like
substances [58]. Such macromolecular fractions are closely related to gel-layer formation,
adsorption, and pore blocking in pressure-driven membrane systems [11,13]. Combined
pretreatments can therefore shift part of the foulant burden from particulate-bound ma-
terial toward soluble biopolymers and fine colloids, making clarification or solid–liquid
separation important before UF/NF/RO or other tighter membrane stages [13,31,59]. In
contrast, oxidative combinations may improve membrane performance when carefully
controlled; for example, under-stoichiometric ozonation coupled with ultrafiltration of
anaerobic digestate has been reported to increase UF flux by approximately 50–80%, al-
though excessive oxidation may produce smaller, more mobile organics and can also
raise membrane-material compatibility concerns [49,54]. Combined pretreatments should
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therefore be evaluated as part of integrated pretreatment–separation trains rather than as
universally beneficial front-end steps.

A recurring limitation across these studies is that pretreatment intensity and down-
stream membrane behavior are rarely measured on the same feed: solubilization and disin-
tegration gains are typically quantified on raw or thickened sludge, whereas the fouling,
scaling, and flux consequences appear later and often in separate experiments. Establishing
this severity–fouling link on the same digestate, rather than inferring it across studies,
remains one of the clearer gaps in rational selection of pretreatment–membrane trains.

4. Membrane-Based Valorization: Technologies and Performance
The drive to deploy advanced separation technologies is increasingly underpinned

by stricter legislative frameworks. Notably, the revised European Union Urban Wastewa-
ter Treatment Directive (UWWTD) entered into force on 1 January 2025 and strengthens
nutrient-removal and resource-recovery requirements, introduces quaternary treatment
for micropollutant control, and pushes the sector toward energy and climate neutrality [4].
Within this regulatory context, membrane operations can support digestate valorization
and statutory compliance primarily by (i) fractionating the liquid fraction of digestate into
clarified permeate and concentrate streams, (ii) concentrating nutrients to reduce down-
stream chemical demand and transport volumes, and (iii) creating “process-ready” streams
for targeted recovery steps such as struvite crystallization, ammonia recovery, or electro-
driven separation. In most practical flowsheets, membranes do not recover nutrients as
discrete products on their own; rather, they enable controlled concentration and separation,
after which nutrients are recovered through precipitation, stripping/absorption, or electro-
chemical processes, depending on the intended product and site-specific constraints [7,17].

In this review, digestate refers to anaerobically digested residues (e.g., agricul-
tural/manure co-digestates or municipal digestates). The liquid fraction of digestate
(LFD) refers to the liquid stream obtained after mechanical solid–liquid separation (e.g.,
screw press or decanter centrifuge). Where municipal WWTP practice is discussed, the
analogous stream is the dewatering liquor/centrate from digested sludge. These streams
often share high ammoniacal nitrogen and dissolved salts, but they can differ substantially
in solids content, colloidal load, organic matter composition, and scaling propensity; there-
fore, reported membrane performance should always be interpreted in the context of feed
characterization and pretreatment history [7,59,60].

4.1. Pressure-Driven Membrane Processes (MF, UF, NF, RO)

Pressure-driven membranes form the backbone of many digestate-treatment trains
and are commonly arranged in cascades so that the feed is clarified first and the dissolved
fraction is subsequently concentrated or polished [17,61]. A comparative analysis of these
individual membrane technologies is provided after the individual process descriptions.

Across studies and practical designs, MF/UF typically serve as front-end clarification
steps that remove suspended solids and colloids and protect tighter downstream mem-
branes from rapid fouling, whereas NF/RO are generally deployed later to concentrate
dissolved nutrients and salts and to produce a low-turbidity, reusable permeate. How-
ever, tighter membranes are more sensitive to scaling and generally entail a higher energy
demand than MF/UF [7,61,62].

4.1.1. Key Performance Metrics and Governing Relations (Flux, Fouling, Polarization)

For pressure-driven membranes, the primary operational metric is the permeate flux
(J, e.g., L m−2 h−1). Before linking pretreatment to membrane performance, concentration
polarization (CP) should be defined clearly. CP is the accumulation of rejected solutes
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and colloids in a boundary layer adjacent to the membrane surface during filtration. This
accumulation reduces the effective driving force and, in NF/RO, increases local osmotic
pressure; it can also accelerate the transition toward gel or cake formation and thereby
contribute to flux decline [26,63].

The influence of pretreatment on membrane operation can be quantified using the
resistance-in-series model for permeate flux:

J = ∆P/[µ(Rm + Rc + Rf + Rcp)] (2)

where J is permeate flux, ∆P is transmembrane pressure, µ is dynamic viscosity, and
the denominator represents the overall hydraulic resistance (Rtotal). To fully capture the
dynamics of digestate filtration, it is best to express this overall resistance as a sum of its
many different forms, typically written as Rtotal = Rm + Rc + Rf + Rcp [26,64]. In this expanded
framework, Rm is the intrinsic membrane resistance, Rc is the reversible cake layer resistance
from suspended solids, Rf accounts for persistent internal pore blocking and adsorption by
biopolymers [13], and crucially, Rcp represents the specific, dynamic resistance caused by
the concentration polarization boundary layer [26]. In highly complex fluids like digestate,
these individual resistances compound rapidly; concentration polarization (Rcp) not only
acts as its own barrier to flux but also serves as a trigger for supersaturation (inorganic
scaling) and the transition toward irreversible fouling [13,26,64].

For NF/RO, water flux is commonly represented by the solution-diffusion form:
NF/RO (net driving force):

Jw = A(∆P − ∆π) (3)

where A is water permeability, ∆P is applied pressure difference, and ∆π is the osmotic
pressure difference across the membrane [26].

For concentration polarization, a commonly used boundary-layer expression (for
strongly retained solutes) illustrates how increasing flux can exponentially increase near-
surface concentration:

Cw = Cb · exp(J/k) (4)

where Cw is solute concentration at the membrane surface, Cb is bulk concentration, and k
is the mass transfer coefficient [26,63]. This helps explain why bulk-viscosity reductions
alone do not guarantee improved membrane performance: even if improved hydraulics
increase (k), increases in soluble biopolymers and fine colloids can still intensify irreversible
fouling and CP-related gel formation in downstream tight-membrane stages [11,13,63].

The main hydraulic-resistance components governing membrane flux are summarized
schematically in Figure 3.

Finally, the critical flux concept is useful for digestate/LFD because operation above
a system-specific critical flux can trigger rapid and partly irreversible fouling: below Jc

fouling is limited or largely reversible; above Jc irreversible fouling accelerates [13,65]. In
digestate applications, these relations emphasize why front-end clarification (to reduce
foulant load), hydrodynamic control (to increase k), and conservative flux targets relative
to Jc are typically decisive for stable operation [7,13].

Reported performance values for membrane treatment of digestate-type streams are
summarized in Table 4 and Figure 4 to make the quantitative basis of the technology
comparison more explicit. The values should be interpreted as indicative operating points
rather than universal performance limits, because flux and recovery depend strongly on
feed composition, pretreatment, membrane material, transmembrane pressure, temper-
ature, cross-flow velocity, and operating scale. Where digestate-specific hydraulic flux
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values are not consistently reported, this limitation is shown explicitly rather than replaced
by non-comparable recovery or mass-balance data.

