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Abstract

The rapid growth of municipal and industrial wastewater treatment has led to an unprecedented accumulation of biosolids, traditionally managed through land application, 
incineration, or disposal pathways that often undervalue their embedded chemical and energetic potential. In the context of the circular economy, biosolids should no longer 
be viewed as residual waste streams but as reservoirs of recoverable carbon, nitrogen, phosphorus, and energy. Electrochemical sludge valorization has recently emerged as 
a transformative approach that leverages controlled redox reactions to convert complex organic and nutrient-rich matrices into hydrogen, fertilizers, and other value-added 
products under relatively mild and modular operating conditions. This review critically examines the integration of electrochemistry, microbiology, and process engineering 
in advancing biosolids valorization technologies. Key pathways discussed include electrochemical ammonia recovery and electrolysis for hydrogen generation, electro-
oxidation of refractory organics, electro-assisted phosphorus precipitation, and bio-electrochemical systems such as microbial electrolysis cells. Particular emphasis is 
placed on reaction mechanisms, electrode materials, mass transfer limitations, energy effi  ciency, and reactor design considerations that govern process performance. 
Comparative analysis with conventional biological and thermal sludge treatment technologies highlights both the advantages and current limitations of electrochemical 
approaches. Furthermore, this review evaluates techno-economic feasibility, scalability challenges, and life-cycle implications, identifying critical research gaps that must 
be addressed to transition from laboratory-scale demonstrations to full-scale implementation. By bridging wastewater treatment, electrochemical engineering, and resource 
recovery, electrochemical sludge valorization represents a promising platform for sustainable materials and energy production, aligning environmental stewardship with 
chemical process innovation.

Introduction

Global generation and management of biosolids

Increasing urbanization has caused municipal solid waste 
and wastewater to emerge as primary sources of materials 
that would otherwise be discarded. A byproduct of wastewater 
treatment is sewage sludge, a nutrient-rich organic material 
that contains nitrogen (N) concentrations between 2.4 and 8% 
and phosphorus (P) concentrations ranging from 1.4 to 3% of the 
total solids [1–5]. Optimal operation of wastewater treatment 
plants (WWTPs) is a complex task that requires both effl uent 
quality and effi cient sludge management to be pursued with 
strict interdependencies between the two goals. In Europe, the 

Urban Waste Water Treatment Directive 91/271/EC introduced 
more restrictive standards for effl uent quality and discharge. 
Its gradual implementation is resulting in a consistent increase 
of sewage sludge production, which reached 10.9 million tonnes 
dry solids in 2005 and is expected to exceed 13 million tonnes by 
2020 [4]. The volume of municipal sludge feedstock has been 
underestimated due to the incorrect interchangeability of the 
terms “sewage sludge” and “biosolids” [1]. Governments and 
municipalities are constantly battling whether to upgrade or 
implement new biosolids handling systems. High capital costs 
and operating expenses, such as energy, labor, and chemicals, 
can make the cost to treat and dispose of biosolids 50% of the 
total wastewater utility costs [6].



2

https://www.agriscigroup.us/journals/annals-of-environmental-science-and-toxicology

Citation: Poda S, Botte GG. Electrochemical Valorization of Biosolids: A Comprehensive Review of Resource Recovery and High-Value Product Generation. Ann 
Environ Sci Toxicol. 2026;10(1): 1-24. Available from: https://dx.doi.org/10.17352/aest.000092

Municipal wastewater treatment plants worldwide generate 
large volumes of sewage sludge, commonly referred to as 
biosolids after stabilization and treatment, as a by-product 
of removing organic matter and nutrients from wastewater. 
Globally, the annual production of biosolids is estimated to 
be on the order of 1 × 10⁸ dry tonnes per year [7], driven by 
expanding urbanization and increased wastewater treatment 
coverage, with projections suggesting signifi cant growth in 
the coming decades as treatment facilities proliferate and 
regulations tighten on effl uent discharge quality. Biosolids 
are nutrient-rich and contain organic carbon, nitrogen, 
phosphorus, and micronutrients that provide potential for 
benefi cial reuse; however, traditional management methods—
including land application, landfi lling, and incineration—
continue to dominate current practices. In the United States 
alone, approximately 4 million dry metric tons of biosolids 
were generated in recent reporting, with the majority land 
applied, followed by landfi lling and incineration, refl ecting the 
range of disposal and reuse pathways employed in practice [8]. 
Despite the recognized agronomic benefi ts of land application 
as a soil amendment and nutrient source, environmental 
concerns over contaminants and emerging pollutants have 
prompted increased scrutiny and research into alternative and 
sustainable management strategies. These trends highlight 
the dual challenge of addressing biosolids accumulation while 
maximizing resource recovery in line with circular economy 
principles [9]. Figure 1 shows the global and US management 
of sewage sludge/biosolids [10,11].

Limitations of conventional sludge treatment technolo-
gies

With rapid urbanization and emphasis on environmental 
protection, wastewater treatment plants (WWTPs) are 
increasingly being built to treat municipal and industrial 
wastewater. It was reported that approximately 103.0 million 
metric tons of waste activated sludge (WAS) would be generated 
annually worldwide by 2025, arousing extensive concerns 
for subsequent treatment and disposal [12,13]. However, 
various emerging organic contaminants (EOCs) contained 
in sludge impede anaerobic treatment processes and, following 
disposal of digested sludge (e.g., agricultural use or landfi lling), 
pose high risks to sustainable development [14,15]. Conventional 
sludge treatment technologies, including anaerobic digestion, 
incineration, landfi lling, and land application, have long been 
implemented to stabilize and reduce the volume of biosolids 

generated from wastewater treatment processes. While these 
approaches provide practical solutions for sludge handling and 
disposal, they present several environmental, economic, and 
operational limitations.s Anaerobic digestion is widely used 
for sludge stabilization and biogas production; however, its 
performance is often constrained by slow reaction kinetics, 
incomplete degradation of complex organic compounds, 
and the requirement for long hydraulic retention times 
and temperature control to maintain microbial activity 
[16]. Thermal treatment methods such as incineration can 
signifi cantly reduce sludge volume and destroy pathogens, but 
they require high energy input and may produce air pollutants, 
including particulate matter and nitrogen oxides, along with 
ash residues that still require disposal [17]. Landfi lling remains 
a common practice in many regions due to its simplicity and 
relatively low immediate cost, yet it contributes to long-term 
environmental concerns such as greenhouse gas emissions, 
leachate formation, and potential contamination of soil and 
groundwater [18]. Similarly, land application of biosolids 
provides benefi cial nutrient recycling for agricultural soils; 
however, increasing concerns about heavy metals, pathogens, 
and emerging contaminants such as pharmaceuticals and 
microplastics have raised regulatory and public acceptance 
challenges [19]. Collectively, these limitations highlight the 
need for advanced treatment and resource recovery strategies 
capable of transforming biosolids from waste streams into 
valuable products within a circular economy framework. 