 
Figure 3. Surface Cake Formation vs. Internal Pore Blocking (Resistance-in-Series Model).

Table 4. Data basis for the membrane-performance comparison in Figure 4.

Process Reported Value Used
in Figure 4 Feed and Operating Context Reference

UF ≈60 L m−2 h−1
Real swine-manure anaerobic
digestate; PES UF membranes,

5–50 kDa; 3 bar, 25 ◦C, CFV 1.5 m s−1
[18]

NF ≈27 L m−2 h−1, initial flux
Real liquid digestate; NF90 flat-sheet
membrane; 5 bar, ≈20 cm s−1, 25 ◦C [20]

RO/ULPRO ≈20 L m−2 h−1, initial flux
Real liquid digestate; XLE/ULPRO

flat-sheet membrane; 5 bar,
≈20 cm s−1, 25 ◦C

[20]

MD ≈5.5 L m−2 h−1

Real anaerobic digestate; thermally
driven water-vapor flux; feed

temperature 70 ◦C; water recovery
factor 40%

[66]

MF Data limited

Standalone digestate-specific
hydraulic flux not consistently

reported; often used as front-end
clarification or reported through

recovery/mass balance

Literature assessment

VSEP Data limited
Digestate studies report recovery,

nutrient fate, or mass balance more
often than standalone hydraulic flux

Literature assessment

ED/BMED Not expressed as LMH

Electrically driven process;
performance reported using

removal/recovery, current efficiency,
ion flux, and energy demand

[21,67]
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Figure 4. Reported membrane performance for sludge digestate and liquid digestate fractions.
(A) Permeate or water-vapor flux, J, for selected membrane processes applied to real digestate-type
streams. UF, NF, and RO/ULPRO are shown as pressure-driven flux values, while MD± is shown
separately as thermally driven water-vapor flux and is not directly comparable with pressure-driven
flux. MF and VSEP are indicated as data-limited because defensible standalone digestate-specific flux
values were not consistently reported. (B) ED/BMED performance is presented using non-hydraulic
metrics, including ammonium removal, current efficiency, specific energy demand, and clean-water
recovery improvement, because ED/BMED does not generate hydraulic permeate flux. Values are
indicative and depend on feed characteristics, pretreatment, pressure or temperature, cross-flow
conditions, and operating scale [18,20,21,66,67].

The comparison highlights that the highest reported real-feed flux among the selected
pressure-driven examples is associated with UF, whereas NF and RO/ULPRO show lower
initial fluxes under comparable real-liquid-digestate testing conditions. This ranking is
consistent with increasing membrane selectivity and greater susceptibility to concentration
polarization, organic fouling, and scaling. MD operates in a similar numerical range but
is driven by a thermal gradient rather than hydraulic pressure, so its value should be
interpreted separately. ED/BMED is excluded from the flux axis because its performance is
governed by ion transport and energy efficiency rather than hydraulic permeation. This
distinction is important for avoiding misleading cross-technology comparisons and for
identifying where the literature still lacks standardized reporting.

4.1.2. Microfiltration (MF) and Ultrafiltration (UF)

MF (typical pore size ~0.1–10 µm) and UF (~0.001–0.1 µm) remove suspended solids,
bacteria, and macromolecular/colloidal fractions [7]. In digestate treatment trains, their
main role is foulant management: reducing turbidity, colloids, and EPS-associated material
that can drive rapid flux decline in NF/RO and electrodialysis stacks [7,11,13]. Practically,
MF/UF split organics and nutrients across phases: particulate-bound phosphorus and
solids-associated contaminants largely follow concentrates, while a substantial fraction of
ammonium remains in the permeate and can be addressed by downstream selective steps
(e.g., electrodialysis, RO) [17].
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4.1.3. Nanofiltration (NF): Selective Fractionation

NF (nominal MWCO ~200–1000 Da) is often positioned after UF to retain multivalent
ions and part of the dissolved organics while allowing partial passage of monovalent ions,
depending on membrane charge and operating conditions [7]. For digestate/LFD, NF
can serve as an intermediate concentrator that reduces the load on RO and can increase
selectivity in multi-stage nutrient recovery flowsheets. However, because LFD contains
scaling-prone ions (e.g., Ca2+, Mg2+, carbonate/phosphate) and residual organics, NF is
typically constrained by scaling control (pH management/antiscalants) and conservative
flux targets to limit CP-driven supersaturation [7,26].

Comparison with non-membrane nutrient recovery technologies
It is useful to benchmark membrane trains against established non-membrane options:

• Struvite crystallization can achieve high phosphorus capture when chemistry is
favorable (sufficient Mg2+, pH control), but performance depends strongly on
competing ions, alkalinity, and the fraction of P that is particulate-bound before
crystallization [60];

• Air/steam stripping with acid absorption is a mature route for ammonia recovery
as ammonium sulfate/nitrate; however, it requires heat and/or pH elevation and is
sensitive to solids-related fouling in packed columns unless robust pre-separation is
used [68–70];

• In practice, membrane clarification (MF/UF) is frequently positioned as an enabling
step for these non-membrane recoveries (e.g., reducing solids before stripping or
precipitation) rather than as a competing pathway [7,68].

4.1.4. Reverse Osmosis (RO): Total Concentration

RO is typically used as a final polishing/concentration step to produce reusable water
and a nutrient-rich concentrate. Because RO rejects most dissolved salts and organics, it
can deliver high-quality permeate, but this comes with a higher sensitivity to scaling and
an energy penalty compared with MF/UF. As a result, RO for digestate is usually deployed
only after rigorous front-end solids removal (often MF/UF) and often with additional
ion-selective or scaling-control measures [17,61,62].

4.1.5. Shear-Enhanced Processing (VSEP)

Vibratory shear-enhanced processing (VSEP) imposes oscillatory shear at the mem-
brane surface to suppress cake build-up and delay flux decline. In highly loaded digestate
or pig-slurry streams, this operating mode can make membrane concentration feasible
where conventional operation would require much more conservative fluxes. However,
VSEP does not remove the need for scaling control in tight membranes, and performance
remains strongly feed-specific; published digestate and pig-slurry studies therefore position
VSEP as a robust option for difficult solids-rich feeds rather than as a universal cure for
fouling [13,71,72]. Table 5 summarizes the driving forces, typical roles, and main constraints
of VSEP alongside the standard pressure-driven and electrochemical membrane systems.

Table 5. Analysis of Membrane Technologies for Digestate Valorization.

Technology Driving Force Primary Separation Typical Role
in Trains Main Outputs Key Constraints/Risks

MF/UF Pressure (TMP)
Size exclusion

(particles/colloids/
macromolecules)

Front-end
clarification; protects
ED/NF/RO; reduces

solids-associated
fouling load

Clarified permeate +
solids/colloid-rich

concentrate

Cake/gel formation;
EPS-driven fouling; flux

set by critical-flux
constraints [11,13,65]
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Table 5. Cont.