Transition from waste treatment to resource recovery

In recent decades, the paradigm of wastewater treatment 
has gradually shifted from a waste disposal approach 
toward a resource recovery framework, driven by increasing 
environmental concerns, resource scarcity, and the principles 
of the circular economy. Traditionally, wastewater treatment 
plants were designed primarily to remove contaminants 
and protect receiving water bodies; however, these systems 
also contain substantial quantities of recoverable resources, 
including organic carbon, nitrogen, phosphorus, and embedded 
chemical energy. Biosolids produced during treatment represent 
a particularly valuable resource reservoir, as they contain 
signifi cant concentrations of nutrients and organic matter that 
can be converted into energy carriers, fertilizers, and other 
value-added products [18,20]. This shift has led to the concept 
of wastewater treatment plants evolving into water resource 
recovery facilities (WRRFs), where multiple resource streams 
such as biogas, nutrients, and reusable water are recovered 
through integrated treatment processes. Technologies such 
as anaerobic digestion, nutrient precipitation, and advanced 
oxidation have already demonstrated potential for recovering 
energy and materials from wastewater residuals [21]. More 
recently, electrochemical and bio-electrochemical systems 
have gained increasing attention as promising pathways for 
transforming biosolids into high-value products, including 
hydrogen, ammonium-based fertilizers, and organic 
chemicals, under controlled reaction environments. These 
emerging technologies provide opportunities to enhance 
energy effi ciency, improve nutrient recovery, and reduce the Figure 1: Comparison of global and U.S. biosolids management pathways, 

highlighting the dominance of conventional disposal methods.
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environmental footprint of conventional sludge management 
systems, thereby supporting the transition toward sustainable 
and circular wastewater management.

Role of electrochemical engineering in circular economy

Electrochemical engineering has emerged as a promising 
technological platform for advancing sustainable resource 
recovery and supporting the transition toward a circular 
economy. Unlike conventional treatment technologies that 
primarily focus on pollutant removal and waste stabilization, 
electrochemical processes enable the selective conversion of 
chemical species into valuable products through controlled 
redox reactions driven by electrical energy. These systems 
offer several advantages, including high reaction selectivity, 
modular reactor design, relatively mild operating conditions, 
and the ability to integrate with renewable electricity 
sources, making them attractive for sustainable wastewater 
and biosolids treatment applications [22]. In the context 
of biosolids valorization, electrochemical technologies 
can facilitate the recovery of energy carriers and nutrients 
through pathways such as ammonia electrolysis for hydrogen 
production, electrochemical oxidation of complex organic 
compounds, and electro-assisted precipitation of phosphorus-
based fertilizers [23]. Additionally, bio-electrochemical 
systems, including microbial electrolysis cells and microbial 
fuel cells, combine electrochemical processes with microbial 
metabolism to enhance the conversion of organic matter 
into hydrogen, methane, or other valuable intermediates 
[24]. These integrated electrochemical approaches provide 
opportunities to simultaneously address waste management 
challenges while recovering energy and critical nutrients, 
thereby contributing to the development of resource-effi cient 
wastewater treatment systems. As global interest in electrifi ed 
chemical processes grows, electrochemical engineering is 
expected to play a central role in enabling next-generation 
wastewater treatment and biosolids valorization technologies 
aligned with circular economy principles. Figure 2 depicts the 
overall structure of the study.

Scope and structure of the review

The increasing demand for sustainable waste management 
and effi cient resource recovery has driven growing interest in 
the valorization of biosolids produced by wastewater treatment 
processes. Electrochemical technologies have emerged as a 
promising approach, offering the ability to transform the 
organic and inorganic components of sludge into valuable 
products. This review presents a comprehensive assessment 
of current electrochemical strategies for biosolids valorization, 
focusing on pathways for recovering hydrogen, nutrient-rich 
fertilizers, and other value-added chemicals. The discussion 
encompasses electrochemical oxidation, ammonia electrolysis, 
electro-assisted nutrient recovery, and bio-electrochemical 
systems, highlighting how these methods convert sludge 
constituents into useful resources. Key operational factors, 
including electrode selection, reactor design, mass transfer 
considerations, and energy effi ciency, are also examined 
to provide guidance for optimizing electrochemical sludge 
treatment systems.

The novelty of this review stems from its holistic perspective, 
which integrates electrochemical engineering principles with 
circular economy concepts in biosolids management. Unlike 
previous studies that primarily address conventional treatment 
methods or isolated electrochemical processes, this work 
synthesizes recent advancements in electrochemical sludge 
valorization and evaluates their potential for simultaneous 
energy and nutrient recovery. Additionally, the review identifi es 
current research gaps, emerging trends, and technological 
challenges, outlining future directions to facilitate the large-
scale implementation of electrochemical resource recovery 
within wastewater treatment infrastructure.

To highlight the novelty and contribution of the present 
work, Table 1 compares the scope of previously published 
review articles with that of this review. Earlier reviews 
have primarily focused on individual aspects of biosolids 
management, including sludge disposal, thermochemical 
conversion, nutrient recovery, or bioelectrochemical systems. 

Figure 2: Highlighting electrochemical strategies for converting biosolids into hydrogen, fertilizers, and other value-added products within a circular economy framework.
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hydrogen, or into intermediate compounds like volatile fatty 
acids through controlled conversion pathways [17]. However, 
the heterogeneous and complex nature of organic carbon in 
biosolids also presents challenges for effi cient utilization, 
necessitating a deeper understanding of reaction mechanisms, 
mass transfer limitations, and process optimization strategies. 
Consequently, characterizing organic carbon fractions is 
critical for designing effective valorization technologies that 
maximize recovery while minimizing energy consumption and 
environmental impacts.

Nitrogen speciation (ammonia, organic nitrogen)

Nitrogen present in biosolids exists in multiple forms, 
primarily as ammoniacal nitrogen (NH₄⁺/NH₃) and organically 
bound nitrogen associated with proteins, amino acids, and 
microbial biomass. The distribution of these nitrogen species 
is strongly infl uenced by wastewater characteristics and 
treatment processes, particularly biological nitrogen removal 
and sludge stabilization techniques [18,19]. Organic nitrogen 
constitutes a signifi cant fraction in untreated or primary sludge, 
whereas secondary and digested sludges typically contain 
higher concentrations of ammonium due to the mineralization 
of organic matter during biological treatment processes [18]. 
Ammoniacal nitrogen is of particular interest for resource 
recovery, as it can be directly utilized in electrochemical 
systems for hydrogen production via ammonia electrolysis or 
recovered as ammonium salts for fertilizer applications [24]. 
In contrast, organically bound nitrogen requires additional 
conversion steps, such as hydrolysis and deamination, to 
release ammonia before it can be effectively recovered or 
utilized. The coexistence of multiple nitrogen forms presents 
both opportunities and challenges for valorization processes, 

However, a comprehensive review integrating electrochemical 
pathways for hydrogen production, nutrient recovery, metal 
extraction, reactor engineering considerations, techno-
economic assessment, life-cycle analysis, and circular economy 
perspectives remains lacking. The present review addresses 
this gap by providing a holistic evaluation of electrochemical 
biosolids valorization technologies and their potential role in 
transforming wastewater treatment systems into resource 
recovery platforms.

Composition and resource potential of bioso-
lids

Organic carbon fractions

Biosolids derived from wastewater treatment processes 
contain a substantial fraction of organic carbon, which 
represents a key resource for energy and material recovery. The 
organic carbon in biosolids is typically composed of a complex 
mixture of biodegradable and refractory compounds, including 
proteins, carbohydrates, lipids, humic substances, and microbial 
cell debris formed during biological treatment processes. The 
distribution and composition of these carbon fractions depend 
strongly on the nature of the infl uent wastewater and the 
treatment processes employed, particularly biological oxidation 
and sludge stabilization methods [18]. Readily biodegradable 
components, such as simple carbohydrates and proteins, are 
more amenable to biological and electrochemical conversion, 
whereas more recalcitrant fractions, including humic and fulvic 
substances, exhibit resistance to degradation and often require 
advanced oxidation or electrochemical treatment for effective 
breakdown [16]. The presence of these diverse carbon fractions 
provides signifi cant opportunities for resource recovery, as 
they can be transformed into energy carriers such as biogas and 

Table 1: Comparison of Recent Reviews Related to Biosolids Valorization and the Unique Scope of This Review.

References Primary Focus
Electrochemical 

Technologies
Hydrogen 
Recovery

Nutrient 
Recovery

Metal 
Recovery

TEA LCA
Reactor 

Engineering & 
Scale-Up

Integrated 
Circular 

Economy 
Perspective

[17]
Sewage sludge 

management and 
utilization

✗ ✗ Limited ✗ ✗ ✗ ✗ Limited

[23]
Thermochemical 

conversion of sewage 
sludge

✗ Partial ✗ ✗ Limited ✗ Partial Partial

[25]
Phosphorus recovery 
from wastewater and 

sludge
✗ ✗ ✓ ✗ Partial ✗ ✗ Partial

[26]
Bioelectrochemical 

systems for resource 
recovery

✓ ✓ Partial ✗ ✗ ✗ Partial Partial

[27]
Electrochemical 

advanced oxidation 
processes

✓ ✗ ✗ ✗ ✗ ✗ Limited ✗

[28]
Nutrient recovery 
technologies from 

wastewater
Partial ✗ ✓ ✗ Partial ✗ ✗ Partial

This Review

Electrochemical 
valorization of biosolids 

for resource recovery 
and high-value product 

generation

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
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as selective recovery depends on controlling reaction pathways, 
pH, and electrochemical conditions. Therefore, understanding 
nitrogen speciation in biosolids is critical for optimizing 
electrochemical treatment strategies aimed at maximizing 
nutrient recovery and minimizing energy consumption.

Phosphorus forms and mineral associations

Phosphorus present in biosolids is a critical resource due to 
its essential role in agriculture and the increasing concerns over 
the depletion of natural phosphate reserves. In wastewater-
derived sludge, phosphorus exists in both inorganic and 
organic forms, with inorganic phosphorus typically dominating 
in stabilized biosolids. These forms include orthophosphates, 
polyphosphates, and mineral-bound phosphates associated 
with metal ions such as calcium, iron (Fe), and aluminum, 
depending on the treatment processes employed [29]. 
Chemical phosphorus removal processes, particularly those 
involving iron and aluminum salts, lead to the formation of 
stable metal-phosphate complexes that can limit phosphorus 
bioavailability but enhance its retention within sludge matrices 
[30]. In contrast, biologically enhanced phosphorus removal 
(EBPR) processes result in the accumulation of polyphosphate 
within microbial cells, which can be subsequently released 
under controlled conditions to facilitate recovery [31].

From a resource recovery perspective, these phosphorus 
fractions provide signifi cant opportunities for the production 
of fertilizers, particularly through processes such as struvite 
(MgNH₄PO₄·6H₂O) precipitation and calcium phosphate 
recovery. However, the effi ciency of phosphorus recovery is 
strongly infl uenced by its chemical speciation, solubility, and 
association with other elements within the sludge matrix. For 
instance, phosphorus bound to iron and aluminum tends to 
be less readily recoverable compared to calcium-associated or 
soluble phosphate forms, necessitating the use of advanced 
treatment or electrochemical processes to enhance release 
and recovery [32]. Therefore, a detailed understanding of 
phosphorus forms and their mineral associations is essential 
for designing effective valorization strategies that maximize 
nutrient recovery while ensuring product quality and process 
effi ciency.

Trace metals and inorganic constituents

Biosolids contain a wide range of trace metals and inorganic 
constituents originating from domestic, industrial, and urban 
wastewater inputs, as well as from chemical additives used 
during treatment processes. Commonly detected metals 
include iron (Fe), aluminum (Al), zinc (Zn), copper (Cu), nickel 
(Ni), chromium (Cr), and lead (Pb), with their concentrations 
varying signifi cantly depending on the source of wastewater 
and the treatment confi guration [33]. Iron and aluminum 
are often present in elevated concentrations due to their use 
as coagulants in phosphorus removal processes, resulting 
in the formation of metal hydroxides and metal-phosphate 
complexes within the sludge matrix. These inorganic 
components play a dual role in biosolids management: while 
certain micronutrients such as Zn and Cu can be benefi cial for 
agricultural applications at low concentrations, excessive levels 

of heavy metals pose environmental and regulatory concerns, 
particularly for land application [17].