Technology Driving Force Primary Separation Typical Role
in Trains Main Outputs Key Constraints/Risks

NF Pressure (∆P-∆π)
Size + charge effects
(partial monovalent

passage)

Intermediate concen-
tration/partial

selectivity before RO

Lower-salinity
permeate +

multivalent-enriched
concentrate

CP-driven scaling; strong
dependence on pH/ionic

composition [7,26]

RO Pressure (∆P-∆π) Solution-diffusion
(high salt rejection)

Final polishing to
water reuse; strong

concentration of
remaining solutes

Reusable permeate +
brine/concentrate

Scaling/precipitation;
higher energy; requires

strong pretreatment
[61,62]

VSEP
(shear-enhanced)

Pressure + vibration
shear

Size exclusion with
high surface shear

Robust clarifica-
tion/concentration
for difficult feeds

Clarified permeate +
concentrated slurry

Equipment complexity;
still needs scaling control

downstream [72]

ED/selective ED Electric field

Ion migration
through

ion-exchange
membranes

Selective recovery of
nutrient ions (e.g.,
NH4

+, K+) from
clarified feeds

Ion-rich product
stream + depleted

stream

Sensitive to
solids/organics →

requires MF/UF; stack
resistance/energy

depends on salinity
[17,73]

BMED Electric field +
water splitting

Ion migration +
in situ H+/OH−

generation

Acid/base
generation for

capture/valorization
(e.g., NH3 capture,

carboxylate
conversion)

Acid stream + base
stream + treated

effluent

Energy demand;
membrane durability;
scaling control [7,73]

MD Temperature gradient
(vapor pressure)

Volatile transfer
through hydrophobic

pores

NH3 recovery (after
alkalization) or water

recovery using
low-grade heat

NH3-rich receiving
solution and/or
distilled water

Membrane wetting by
surfactants/organics;

scaling; heat integration
needed [15,74,75]

4.2. Electrodialysis (ED) and Bipolar Membrane Electrodialysis (BMED)

Electrodialysis uses ion-exchange membranes to drive selective ion transport under
an electric field and, in digestate treatment, is most defensible after clarification steps
such as MF/UF or equivalent solids removal. In practice, this positioning is important
because upstream solids and dissolved-organic reduction lowers the risk of spacer clogging
and ion-exchange-membrane fouling during longer operation. Accordingly, recent pilot
digestate treatment trains have placed selective ED after membrane clarification and before
final RO polishing for water reuse and nutrient concentration [19,21,73,76,77].

Mechanisms and Selective Recovery

• Nitrogen (NH4
+): Ammonium is a favorable ED target because it remains in dissolved

form in clarified liquid fractions and can be transferred into a concentrate stream. In
pilot-scale digestate treatment, selective ED recovered substantial ammonium and
potassium from clarified feed; however, whole-train mass balances show that upstream
membrane steps can still divert a significant share of ammonium to side concentrates,
so ED recovery must be interpreted at process level rather than stack level alone [21,77];

• Phosphorus: In digestate, phosphorus recovery by ED is typically more constrained
than ammonium recovery because phosphate can be partitioned earlier in the treat-
ment train. In pig-manure digestate, most phosphate was retained in coarse-filtration
and ultrafiltration fractions before ED/RO polishing, leaving a comparatively smaller
soluble phosphorus load available for electro-driven recovery downstream [17];

• Carboxylates (VFAs): Recovery of dissociated short-chain carboxylates has been
demonstrated most clearly in manure-derived liquors when ED is coupled with bipo-
lar membranes, rather than in simple nutrient-concentration ED alone. Even in those
systems, selectivity and product purity remain strongly dependent on feed composi-
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tion, competing ions, and membrane fouling, so VFA claims for real digestate should
be presented conservatively unless feed-specific stack data are available [19,78,79].

Bipolar Membrane Electrodialysis (BMED): Acid/Base Valorization

Bipolar Membrane Electrodialysis (BMED) advances standard ED by incorporating
bipolar membranes that dissociate water molecules at the membrane interface into protons
(H+) and hydroxide ions (OH−) under an electric field. This enables in situ conversion of
salt streams into corresponding acids and bases and is therefore attractive when carboxylate
salts or nutrient salts must be transformed into more directly usable products [73,78,79].

• Process Utility: In manure hydrolysate systems, BMED has been used to recover
ammonium, phosphate, and VFAs while simultaneously generating acid and base
streams. For VFA valorization, the key advantage is not only concentration, but
acidification of the carboxylate stream; in principle, this can reduce downstream
chemical demand if the regenerated base is internally reused elsewhere in the treatment
train [78,79];

• Performance: Verified manure-related BMED studies support the technical feasibility
of this route, but the exact recovery efficiency, product purity, and specific energy
demand vary strongly with membrane configuration, current density, and feed com-
position. It is therefore more accurate to describe BMED here as a promising enabling
step for acid/base valorization and manure-derived VFA recovery than to attach a
single universal performance number to all digestate applications [78,79].

Energy Consumption and Efficiency
Energy efficiency is a critical determinant of ED viability and must always be in-

terpreted against feed conductivity, separation target, and system layout. For brackish
digestate streams, ED can be attractive because ion transport is driven electrically rather
than by the hydraulic pressures required by RO [67,73].

• Standard Operation: For highly brackish swine digestate with a conductivity of
about 10.9 mS/cm, Wei et al. identified an operating point near 1.15 V per cell
that delivered about 93% total ion removal at 0.44 kWh/m3. Across the operating
envelope they tested, the energy demand for nitrogen recovery ranged from 0.24 to
15.2 kWh/kg-N, showing how strongly the result depends on the removal target and
operating mode [67];

• Practical Implication: These data indicate that ED can be energetically favorable for
clarified, moderate-salinity digestate streams, but the specific energy requirement rises
as higher concentration factors, deeper removals, or more difficult feed matrices are
pursued. In real digestate, fouling control remains integral to maintaining acceptable
energy performance over time [19,67,76];

• Hybrid Systems: In MF/UF–ED–RO treatment trains, the overall energy and recovery
picture is controlled not only by the ED stack itself, but also by how nutrients partition
across the upstream membrane steps and by the final water-quality target. This is
particularly important for phosphorus, which may be captured largely before ED, and
for ammonium, which may partly accumulate in upstream concentrates depending on
feed composition and pretreatment strategy [21,67,77].

4.3. Membrane Distillation (MD): Utilizing Waste Heat for Ammonia and VFA Recovery

Membrane Distillation (MD) is a thermally driven separation process where a vapor
pressure difference across a hydrophobic microporous membrane drives the transport of
volatile components. It is uniquely suited for digestate valorization due to its ability to
utilize low-grade waste heat (50–90 ◦C), a resource often abundant at biogas plants via
Combined Heat and Power (CHP) units [15].
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Mechanisms of Ammonia and VFA Separation
MD exploits the relative volatility of specific compounds compared to water and

other solutes.

• Ammonia Recovery: Raising feed pH shifts the NH4
+/NH3 equilibrium toward

volatile NH3, which can permeate the membrane and then be captured in an acidic
receiving phase to form ammonium salts. Digestate-specific studies have used sulfuric-
acid scrubbing or analogous acidic capture, and current literature consistently shows
that pH control and thermal driving force are decisive for ammonia transfer [22,74];

• VFA Recovery: MD can, in principle, recover undissociated volatile organic acids,
but available digestate-specific studies provide much stronger evidence for ammonia-
selective operation and nutrient/water separation than for direct VFA-selective MD.
For that reason, VFA recovery in digestate is currently better presented as a mechanistic
possibility than as a fully benchmarked digestate MD application [15,66].