From a resource recovery perspective, the presence of 
metal species offers both challenges and opportunities. Metal 
ions can interfere with nutrient recovery processes by forming 
stable complexes with phosphorus and organic matter, thereby 
reducing bioavailability and recovery effi ciency. Conversely, 
emerging electrochemical technologies provide pathways 
for selective metal recovery through electrodeposition, 
electrocoagulation, and redox-mediated separation 
processes, enabling the extraction of valuable metals while 
simultaneously improving sludge quality [34]. In addition, 
inorganic constituents such as silica, calcium, and magnesium 
infl uence sludge dewaterability, ash formation during thermal 
treatment, and precipitation reactions during nutrient recovery 
processes. Therefore, understanding the composition and 
behavior of trace metals and inorganic constituents is essential 
for optimizing biosolids valorization strategies, particularly in 
the context of electrochemical systems aimed at simultaneous 
recovery of nutrients and valuable materials. Table 2 is 
presented to summarize the compositions, properties, and 
resource potential of biosolids.

Energy and material recovery potential

Biosolids represent a signifi cant reservoir of embedded 
energy and valuable materials, making them an attractive 
feedstock for resource recovery within sustainable wastewater 
management frameworks. The high organic content of sludge 
provides considerable potential for energy recovery, typically 
quantifi ed in terms of chemical oxygen demand (COD) and 
volatile solids, which can be converted into energy carriers 
such as biogas, hydrogen, and other fuels through biological, 
thermal, and electrochemical processes [35]. In addition to 
energy recovery, biosolids are rich in essential nutrients, 
particularly nitrogen and phosphorus, which can be reclaimed 
and reused as fertilizers, contributing to the conservation 
of fi nite natural resources such as phosphate rock [37]. The 
recovery of intermediate products, including volatile fatty 
acids and organic acids, further enhances the potential for 
integrating biosolids into biorefi nery concepts aimed at 
producing value-added chemicals.

Recent advancements in electrochemical and hybrid 
treatment technologies have expanded the scope of resource 
recovery by enabling the direct conversion of sludge 
components into hydrogen, ammonia-based products, and 
functional materials under controlled conditions. These 
approaches offer advantages in terms of process selectivity, 
modularity, and compatibility with renewable energy 
sources, thereby improving overall system sustainability [36]. 
However, the effi ciency of energy and material recovery is 
strongly infl uenced by factors such as sludge composition, 
pretreatment requirements, process integration, and energy 
input, which must be carefully optimized to ensure economic 
viability. Consequently, unlocking the full resource potential of 
biosolids requires a holistic approach that integrates advanced 
conversion technologies with process engineering and life-
cycle considerations, positioning biosolids as a key component 
in circular economy-driven resource recovery systems.
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Fundamentals of electrochemical sludge va-
lorization

Electrochemical principles in complex matrices

Traditional primary and secondary treatments have 
achieved great success in the control of conventional water 
quality indicators. However, the global occurrence of emerging 
toxic organic pollutants in water has raised concerns about 
serious adverse effects on aquatic ecosystems and human 
health [38,39]. Electrochemical processes applied to biosolids 
valorization operate within highly complex and heterogeneous 
matrices, where organic matter, inorganic ions, suspended 
solids, and microbial components interact simultaneously 
under applied electrical fi elds. Unlike conventional aqueous 
systems, sludge-based matrices exhibit signifi cant variability 
in conductivity, pH, ionic strength, and mass transport 
behavior, all of which infl uence electrochemical performance 
and reaction pathways. The fundamental principle governing 
these systems involves the transfer of electrons at the 
electrode–electrolyte interface, where oxidation reactions 
typically occur at the anode and reduction reactions at the 
cathode, enabling the transformation of organic and inorganic 
species into value-added products [40]. However, the presence 
of particulate matter and complex organic compounds in 
biosolids introduces additional resistances, including diffusion 
limitations and electrode fouling, which can hinder electron 
transfer effi ciency and reduce process effectiveness [27]. Figure 
3 is the schematic representation of electrochemical processes 
occurring in complex biosolid matrices, illustrating anodic 
oxidation and cathodic reduction reactions, and electron fl ow 
infl uencing reaction kinetics and system performance.

In such complex environments, indirect electrochemical 
processes often play a dominant role, where reactive species 
such as hydroxyl radicals (•OH), active chlorine, or other 
oxidants are generated in situ and subsequently react with 

target compounds. These mediated pathways are particularly 
important for the degradation of recalcitrant organic fractions 
and the release of bound nutrients, thereby enhancing resource 
recovery potential [41]. Additionally, the selection of electrode 
materials, including boron-doped diamond (BDD), mixed metal 
oxides, and carbon-based electrodes, signifi cantly affects 
reaction selectivity, overpotential, and long-term stability 
in sludge systems. The interplay between electrochemical 
kinetics, mass transfer, and matrix complexity ultimately 
determines system performance, highlighting the need for 
optimized reactor design and operational strategies tailored 
to biosolids treatment. Understanding these fundamental 
principles is essential for advancing electrochemical sludge 
valorization technologies and enabling effi cient conversion of 
complex waste matrices into valuable resources.

Electrode reactions and redox pathways

Electrode reactions and associated redox pathways play 
a central role in determining the effi ciency and selectivity of 
electrochemical sludge valorization processes. At the anode, 
oxidation reactions are responsible for the transformation of 
organic matter, ammonia, and other reduced species present 
in biosolids, while reduction reactions at the cathode facilitate 
the generation of valuable products such as hydrogen or 
reduced chemical intermediates. The anodic oxidation of 
organic compounds can proceed via direct electron transfer 
at the electrode surface or through indirect pathways 
involving electrogenerated oxidants such as hydroxyl radicals, 
sulfate radicals, or active chlorine species, depending on the 
electrolyte composition and electrode material [42]. These 
oxidative pathways contribute to the breakdown of complex 
and recalcitrant organics, enabling their conversion into 
smaller, more reactive molecules or complete mineralization 
to carbon dioxide.

In parallel, cathodic reactions are crucial for resource 
recovery, particularly in hydrogen evolution reactions (HER), 
where protons or water molecules are reduced to produce 
hydrogen gas under suitable electrochemical conditions. In 
systems containing nitrogen species, cathodic and anodic 
reactions may also facilitate ammonia oxidation or reduction 
pathways, enabling nitrogen recovery or transformation into 
useful products such as ammonium salts or nitrogen gas [43]. 
The competition between desired and parasitic reactions, 
including oxygen evolution at the anode and side reactions at 
the cathode, signifi cantly infl uences overall process effi ciency 
and energy consumption. Furthermore, electrode material 
properties—including catalytic activity, overpotential, surface 
area, and resistance to fouling—strongly govern the kinetics 
of redox reactions and the distribution of reaction products. 
Therefore, a detailed understanding of electrode reactions and 
redox mechanisms is essential for optimizing electrochemical 
systems aimed at maximizing resource recovery from complex 
biosolid matrices. Table 3 validates the redox pathway 
mechanisms. 