Performance and Efficiency

• Ammonia Removal: In simulated anaerobic digestate, a two-stage DCMD process
operated at pH 12 and 60 ◦C achieved 84.2% ammonia removal and produced a
recovered ammonia-nitrogen concentration of 26.3 ± 3.0 g/L. In real liquid digestate
after phosphate precipitation, vacuum MD at temperatures below about 45 ◦C and a
transmembrane driving force below 20 mbar still achieved ammonia removal fractions
above 0.85 under near-optimum conditions. A separate anti-wetting membrane study
on digestate reported ammonia recovery above 95% with stable operation [22,74,75];

• Thermal Efficiency: For MD, the dominant energy duty remains thermal because
evaporation still requires latent heat, whereas the electrical demand is mainly asso-
ciated with pumping and circulation. Consequently, the practical viability of MD
in biogas or digestate applications depends heavily on heat integration and module
design rather than on electrical consumption alone [15,22,66];

• Water Reclamation: MD can produce a high-quality distillate because non-volatile
solutes are retained. In digestate DCMD, reductions in distillate COD and phosphate
of about 99.0% and 99.9%, respectively, have been reported. However, wetting and
fouling remain central risks, especially in feeds containing surfactants, low-surface-
tension organics, scaling precursors, or foulant layers that reduce liquid-entry pressure
or promote pore intrusion [66,75,80].

Hybrid Configurations and Fouling Mitigation

Across membrane trains, defensible process design typically relies on hybridization:
(i) staged solids removal (sieving/MF/UF), (ii) selective ion recovery (ED/BMED) where
justified, and (iii) final polishing (NF/RO) for water reuse and controlled concentration.
Crucially, while these integrated configurations are fundamentally designed to maximize
separation efficiency and mitigate fouling, they simultaneously serve to strategically mini-
mize the aggregate energy requirements of the entire processing train [7]. By deploying
energy-efficient, low-pressure barriers to intercept foulants early, hybrid systems prevent
the severe flux declines that would otherwise dictate excessive pumping energy and el-
evated operating pressures in downstream, energy-intensive NF and RO stages [32,73].
Fouling/scaling mitigation is best framed as a combination of feed conditioning (including
oxidation or pH control where appropriate), conservative flux selection (relative to critical
flux), and hydrodynamic enhancement to reduce CP.

Overall, hybrid systems remain the most defensible pathway for membrane-enabled
digestate valorization: membranes are used to stabilize, fractionate, and concentrate com-
plex feeds, while discrete nutrient products are recovered via precipitation/absorption/
electrochemical routes downstream [7,17].
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What is still missing from most of these demonstrations is a common reporting basis:
flux, recovery, rejection, and the conditions under which they were obtained are defined
differently from study to study, which makes apparent performance differences between
configurations difficult to attribute to the membranes themselves rather than to feed or
operating choices. Comparable, condition-explicit reporting would do more to clarify
process selection than further isolated single-configuration performance records.

Although membrane-based digestate valorization is frequently described in qualitative
terms, the available studies do report quantitative performance indicators that can be
compared when the underlying metric is made explicit. Table 6 compiles representative
values for digestate and closely related digestate-derived streams across electro-driven (ED,
selective ED, EDR, BMED), thermal-membrane (DCMD, VMD, MD), and pressure-driven
(UF–RO) routes, including lab, pilot, and full-scale evidence. Because these studies report
different quantities—recovery, removal, rejection, current efficiency, product concentration,
water recovery, and specific energy consumption—each entry is labeled by metric type, and
values that are not directly comparable across categories are flagged in the final column
rather than presented as a single performance ranking.

The comparison indicates that ammonium/TAN is the most consistently recover-
able or removable target across membrane-based digestate systems, particularly through
selective ED, BMED, and MD-based ammonia recovery. Phosphate behavior is more
route-dependent: selective ED mobilizes only part of the phosphate into a liquid product,
whereas full-scale pressure-driven cascades remove most phosphorus upstream of RO into
solid or concentrate fractions. Therefore, phosphate “recovery” and phosphate “removal”
should not be treated as equivalent outcomes. Water recovery is best documented for inte-
grated pressure-driven trains and UF–selective ED–RO systems, while VFA recovery and
quantitative potassium recovery from genuine post-AD digestate remain less consistently
reported. Overall, the table reinforces that membrane performance should be interpreted
according to metric type and process objective rather than ranked using a single generalized
efficiency value.

The hybridization strategies and process integration principles outlined above estab-
lish a framework for defensible membrane train design; however, their practical effective-
ness depends directly on how well fouling and scaling are understood, anticipated, and
controlled under realistic digestate conditions. The following section therefore addresses
fouling mechanisms, scaling risks, and operational bottlenecks as the primary technical
constraints on membrane performance, providing the mechanistic basis that underlies
the process-design choices discussed above and that informs the economic evaluation
presented later.

https://doi.org/10.3390/w18121505

https://doi.org/10.3390/w18121505


Water 2026, 18, 1505 22 of 37

Table 6. Reported nutrient-recovery, removal, and water/energy performance indicators for membrane-based valorization of digestate and digestate-derived
streams. Metric types differ and are not directly comparable across categories.

Process/Configuration Feed Type Target/Component Metric Type Reported Value Scale Reference Comparability Note

Integrated
UF–selective ED–RO

Liquid fraction of
digested sewage

sludge
Water; TDS Water recovery (+

permeate quality)

Clean-water recovery
38% → 88% with the sED

step; permeate TDS
869.0 → 10.3 mg/L

Pilot [21]

Water-recovery %;
comparable only to other

water-recovery entries, not
to ion recovery/removal

Selective ED

Liquid
digestate/digested

sewage sludge
liquor

NH4
+, K+, PO4

3− Recovery

>95% NH4
+ and K+; ≈55%

PO4
3−; ≈75% of recovered

phosphate retrieved
as struvite

Pilot [77]

Ion recovery %; lower
PO4

3− partly attributed to
its larger hydrated radius;
not single-pass rejection

ED (conventional) Anaerobic swine
digestate Total ions; N (NH4

+)
Removal + specific
energy + current

efficiency

~93% total ion removal at
0.44 kWh/m3;

N-recovery energy
0.24–15.2 kWh kg-N−1;
NH4

+ current efficiency
43–65%

Lab [67]

Electro-metrics not
comparable to hydraulic
flux or water recovery;

energy spans two orders
of magnitude with

removal target

ED Liquid digestate
from food waste Salts; N and P; VFA Removal + recov-

ery/extraction

>90% salt removal; 35–70%
N and P recovery; ~70%

VFA extraction from
fresh digestate

Lab [16]

Mixed metrics within one
study; VFA value is
extraction/recovery,

not rejection

Electrodialysis
reversal (EDR)

Pig manure
digestate PO4

3− Current efficiency +
specific energy

PO44
3− current efficiency

3.55% → 0.65% as feed
PO3− rose 60 → 470 mg/L;

specific energy
29.42 → 160.13 kWh/kg

NaH2PO4

Lab [76]

Per-product current
efficiency and energy are

not comparable to ED
kWh/m3 values

Two-stage BMED Pig manure
hydrolysate NH4

+, PO4
3−, VFA

Recovery to
acid/product
compartment

78% NH4
+ recovery; 75%

PO4
3− and 87% VFA

separated to the acid
compartment

Lab [78]

Recovery to product
compartment; hydrolysate

is pre-/peri-AD, not
post-AD digestate—
digestate-adjacent
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Table 6. Cont.