Mass transfer and charge transport limitations

Mass transfer and charge transport phenomena play a 
critical role in governing the performance and effi ciency of Figure 3: Electrochemical fundamentals in biosolid matrices.
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electrochemical sludge valorization systems, particularly due 
to the heterogeneous and multiphase nature of biosolids. 
In such complex matrices, the transport of reactants, 
intermediates, and products between the bulk phase and 
electrode surfaces is often hindered by high solids content, 
viscosity, and the presence of colloidal and particulate matter. 
These factors contribute to the formation of diffusion boundary 
layers and concentration gradients, which can signifi cantly 
limit reaction rates and reduce overall process effi ciency 
[42,48]. Additionally, the migration of ionic species under an 
applied electric fi eld, coupled with diffusion and convection 
mechanisms, determines the availability of electroactive 
species at the electrode interface, thereby infl uencing reaction 
kinetics and selectivity.

Charge transport within sludge systems is further 
complicated by variations in electrical conductivity, which 
depend on ionic strength, dissolved salts, and the composition 
of organic and inorganic constituents. Low conductivity can lead 
to increased ohmic resistance, higher energy consumption, and 
uneven current distribution within the reactor [49]. Moreover, 
electrode fouling caused by the deposition of organic matter, 
biofi lms, or inorganic precipitates can obstruct active sites 
and hinder electron transfer processes, further exacerbating 
transport limitations. Strategies to overcome these challenges 
include reactor design optimization to enhance mixing and 
turbulence, the use of conductive additives or supporting 
electrolytes to improve ionic transport, and the development of 
advanced electrode materials with high surface area and anti-
fouling properties [34,36]. A comprehensive understanding 
of mass transfer and charge transport limitations is therefore 
essential for improving the effi ciency, scalability, and economic 
viability of electrochemical systems for biosolids valorization.

Reactor confi gurations and cell architectures

The design of reactor confi gurations and electrochemical cell 
architectures is a critical factor infl uencing the performance, 
scalability, and economic feasibility of electrochemical sludge 
valorization processes. Due to the complex and heterogeneous 
nature of biosolids, reactor systems must be carefully 
engineered to ensure effective contact between electrodes and 
the sludge matrix while maintaining effi cient mass and charge 
transport. Common electrochemical reactor confi gurations 
include batch reactors, continuous-fl ow systems, divided and 
undivided cells, as well as advanced designs such as fl uidized-

bed and three-dimensional electrode reactors, each offering 
distinct advantages depending on the target application [50]. 
Undivided cells are often preferred for simplicity and lower 
capital cost, whereas divided cells equipped with ion-exchange 
membranes enable selective separation of anodic and cathodic 
reactions, improving product purity and process control.

Recent advancements have focused on the development 
of three-dimensional (3D) electrode systems, where particle 
electrodes or porous conductive materials are introduced to 
signifi cantly increase the active surface area and enhance 
reaction rates. These confi gurations improve mass transfer and 
reduce diffusion limitations, making them particularly suitable 
for treating high-strength and particulate-rich sludge streams 
[51]. Additionally, fl ow-through and fi lter-press reactor 
designs have been explored to enable continuous operation and 
scalability, which are essential for practical implementation 
in wastewater treatment facilities. Key design considerations 
include electrode spacing, current distribution, hydraulic 
retention time, and energy consumption, all of which must 
be optimized to balance process effi ciency with operational 
cost [52]. Therefore, the selection and optimization of reactor 
confi gurations play a pivotal role in translating electrochemical 
sludge valorization technologies from laboratory-scale studies 
to full-scale applications.

Electrochemical recovery of nitrogen and hy-
drogen

Ammonia electrolysis mechanisms

Ammonia, as a chemical raw material, is widely used 
in the manufacture of fertilizer and the production of 
pharmaceuticals, synthetic fi bers, resins, etc [53]. Ammonia 
electrolysis has emerged as a promising pathway for 
simultaneous nitrogen recovery and hydrogen production from 
ammonia-rich streams derived from biosolids. The industrial 
synthesis of ammonia mainly adopts the Haber–Bosch (H–B) 
process, which requires high temperature (300–500 °C) and 
high pressure (200–300 atm) [54–56]. The H–B process 
for NH3 synthesis consumes 2% of the world’s energy and 
produces 1.5% of the global CO2 emission per year [57–59]. 
In electrochemical systems, ammonia (NH₃) acts as a hydrogen 
carrier and can be oxidized at the anode under alkaline 
conditions, while hydrogen is produced at the cathode through 
reduction reactions. The overall process is thermodynamically 
favorable compared to conventional water electrolysis, as 

Table 3: Electrochemical treatment disintegrates the complex sludge matrix through a combination of physical (thermal) and chemical (radical) pathways.

Process Step Mechanism Key Products References

Cell Lysis
Direct oxidation and in-situ generation of •OH, SO4, and OCl- (hypochlorite) disrupt extracellular 

polymeric substances (EPS) and cell walls. Thermal effects (up to 59°C) synergistically 
accelerate protein release.

Solubilized organics, dissolved 
organic carbon (DOC). [44,45]

Hydrolysis
Sluggish biological hydrolysis (rate-limiting) is bypassed using Cu(II)/Cu(III) or Ni(II)/Ni(III) 
redox couples on metal electrodes. Surfactant or thermal enhancement can further reduce 

fermentation time.

Short-chain fatty acids (SCFAs), 
volatile fatty acids (VFAs).

[46]

Gas Evolution
Traditional water splitting involves the Hydrogen Evolution Reaction (HER) at the cathode and 

the Oxygen Evolution Reaction (OER) at the anode. Modern systems replace low-value OER with 
organic oxidation to improve effi  ciency.

Clean H2 fuel, value-added 
oxygenated chemicals.

[44,45]

Precipitation
Proton consumption at the cathode surface creates a localized high-pH environment (pH 8.3–

9.5). Sacrifi cial magnesium anodes release Mg2+ to trigger the crystallization of minerals.
Struvite (Mg NH4 PO4 •6H2O), metal 

hydroxides.
[47]
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ammonia oxidation requires a signifi cantly lower theoretical 
cell potential (~0.06 V vs. 1.23 V for water splitting), thereby 
offering substantial energy savings [60]. 