Process/Configuration Feed Type Target/Component Metric Type Reported Value Scale Reference Comparability Note

BMED Animal manure
stream

NH3 product;
charge use

Product
concentration +

current efficiency

NH3 concentrated up to
16 g/L in the base stream;
current efficiency declined

from 69% to 54% over
sequencing-batch operation

Lab [79]
Product concentration and
current efficiency are not

comparable to recovery %

Two-stage DCMD

Synthetic anaerobic
digestate

(analogue-
adjacent)

Ammonia/N Removal + product
concentration

Ammonia removal
16.0 ± 2.0% without pH

adjustment → 84.2 ± 1.9%
at pH 12; product reached

26.3 ± 3.0 g N/L after
five batches

Lab [74]

Synthetic feed; removal
fraction may overstate
performance compared

with real digestate

VMD Industrial liquid
digestate (real) Ammonia/TAN Removal fraction Ammonia removal fraction

r > 0.85 Lab [22]

Removal fraction;
comparable mainly to

other MD
ammonia-removal entries

MD (nano-FeOOH–
modified membrane)

Digestate with
concentrated

ammonia
Ammonia Recovery +

ammonia flux

95.2 ± 2.3% ammonia
recovery; ammonia flux

3.89 ± 0.18 g/m2·h
Lab [75]

Ammonia mass flux is not
interchangeable with

pressure-driven hydraulic
flux or recovery %

Full-scale cascade
(decanters + MF + RO

+ ion exchange)

Agricultural
co-digestion

digestate
P, NH4-N, K, water

Recovery/mass
distribution +

water recovery +
product

concentration

~98% of P removed before
RO; 48% NH4-N and 54% K
to RO concentrate; purified

water 18% of feed; RO
concentrate 8.0 g

NH4-N/kg and 7.9 g K/kg
fresh weight

Full-
scale [61]

“Recovery” here means
mass split to fractions, not

single-pass rejection

Full-scale UF–RO
cascade

Co-digestion
digestate TN, P, water Removal/separation

+ water recovery

Membrane stages separated
24–28% of TN; >99% of P
removed before RO; clean

RO permeate = 48% of feed

Full-
scale [62]

Mass-separation %;
COD-removal figures

excluded pending
primary-source

verification
Note on row 5: For this EDR system, only the current-efficiency and specific-energy values are reported here, as these were the indicators that could be verified directly. Near-complete
NH4

+ removal and specific NH4
+/PO4

3− product concentrations are sometimes cited for this system but are not included, pending confirmation against the primary source.
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5. Fouling, Scaling, and Operational Bottlenecks
Membrane fouling remains one of the major technical constraints on membrane-based

sludge valorization and nutrient-recovery trains because process stability and economics
depend strongly on digestate composition, pretreatment intensity, and the resulting loads
of suspended solids and soluble organics [7,32]. In practice, fouling is expressed as a
progressive decline in permeate flux together with an increase in transmembrane pressure
(TMP), which increases cleaning frequency, energy demand, and membrane replacement
requirements [13,32].

5.1. Fouling and Extracellular Polymeric Substances (EPS)

Extracellular polymeric substances (EPS) and soluble microbial products (SMP) are key
biological foulants in digestate-processing membrane systems. Proteins and polysaccha-
rides in EPS contribute to cohesive surface deposits and gel-like layers, whereas dissolved
and colloidal SMP intensify pore constriction and hydraulic resistance [12,81]. Pretreat-
ments that intensify sludge disintegration and hydrolysis can further increase the soluble
organic load. In microwave-pretreated sludge, for example, soluble COD, proteins, and
sugars rise markedly together with substantial changes in particle morphology and specific
surface area [47]. If these solubilized biopolymers are not biologically degraded or removed
before high-pressure polishing steps, they can accelerate downstream NF and RO fouling
and contribute to partially irreversible flux loss [7,13].

5.2. Particle Size Effects on Fouling Mechanisms

Particle-size distribution is a major determinant of dominant fouling mechanisms. In
submerged anaerobic membrane bioreactors, higher fractions of fine flocs are associated
with denser cake layers, higher resistance, and poorer filtration behavior, whereas larger
and less compressible particles are more likely to remain in surface deposits that are at least
partly removable by hydraulic cleaning [13,81].

• Thermal pretreatment: Thermal hydrolysis is well known to reduce sludge viscosity
and yield stress, thereby improving flowability and hydrodynamics. Where excessive
fragmentation of flocs is avoided, fouling is more likely to be dominated by external
deposit formation than by deep pore constriction, which is generally easier to manage
by physical cleaning [37,81];

• Microwave pretreatment: Microwave disintegration produces much finer particles.
In one recent study, the d10, d50, and d90 values decreased to 14.5, 44.6, and 72.8 µm,
respectively, while the specific surface area increased to 235.9 m2/kg; soluble COD,
protein, and sugar concentrations also increased markedly [47]. Such finer colloidal
and sub-floc fractions are more likely to penetrate or constrict membrane pores and to
promote less reversible fouling than coarse-particle cake deposition [13,81].

5.3. Inorganic Scaling

In addition to organic fouling, inorganic scaling represents a major challenge in
membrane-based nutrient recovery, particularly under conditions associated with alkaline
pretreatment or ammonia stripping. Elevated pH increases the concentration of dissolved
ions such as Mg2+, Ca2+, NH4

+, and PO4
3−, often exceeding solubility limits at the mem-

brane surface. This promotes the precipitation of sparingly soluble salts, including struvite
(MgNH4PO4·6H2O) and calcium carbonate (CaCO3), either on the membrane surface or
within membrane pores [7,82]. Scaling is especially problematic in NF and RO systems,
where crystal growth within pores can cause irreversible blockage, membrane damage, and
permanent flux loss [13].
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5.4. Fouling Mitigation Strategies

To manage these fouling challenges, contemporary sludge valorization schemes in-
creasingly rely on integrated and hybrid process configurations [32].

• Hybrid membrane trains: Multi-stage arrangements that combine solid–liquid sep-
aration with UF followed by RO are already in use at pilot scale for digestate pro-
cessing. In these trains, upstream separation and UF reduce the suspended-solids
and particulate-organics load entering the high-pressure stage, thereby protecting
downstream membranes and improving operational stability [7,83];

• Vibratory Shear-Enhanced Processing (VSEP): VSEP systems apply high-frequency
vibration (50–60 Hz) to the membrane module, generating intense shear forces at
the membrane surface (up to ~150,000 s−1). This hydrodynamic regime suppresses
particle deposition and can sustain relatively high fluxes in difficult feeds, although
inorganic scaling may still occur and the energy demand is higher than in conventional
modules [84,85];

• Ozonation: Low-dose ozonation upstream of membrane filtration can lessen fouling
by oxidizing high-molecular-weight organics and reducing foulant-layer accumulation,
but ozone dosage must be tightly controlled because ozone can also damage thin-film
polyamide membranes [86,87].

Taken together, the mitigation options above are mature in principle but are still
reported mainly as short-term flux or pressure responses rather than as durability outcomes.
For digestate, the more decisive questions are how cleanability, fouling reversibility, and
scaling resistance hold up over months of operation on a real, variable feed, and how
often chemical cleaning and module replacement are actually required—quantities that
are seldom reported consistently enough to compare. Until fouling control is described in
these operational terms, performance demonstrated over hours or days cannot be assumed
to translate to stable full-scale operation.