At the anode, ammonia oxidation proceeds through a series 
of complex reaction pathways involving adsorbed nitrogen 
intermediates, ultimately producing nitrogen gas (N₂) as the 
primary product. The generalized anodic reaction in alkaline 
media can be expressed as:

2NH₃ + 6OH⁻ → N₂ + 6H₂O + 6e⁻

Simultaneously, at the cathode, water 
reduction leads to hydrogen evolution:
6H₂O + 6e⁻ → 3H₂ + 6OH⁻

The overall reaction results in the conversion of ammonia 
into nitrogen gas and hydrogen, enabling both pollutant 
removal and clean energy generation. However, the kinetics of 
ammonia oxidation are relatively sluggish and highly dependent 
on catalyst properties, often requiring noble or transition 
metal-based electrocatalysts such as platinum, nickel, or 
their alloys to enhance reaction rates and reduce overpotential 
[61]. Reaction selectivity and effi ciency are further infl uenced 
by operational parameters including pH, temperature, 
ammonia concentration, and electrode surface characteristics. 
Competing side reactions, such as the formation of nitrate or 
nitrite, may occur under certain conditions, reducing overall 
nitrogen recovery effi ciency. Additionally, catalyst poisoning 
and surface fouling due to intermediates or impurities present 
in sludge-derived streams can hinder long-term performance 
[62]. Despite these challenges, recent advancements in catalyst 
development and reactor design have demonstrated signifi cant 
improvements in ammonia electrolysis effi ciency, positioning 
it as a key technology for integrated hydrogen production 
and nitrogen recovery in electrochemical sludge valorization 
systems. 

To facilitate comparison among reported ammonia 
electrolysis systems, Table 4 summarizes representative 
operating parameters and catalyst performances reported 
in the literature. Catalyst composition strongly infl uences 
ammonia oxidation kinetics, cell voltage requirements, 
and hydrogen production effi ciency. Noble metal catalysts, 
particularly Pt-based bimetallic systems, generally exhibit 

superior catalytic activity and lower operating voltages, 
whereas transition metal-based materials are being actively 
investigated as cost-effective alternatives for large-scale 
applications. The continuous development of highly active and 
durable catalysts remains a key requirement for improving the 
practical feasibility of electrochemical hydrogen generation 
from ammonia.

Hydrogen production from sludge-derived streams

Hydrogen production from sludge-derived streams has 
gained increasing attention as a sustainable pathway for 
converting waste into clean energy within wastewater treatment 
systems. Biosolids and their associated liquid fractions, such 
as sludge liquor and anaerobic digestion effl uents, are rich in 
organic compounds and reduced nitrogen species that can serve 
as feedstocks for hydrogen generation through electrochemical 
and hybrid processes. In electrochemical systems, hydrogen is 
primarily produced via the HER at the cathode, where water or 
proton reduction occurs depending on the operating conditions 
and electrolyte composition [65]. The presence of organic 
substrates and ammonia in sludge-derived streams can 
further enhance hydrogen production by lowering the required 
cell potential through alternative anodic reactions, such as 
ammonia oxidation or organic electro-oxidation. Compared 
to conventional water electrolysis, the use of sludge-derived 
streams offers signifi cant advantages, including reduced energy 
consumption and the simultaneous treatment of waste while 
producing valuable energy carriers. However, the complexity 
of these streams introduces challenges related to mass transfer 
limitations, electrode fouling, and the presence of impurities 
that can inhibit catalytic activity [66]. To address these issues, 
advanced electrode materials such as nickel-based catalysts, 
carbon-supported metals, and nanostructured electrodes have 
been explored to improve catalytic effi ciency and durability 
under realistic operating conditions.

In addition to purely electrochemical approaches, 
bioelectrochemical systems such as microbial electrolysis 
cells (MECs) have demonstrated the ability to convert organic 
matter in sludge into hydrogen through the synergistic 
action of electroactive microorganisms and applied voltage. 
These systems enable the utilization of biodegradable 
substrates while enhancing overall hydrogen yields beyond 
those achievable through conventional anaerobic processes 

Table 4: Representative Performance Metrics of Electrochemical Ammonia Oxidation Systems for Hydrogen Production.

Electrode/Catalyst Electrolyte
Cell Voltage 

(V)
Current Density 

(mA cm-2)
Energy Performance Key Observation References

Pt Alkaline NH�/KOH ~0.6–0.8 >50
High catalytic activity but 
susceptible to poisoning

Benchmark catalyst for 
ammonia oxidation

[63]

Pt-Ir Alkaline NH�/KOH ~0.4–0.6 >100
Improved activity and lower 

operating voltage
Enhanced ammonia oxidation 

kinetics and cell effi  ciency
[63]

Pt-Ru Alkaline NH�/KOH ~0.5–0.7 >100
Improved catalyst stability 

and activity
Reduced catalyst deactivation 

compared with Pt alone
[63]

Ni-Based Catalysts Alkaline NH�/KOH 0.5–1.0 20–100
Lower-cost alternative to 

noble metals

Promising scalability but 
lower activity than Pt-based 

catalysts
[61]

Transition Metal-Based Catalysts 
(Ni, Co, Cu systems)

Alkaline media 0.4–0.9 Variable
Reduced catalyst cost and 

improved durability

Emerging alternatives 
for large-scale ammonia 

electrolysis
[64]



9

https://www.agriscigroup.us/journals/annals-of-environmental-science-and-toxicology

Citation: Poda S, Botte GG. Electrochemical Valorization of Biosolids: A Comprehensive Review of Resource Recovery and High-Value Product Generation. Ann 
Environ Sci Toxicol. 2026;10(1): 1-24. Available from: https://dx.doi.org/10.17352/aest.000092

[67]. Despite promising advancements, challenges related to 
system scalability, energy effi ciency, and long-term stability 
remain signifi cant barriers to large-scale implementation. 
Nevertheless, the integration of electrochemical hydrogen 
production with sludge treatment processes represents a 
key step toward sustainable energy recovery and circular 
wastewater management. Figure 4, conceptual diagram 
showing the conversion of sludge-derived streams into 
hydrogen and nitrogen-based products through ammonia 
oxidation, hydrogen evolution, and selective ammonium 
recovery pathways under controlled electrochemical conditions.

Selective nitrogen recovery as ammonium salts

Selective recovery of nitrogen from biosolids in the form 
of ammonium salts represents a sustainable strategy for 
nutrient recycling and fertilizer production within wastewater 
treatment systems. Ammoniacal nitrogen released during 
sludge digestion and hydrolysis is typically present in liquid 
streams such as centrate and fi ltrate, providing an accessible 
source for recovery. Electrochemical processes enable the 
selective separation and concentration of ammonium ions 
(NH₄⁺) through mechanisms such as electrochemical stripping, 
membrane electrolysis, and electro-driven ion transport, 
offering advantages over conventional biological nitrogen 
removal processes that convert reactive nitrogen into inert 
nitrogen gas (N₂) [68]. One widely studied approach involves 
the electrochemical generation of alkaline conditions near the 
cathode, which promotes the conversion of ammonium ions 
to free ammonia (NH₃), facilitating its subsequent stripping 
and capture in acidic solutions to form valuable ammonium 
salts such as ammonium sulfate or ammonium nitrate. This 
method allows for the recovery of nitrogen in a concentrated 
and reusable form while minimizing chemical consumption 
compared to traditional stripping processes [68,69]. 
Additionally, electrochemical systems can be integrated with 
ion-exchange membranes to selectively transport ammonium 
ions across compartments, enhancing separation effi ciency 
and enabling continuous recovery processes.

The effi ciency of ammonium recovery is infl uenced by 
several operational parameters, including pH, current density, 
temperature, and membrane selectivity, as well as the presence 
of competing ions such as potassium and sodium in sludge-
derived streams. Challenges remain in terms of membrane 
fouling, energy consumption, and process optimization for 
large-scale applications [70]. Nevertheless, electrochemical 
nitrogen recovery offers a promising alternative to conventional 
treatment methods by enabling the direct conversion of waste-
derived nitrogen into marketable fertilizer products, thereby 
contributing to circular nutrient management and reducing 
reliance on energy-intensive synthetic fertilizer production 
processes.

Competing oxidation pathways and selectivity control

In electrochemical sludge valorization systems, the 
presence of multiple reactive species within complex biosolid 
matrices gives rise to competing oxidation pathways that 
can signifi cantly infl uence process effi ciency and product 
selectivity. During anodic reactions, target species such as 
ammonia and organic compounds compete with side reactions, 
including oxygen evolution (OER) and the formation of 
undesired nitrogen byproducts such as nitrate (NO₃⁻) and nitrite 
(NO₂⁻). These competing pathways reduce current effi ciency 
and increase energy consumption, thereby limiting the 
effectiveness of electrochemical resource recovery processes 
[71]. The competition between direct electron transfer 
and indirect oxidation via reactive intermediates further 
complicates reaction mechanisms, particularly in systems 
where oxidants such as hydroxyl radicals or active chlorine 
species are generated in situ. Selectivity control is therefore 
a critical aspect of electrochemical process optimization, 
requiring careful tuning of operational parameters and 
material properties. Factors such as electrode material, applied 
potential, electrolyte composition, and pH strongly infl uence 
the dominant reaction pathways. For example, non-active 
anodes such as boron-doped diamond (BDD) tend to favor the 
generation of highly reactive hydroxyl radicals, promoting 

Figure 4: Electrochemical recovery of nitrogen and hydrogen.
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non-selective oxidation, whereas active anodes such as 
mixed metal oxides facilitate more selective electron transfer 
processes [72]. Similarly, controlling the applied potential 
within an optimal window can suppress parasitic reactions 
such as oxygen evolution while enhancing the desired oxidation 
of ammonia or organic compounds. In addition, electrolyte 
composition plays a signifi cant role in determining selectivity, 
as the presence of chloride ions can lead to the formation of 
reactive chlorine species, which may either enhance oxidation 
effi ciency or produce undesirable chlorinated byproducts. 
Advanced strategies such as pulsed current operation, 
catalyst modifi cation, and reactor design optimization have 
been explored to improve selectivity and minimize energy 
losses [73]. Understanding and controlling these competing 
oxidation pathways is essential for maximizing product yield 
and ensuring the effi cient conversion of biosolids into valuable 
resources within electrochemical systems.

Electro-oxidation of organic matter

Degradation of complex organics

Electro-oxidation has emerged as an effective approach 
for the degradation of complex organic compounds present in 
biosolids, particularly those that are resistant to conventional 
biological treatment processes. These organics, including 
proteins, lipids, extracellular polymeric substances (EPS), and 
humic-like substances, are often structurally complex and 
recalcitrant, limiting their biodegradability. In electrochemical 
systems, degradation occurs primarily through anodic 
oxidation, which can proceed via direct electron transfer at 
the electrode surface or indirectly through the generation of 
highly reactive oxidizing species such as hydroxyl radicals 
(•OH), sulfate radicals, and active chlorine species, depending 
on the electrolyte composition [74,75]. The non-selective 
nature of these reactive species enables the breakdown of 
high-molecular-weight organic compounds into smaller 
intermediates, such as short-chain carboxylic acids, and 
ultimately their mineralization to carbon dioxide and water 
under optimized conditions [76,77]. This transformation not 
only reduces the overall organic load but also enhances the 
biodegradability of sludge, facilitating downstream biological 
or electrochemical processes. For instance, electrochemical 
pretreatment has been shown to disrupt extracellular 
polymeric substances and increase soluble chemical oxygen 
demand (sCOD), thereby improving hydrolysis and subsequent 
conversion pathways [78]. 

Furthermore, the effi ciency of organic degradation is 
strongly dependent on electrode material, current density, 
and operational conditions. Advanced anode materials such 
as boron-doped diamond (BDD) and PbO₂ exhibit high oxygen 
evolution overpotentials, enabling the generation of large 
quantities of hydroxyl radicals and enhancing oxidation 
effi ciency [79,80]. Despite these advantages, challenges such 
as incomplete mineralization, formation of intermediate 
byproducts, and energy consumption remain critical 
considerations for practical implementation. Therefore, 
optimizing electro-oxidation pathways for complex organic 
degradation is essential for maximizing resource recovery and 

integrating these processes into sustainable sludge valorization 
systems.

Generation of short-chain organic acids

In addition to complete mineralization, electro-oxidation 
processes can be strategically controlled to promote the 
formation of value-added intermediates from complex organic 
matter present in biosolids. Partial oxidation pathways enable 
the conversion of high-molecular-weight and recalcitrant 
organics into lower-molecular-weight compounds such as 
volatile fatty acids (VFAs), including acetate, propionate, and 
butyrate, as well as other short-chain organic acids. These 
intermediates are of signifi cant interest due to their role as 
platform chemicals for bioenergy production, bioplastics, 
and downstream biochemical processes [81,82]. Research on 
the infl uence of the combined effects of functional groups 
and chain lengths of organic matter on MH formation has 
been limited primarily due to the complexity of organic matter 
in various environments. Researchers have suggested 
that long-chain amino acids can promote MH formation, 
while short-chain amino acids have an opposite effect [83,84]. 
The generation of short-chain organic acids (SCOAs) from 
biosolids through electrochemical processes represents a 
promising pathway for transforming complex waste into 
valuable chemical intermediates. During electro-oxidation, 
the breakdown of macromolecular organic matter—such as 
proteins, lipids, and polysaccharides—leads to the formation 
of intermediate compounds, including acetic, propionic, and 
butyric acids. These SCOAs are key platform chemicals widely 
utilized in the production of biofuels, bioplastics, and other 
industrial products, making their recovery an important 
component of sludge valorization strategies [85,86]. Unlike 
complete mineralization processes, controlled electrochemical 
conditions can be tailored to favor partial oxidation pathways 
that enhance the accumulation of these acids.