6. Techno-Economic and Implementation Considerations
The preceding technical analysis of fouling mechanisms and mitigation strategies pro-

vides the necessary context for evaluating whether membrane-enabled digestate valoriza-
tion is economically viable under real operating conditions. Product market values, avoided
disposal costs, and energy demand cannot be meaningfully interpreted in isolation from
the operational realities of fouling, cleaning frequency, and membrane replacement—costs
that are often underreported but that substantially affect the return on investment for any
recovery train. This section, therefore, reviews indicative market values for recovered
products and the economic incentives associated with avoided disposal, while explicitly
acknowledging that the figures presented are context-dependent estimates rather than uni-
versal benchmarks and that integration with the technical performance picture described
above is essential for realistic assessment.

6.1. Recovered Product Values and Market Context (2024–2025)

The economic feasibility of sludge valorization technologies hinges heavily on the
arbitrage between the cost of recovery and the market value of the derived products. The
2024–2025 European market landscape presents a mixed but generally favorable envi-
ronment for high-value recovery, driven by supply chain constraints, energy prices, and
regulatory mandates for circular economy practices [27,88]. Table 7 provides a synthe-
sized techno-economic comparison of the recoverable products discussed in this section,
contrasting their current market values with estimated production costs.
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Table 7. Techno-Economic Comparison of Recovered Products (2024/2025).

Product Market Value (2024/25) Production Cost (Est.) Economic Viability

Acetic Acid (VFA) ~€700/ton (Q1 2025 avg) ~$380–$500/ton High (as part of mix)

Propionic Acid (VFA) €1300–€1500/ton ~$2200–$3500/ton Very High
(high purity required)

Struvite (Fertilizer) €300–€500/ton ~$580/ton Low/Marginal (requires
avoided cost valuation)

Ammonium Sulfate €150–€195/ton Variable
(Low if waste heat used) Moderate

6.1.1. Volatile Fatty Acids (VFAs)

VFAs, including acetic, propionic, and butyric acids, serve as versatile platform chemi-
cals for industries ranging from bioplastics (polyhydroxyalkanoates–PHAs) to pharmaceu-
ticals and food preservatives. Their bio-based production from sludge offers a sustainable,
low-carbon substitute for fossil-derived equivalents [89,90].

Acetic Acid:

• Market Trends (2024–2025): The European acetic acid market has experienced sig-
nificant volatility. While prices stabilized around €550–€660 per ton in late 2024, Q1
2025 saw prices averaging €700/ton FD Hamburg [91]. However, significant price
drops were recorded in Q3 2025, with North American prices falling by over 12% and
European markets softening due to weak demand from the construction and textile
sectors. The packaging sector, however, provided some resilience to the demand curve;

• Drivers: The market is heavily influenced by feedstock costs (methanol) and energy
prices. European production costs remain structurally high due to natural gas prices,
keeping the floor price elevated compared to Asian imports;

• Viability: Acetic acid recovery alone is generally not profitable due to the complexity
of separation and the relatively low market value compared to production costs.
However, it adds critical volume and value to a mixed VFA stream intended for
downstream bioplastic (PHA) production, where the specific VFA profile is less critical
than the total carbon content [90].

Propionic Acid:

• Market Trends (2024–2025): Propionic acid commands a significant premium over
acetic acid. Technical grade prices are estimated to be between €1300 and €1500
per ton [92]. In Q3 2025, prices in Spain reached $1432/MT, reflecting tight supply
conditions and strong demand from the animal feed sector [93];

• Drivers: Growth is primarily driven by the agricultural sector, specifically the ban
on antibiotic growth promoters in animal husbandry, which necessitates organic acid
alternatives for feed preservation and gut health [90]. The market is projected to grow
at a Compound Annual Growth Rate (CAGR) of ~5.3% [94];

• Viability: With production costs via membrane technologies estimated at
$2200–$3500/ton ($2.40–$3.80/kg), the margins for propionic acid are tight but poten-
tially positive for high-purity streams. It represents the highest value-density product
recoverable from sludge, making it a key target for BMED systems [89].

6.1.2. Fertilizer Products: Struvite and Ammonium Sulfate

The recovery of nitrogen (N) and phosphorus (P) is driven less by profit maximization
and more by strategic autonomy—phosphorus is a critical raw material in the EU—and
regulatory compliance regarding nutrient discharge and recycling [82,88].
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Struvite (Magnesium Ammonium Phosphate):

• Market Price: Recovered struvite trades between €300 and €500 per ton in Europe.
This pricing is increasingly competitive with conventional Diammonium Phosphate
(DAP), which saw prices surge to ~$800/ton in 2024 before settling;

• Growth and Regulation: The global struvite market is projected to grow at a CAGR of
9.8% from 2024 to 2033 [95]. A critical enabler is the EU Fertilizing Products Regulation
(FPR), which now recognizes recovered struvite (CMC 12) [96], allowing it to be traded
freely across borders as a CE-marked fertilizer. This regulatory change has significantly
boosted its marketability and acceptance among agricultural cooperatives;

• Trends: There is a rising demand for “precision fertilizers” with slow-release proper-
ties, for which struvite is ideal. The market is seeing increased integration of struvite
into fertigation, hydroponic, and vertical farming systems, where controlled nutrient
release is paramount [82].

Ammonium Sulfate:

• Market Price: Prices in Europe for 2024–2025 have stabilized in the range of €150–€195
per ton [97];

• Viability: While the market revenue is modest, the recovery of ammonium sulfate via
stripping/scrubbing or membrane distillation is often justified by the “avoided cost”
of nitrogen removal in the biological treatment line. Recovering ammonia reduces the
nitrogen load returned to the head of the plant, lowering aeration energy demands
by 10–20% and protecting downstream piping and pumps from uncontrolled struvite
scaling [7].

6.1.3. Avoided Costs of Disposal

For utilities, the “avoided cost” of sludge disposal often outweighs the direct revenue
from product sales, fundamentally altering the return on investment (ROI) calculation for
recovery technologies [27,88].

• Incineration: This is the dominant disposal route in Germany, the Netherlands, and
France. Gate fees are high, typically €90–€130 per ton of wet sludge [98]. When
transport and ash disposal are included, total costs can exceed €200/ton dry solids;

• Landfilling: While banned for organic waste in many Western EU nations, it re-
mains relevant in parts of Eastern Europe. However, aggressive taxation (e.g., UK
tax > £100/ton) creates a strong economic disincentive [99];

• Volume Reduction: Technologies like THP that increase cake dryness from 22% to
32% can reduce disposal volumes by ~30%, generating massive OPEX savings that
subsidize the capital investment for recovery technologies. For a large utility, this
volume reduction can amount to millions of Euros in annual savings [24].

Ultimately, the economic viability of product recovery depends significantly on both
direct market revenues and avoided disposal costs (Table 7).

6.2. Operational Energy Demand and Energy-Reporting Gaps

Energy demand is one of the most consequential operating-cost drivers for membrane-
based digestate valorization, yet it is reported inconsistently, which limits direct comparison.
Reported values differ not only in magnitude but in the underlying metric and driving force:
electro-driven processes (ED, EDR) report electrical energy per unit volume treated or per
unit nutrient or product recovered; thermally driven membrane distillation reports thermal
energy; and pressure-driven processes (UF, NF, RO) report electrical pumping energy.
These quantities are physically distinct and cannot be placed on a common scale. Table 8
therefore compiles representative energy indicators grouped by driving force, retaining
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only verified digestate or digestate-derived values together with the cases where digestate-
specific energy data are not consistently reported. The values are indicative and depend
strongly on feed composition, target recovery, concentration factor, and operating scale.

Table 8. Reported energy-consumption indicators for membrane-based valorization of digestate and
digestate-derived streams, grouped by driving force. Metrics from different driving forces are not
directly comparable and are not ranked against one another.

Driving
Force/Process Feed Specificity Energy Metric and

Reported Value Scale Reference Status/Comparability Note

Electro-driven—ED Real anaerobic
swine digestate

0.44 kWh m−3 at ~93% total
ion removal

Lab [67]

Volumetric electrical energy;
not comparable with per-N,

per-product, thermal, or
pressure-driven values

Electro-driven—ED Real anaerobic
swine digestate

0.24–15.2 kWh kg-N−1;
NH4

+ removal 70.8–99.1%
Lab [67]

Per-N electrical energy; range
reflects removal target, not

process inefficiency

Electro-driven—EDR Real pig manure
digestate

29.42–160.13 kWh
kg-NaH2PO4

−1 as feed
PO4

3− fell and current
efficiency declined

Bench [76]

Per-product electrical energy;
strongly feed-concentration
dependent; not comparable

with kWh m−3

Electro-driven—ED,
pilot

Domestic AD
digester

centrate/digestate
liquid fraction

4.9 ± 1.5 kWh kg-N−1,
NH4-N basis

Pilot [100]
Pilot electrical energy; lies

within the lab-reported
per-N envelope

Thermal—MD/
VMD/DCMD

Real post-AD
digestate

Specific thermal energy,
kWh-thermal m−3, not
consistently reported

Lab [22,66,74,75]

Reporting gap: flux, ammonia
recovery, and rejection are

documented, but
digestate-specific thermal

energy is not

Pressure-driven—UF,
NF, RO

Liquid fraction
of digestate

Digestate-specific energy
consumption not

consistently reported in
comparable form

— [7]

Reporting gap: high energy
demand is recognized as a

barrier, but a directly
comparable digestate kWh m−3

value is not established

Mechanical/shear-
enhanced—VSEP

Digestate/co-
digested slurry

No digestate-specific
energy value reported Pilot [71,72]

Reporting gap: rejection
performance is reported

without an accompanying
energy figure for digestate

Plant-level offset Plant-wide returned
N load

Ammonia recovery may
lower the returned nitrogen

load and associated
aeration energy;

manuscript estimate
≈10–20%, see Section 6.1.2

Plant-level [7]
Avoided-energy offset, not a
membrane specific-energy

value; accounted separately

Several patterns emerge, although the evidence base remains uneven. Digestate-
specific energy data are concentrated in electro-driven processes, where volumetric de-
mand for clarified, moderate-salinity streams can be low, about 0.44 kWh m−3 at ~93%
ion removal, but rises substantially as deeper removals, higher concentration factors, or
per-product targets are pursued. This is visible in the 0.24–15.2 kWh kg-N−1 range re-
ported for ED and in the 29.42–160.13 kWh kg-NaH2PO4

−1 range reported for EDR as
feed phosphate fell and current efficiency declined. Pilot-scale ED on digester centrate,
about 4.9 kWh kg-N−1, lies within this per-N envelope, which suggests that laboratory
energy figures may be broadly representative at larger scale, although confirmation across
feed types remains limited. For membrane distillation, performance is well documented
for real digestate, but specific thermal energy is not consistently reported for genuine
post-anaerobic-digestion digestate, so this is best treated as a reporting gap rather than
as evidence of favorable or unfavorable energetics. Pressure-driven and shear-enhanced
systems are similarly affected: high energy demand is recognized as a barrier, but directly
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comparable digestate-specific values are not consistently available. At plant level, recover-
ing ammonia can reduce the nitrogen load returned to the biological line and the associated
aeration energy, but such offsets are not equivalent to membrane specific-energy values and
should be accounted separately. Taken together, the data support reporting energy by met-
ric and driving force rather than ranking processes against one another, and they reinforce
the need for standardized, scale-explicit energy reporting in future digestate studies.

The same reporting gap blunts economic assessment: because fouling-driven cleaning,
membrane replacement, recirculation, and downtime are rarely costed alongside product
revenues and avoided-disposal credits, current viability estimates capture the value of
recovered products more reliably than the operating burden of obtaining them.

Together, the technical constraints described in Section 5 and the economic context
outlined here suggest that near-term progress in membrane-based digestate valorization
will depend less on the discovery of novel separation principles and more on the practical
translation of existing knowledge into robust, fouling-tolerant designs operating under
real digestate variability. Against this background, the following section considers future
perspectives with particular attention to the gap between laboratory-demonstrated perfor-
mance and engineering feasibility, highlighting where material advances and operational
innovations could realistically narrow that gap.

7. Future Perspectives
The transition of municipal wastewater treatment facilities into integrated resource

recovery biofactories requires overcoming the critical limitations of membrane-based diges-
tate valorization. While membrane technologies offer the precision to fractionate volatile
fatty acids (VFAs), ammoniacal nitrogen, and reclaimable water, their full-scale deployment
is severely hindered by aggressive fouling and material degradation. Advancing continu-
ous, high-efficiency valorization protocols requires targeted research in next-generation
membrane materials, anti-fouling surfaces, and product recovery optimization.

Crucially, the value of these advances will be determined less by the flux or selectivity
they reach in clean or synthetic tests than by whether they retain those properties in real
digestate over extended operation; the subsections below should therefore be read as
promising directions whose practical relevance still depends on demonstrated durability,
cleanability, chemical and oxidative stability, and resistance to scaling under realistic loads.

7.1. Next-Generation Membrane Materials

Conventional polymeric membranes are highly susceptible to the harsh chemical
milieu of sewage sludge digestate. Future trajectories are prioritizing the integration
of sophisticated two-dimensional (2D) architectures and robust inorganic frameworks.
Graphene oxide (GO) and MXenes (2D transition metal carbides) have been reported
to offer high flux. For example, transition metal oxide (WO3)/MXene composite mem-
branes provide superhydrophilic properties that physically repel hydrophobic foulants
and allow for UV-activated self-cleaning [101]. Additionally, highly tuned organosilicon
membranes, such as polyalkylmethylsiloxane variants, allow for the precise manipulation
of fractional free volume to achieve the highly selective extraction of volatile organics [102].
For highly abrasive digestate fractions, hierarchically structured flat ceramic membranes
deployed after upstream nutrient precipitation show exceptional resistance to irreversible
pore constriction [103].

7.2. Anti-Fouling Surface Technologies

Membrane fouling by extracellular polymeric substances (EPS) remains the pri-
mary thermodynamic barrier to economic digestate valorization. Next-generation anti-
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fouling technologies focus on highly repulsive and reactive surface interfaces. Electrospun
nanocomposites, such as polyvinylidene fluoride (PVDF) blended with cellulose acetate
(CA), may enhance surface wettability and porosity. This combination enforces a rigid hy-
dration layer that prevents EPS adhesion and stabilizes transmembrane pressure [104]. Fur-
thermore, novel interfacial polymerization techniques are creating “sandwich-structured”
tri-layer nanofiltration membranes (e.g., PVA/PA/PVA) that eliminate the rough, chlorine-
sensitive surfaces of conventional polyamides, potentially improving permeability and
biofouling resistance [105]. Catalytic interfaces, such as CuFeS2/MXene-modified PVDF
membranes, take this a step further by actively degrading recalcitrant organics via advanced
oxidation [106].

7.3. Enhancing Valorization Efficiency

The ultimate goal of digestate processing is the highly selective isolation of dis-
crete, valuable fractions. For VFA extraction, hydrophobic pervaporation circumvents
the azeotropic limitations of traditional distillation, continuously removing product in-
hibitors from the fermentation broth to maximize acidogenic yields [102]. Simultaneously,
advancements in electromembrane processes like electrodialysis are targeting the precise
fractionation of ammoniacal nitrogen, provided that robust upstream pretreatments miti-
gate colloidal scaling. Finally, thermally driven membrane distillation (MD) may enable
low-liquid-discharge or zero-liquid-discharge operation and high-quality water reclama-
tion using low-grade waste heat, strengthening the potential role of advanced membranes
in the circular water economy.

7.4. From Material Performance to Operational Readiness

The materials and configurations discussed above will only influence practice if they
are evaluated against the conditions that govern full-scale digestate processing. Instead of
relying primarily on peak flux or selectivity measured using idealized feeds, future studies
should report long-term flux stability on real digestate, cleaning frequency, permeability
recovery after cleaning, chemical and oxidative stability under repeated regeneration, resis-
tance to inorganic scaling, and membrane lifetime under variable loads. These operational
properties, together with concentrate management, product purity, energy demand, and
cost, determine whether a laboratory result can become a deployable process.

Several specific gaps remain especially important for moving membrane-based diges-
tate valorization toward implementation:

• standardized, condition-explicit reporting of flux, recovery, rejection, energy de-
mand, and cleaning protocols, so that processes and materials can be compared
on a common basis;

• long-term pilot- and full-scale operation on real digestate, rather than short-term tests
on synthetic or highly clarified feeds;

• direct coupling of pretreatment severity to downstream membrane fouling and scaling,
measured on the same feed;

• digestate-specific energy accounting that includes pumping, recirculation, cleaning,
and downtime, not separation work alone;

• concentrate management strategies and product-quality specifications suitable for
fertilizer or water-reuse markets;

• membrane durability under alkaline, oxidative, and scaling-prone conditions charac-
teristic of digestate and its pretreatment;

• transferable scale-up criteria for integrated pretreatment–membrane trains, including
fouling-tolerant design and maintenance requirements.
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8. Conclusions and Limitations
Membrane-based technologies offer a promising pathway for the valorization of

sewage sludge digestates when appropriately integrated with upstream pretreatment
processes [27,88]. Pretreatment plays an important role in controlling digestate rheology,
solubilization behavior, particle size distribution, and fouling mechanisms. Thermal hy-
drolysis remains the most established method for improving flowability and digestion
efficiency, while microwave and chemical pretreatments can enhance solubilization but
require additional control to mitigate fouling and scaling risks [24,28]. Pressure-driven
and electrochemical membrane processes can support the selective recovery of nutrients,
organic carbon, and water; however, their successful application depends on multistage
process design that considers the interactions among individual unit operations. Mem-
brane fouling, driven by extracellular polymeric substances, fine colloids, and inorganic
precipitation, remains the primary technical limitation. Therefore, future development
should focus on pretreatment–membrane integration, fouling mitigation strategies, and
system optimization to improve operational stability and economic feasibility [7,32].

Despite this potential, several limitations constrain direct comparison across the
reviewed studies and reduce the extent to which general conclusions can be drawn. Feed-
stock heterogeneity is a persistent challenge: digestate composition, organic loading, ionic
strength, and colloidal characteristics vary substantially with sludge origin, pretreatment
severity, digestion conditions, and solid–liquid separation configuration, making perfor-
mance benchmarking across studies difficult. Many promising membrane configurations,
particularly tighter or more selective membrane trains applied to real digestate liquors,
have been investigated mainly at laboratory or small pilot scale, while long-term operation
under continuously variable full-scale digestate conditions remains insufficiently reported.
Net energy balance and economic viability are also uncertain because fouling-related energy
penalties, chemical cleaning frequency, membrane replacement intervals, and concentrate
management costs are not consistently quantified alongside performance data. Upscaling,
therefore, remains challenging, since membrane flux, fouling behavior, and nutrient re-
covery efficiency are strongly influenced by site-specific rheology, EPS composition, and
inorganic scaling potential, which may not be fully represented in controlled experimental
conditions [7,32,50].

Overall, sludge digestate valorization through membrane-based systems is technically
promising and increasingly supported by regulatory and resource-recovery drivers. Con-
tinued research and pilot-scale implementation are required to translate these technologies
into reliable and scalable solutions within the circular economy framework [27,88].

Author Contributions: Conceptualization, C.H.; methodology, S.B.; validation, Z.P.J. and S.B.;
investigation, A.I.; resources, A.I., S.B. and C.H.; writing—original draft preparation, A.I., C.H., S.B.
and Z.P.J.; writing—review and editing, A.I., C.H., S.B. and Z.P.J.; visualization, A.I.; supervision,
C.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Development Innovation Office, grant
number FK146344.

Data Availability Statement: The original contributions presented in this study are included in the
article; further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AD Anaerobic Digestion
BMED Bipolar Membrane Electrodialysis

https://doi.org/10.3390/w18121505

https://doi.org/10.3390/w18121505


Water 2026, 18, 1505 32 of 37

CA Cellulose Acetate
CAGR Compound Annual Growth Rate
CFV Cross-flow Velocity
CHP Combined Heat and Power
COD Chemical Oxygen Demand
CP Concentration Polarization
DAP Diammonium Phosphate
DCMD Direct Contact Membrane Distillation
ED Electrodialysis
EPS Extracellular Polymeric Substances
FPR Fertilizing Products Regulation
GO Graphene Oxide
LFD Liquid Fraction of Digestate
MBR Membrane Bioreactor
MD Membrane Distillation
MF Microfiltration
MW Microwave
MWCO Molecular Weight Cut-Off
NF Nanofiltration
PES Polyethersulfon
PET Polyethylene Terephthalate
PHA Polyhydroxyalkanoates
PSD Particle Size Distribution
PVA/PA Polyvinyl Alcohol/Polyamide
PVDF Polyvinylidene Fluoride
RO Reverse Osmosis
ROI Return on Investment
SCOD Soluble Chemical Oxygen Demand
SMP Soluble Microbial Products
TAN Total Ammonia Nitrogen
TDS Total Dissolved Solids
THP Thermal Hydrolysis Pretreatment
TMP Transmembrane Pressure
TN Total Nitrogen
UF Ultrafiltration
ULPRO Ultra Low-Pressure Reverse Osmosis
UWWTD Urban Wastewater Treatment Directive
VMD Vacuum Membrane Distillation
VFA Volatile Fatty Acids
VSEP Vibratory Shear-Enhanced Processing
WRRF Water Resource Recovery Facility
WWTP Wastewater Treatment Plant
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