The formation of SCOAs is strongly infl uenced by the 
operational conditions of the electrochemical system. 
Parameters such as current density, electrode material, and 
reaction time determine the balance between intermediate 
formation and further oxidation to carbon dioxide. Lower 
oxidative potentials and optimized reaction times have been 
shown to promote the accumulation of SCOAs by limiting 
over-oxidation, while specifi c electrode materials, such as 
graphite and dimensionally stable anodes (DSA), provide 
favorable conditions for selective conversion [87]. In addition, 
electrochemical pretreatment enhances the solubilization 
of particulate organics and disrupts extracellular polymeric 
substances (EPS), increasing substrate availability for acid 
formation [88]. Furthermore, coupling electrochemical 
processes with biological systems, such as anaerobic 
fermentation or bioelectrochemical reactors, can signifi cantly 
improve SCOA yields by integrating electrochemical hydrolysis 
with microbial acidogenesis. This hybrid approach enables 
more effi cient conversion of solubilized organics into target 
acids while reducing overall energy consumption [89]. Despite 
these advancements, challenges remain in achieving high 
selectivity, controlling product distribution, and optimizing 
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energy effi ciency for large-scale applications. Therefore, 
further research is needed to refi ne electrochemical conditions 
and integrate complementary processes to maximize the 
production and recovery of short-chain organic acids from 
biosolids. 

Mineralization versus partial oxidation

Electrochemical treatment of biosolids can proceed through 
two primary pathways: complete mineralization and partial 
oxidation, each offering distinct advantages depending on the 
desired outcome. Mineralization involves the full conversion of 
organic compounds into carbon dioxide, water, and inorganic 
ions, typically driven by highly reactive oxidizing species such 
as hydroxyl radicals (•OH) generated at non-active anodes like 
boron-doped diamond (BDD) [22]. This approach is effective 
for reducing overall organic load and toxicity; however, it often 
requires higher energy input and may not fully capitalize on 
the resource recovery potential of biosolids.

In contrast, partial oxidation focuses on selectively 
breaking down complex organics into intermediate compounds 
such as short-chain organic acids and other value-added 
chemicals. This pathway is generally favored under controlled 
electrochemical conditions, including lower current densities 
and the use of electrode materials with moderate oxidation 
strength, which help prevent over-oxidation [27,50]. The 
balance between mineralization and partial oxidation is 
infl uenced by factors such as applied potential, reaction time, 
and electrolyte composition. Achieving optimal selectivity 
requires careful process control to maximize intermediate 
production while minimizing energy consumption and 
undesired byproducts. Therefore, tailoring electrochemical 
conditions to favor either mineralization or partial oxidation 
is essential for aligning sludge treatment processes with 
environmental or resource recovery objectives.

Advanced electrode materials

The performance of electrochemical sludge valorization 
processes is highly dependent on the properties of electrode 
materials, which govern reaction kinetics, selectivity, and 
system stability. Advanced electrode materials such as boron-
doped diamond (BDD), mixed metal oxides (MMOs), and 
carbon-based electrodes have been extensively studied for their 
ability to enhance electro-oxidation effi ciency. BDD electrodes 
are characterized by high oxygen evolution overpotentials and 
the generation of non-selective hydroxyl radicals, enabling 
effective mineralization of recalcitrant organic compounds 
[72,90]. In contrast, MMOs, such as Ti/IrO₂ and Ti/RuO₂, 
facilitate more selective oxidation pathways due to their lower 
overpotentials and catalytic activity, making them suitable for 
partial oxidation and intermediate production [91].

Carbon-based electrodes, including graphite, carbon felt, 
and graphene-based materials, offer advantages such as high 
surface area, conductivity, and cost-effectiveness. These 
materials are particularly relevant for applications requiring 
selective transformation and bioelectrochemical integration 
due to their favorable interaction with organic substrates and 

microbial communities [92]. The choice of electrode material 
directly infl uences the formation of reactive species, energy 
effi ciency, and resistance to fouling, all of which are critical 
for long-term operation in sludge systems. Therefore, the 
development and optimization of advanced electrode materials 
remain a key focus area for improving the performance 
and scalability of electrochemical biosolids valorization 
technologies (Table 5). 

Reaction kinetics and mechanistic pathways

Understanding reaction kinetics and mechanistic pathways 
is essential for optimizing electrochemical degradation and 
valorization of organic matter in biosolids. Electrochemical 
reactions typically follow complex, multi-step mechanisms 
involving adsorption of reactants onto the electrode surface, 
electron transfer, and formation of intermediate species before 
fi nal product generation. The rate of these reactions is governed 
by factors such as current density, electrode surface properties, 
mass transport, and the concentration of reactive species [94]. 
In sludge systems, the presence of heterogeneous components 
further complicates reaction kinetics, introducing additional 
resistances related to diffusion limitations and surface fouling.

Mechanistically, electro-oxidation can proceed via direct 
anodic oxidation, where pollutants are oxidized at the electrode 
surface, or indirect oxidation, involving electrogenerated 
oxidants such as hydroxyl radicals, persulfates, or active 
chlorine species. The dominance of a particular pathway 
depends on electrode material and operating conditions, which 
infl uence the generation and reactivity of these species [48,95]. 
Kinetic models, including pseudo-fi rst-order and mass 
transfer-controlled models, are often employed to describe 
degradation behavior and evaluate system performance. A 
thorough understanding of these kinetic and mechanistic 
aspects enables the design of more effi cient electrochemical 
systems, facilitating improved selectivity, reduced energy 
consumption, and enhanced recovery of valuable products 
from biosolids.

Bioelectrochemical systems for sludge valo-
rization

Microbial electrolysis cells (mecs) for hydrogen produc-
tion

Microbial electrolysis cells (MECs) have emerged as a 
promising bioelectrochemical technology for converting 
organic matter in biosolids into hydrogen, integrating biological 
and electrochemical processes within a single system. In MECs, 
electroactive microorganisms oxidize biodegradable organic 
substrates present in sludge at the anode, releasing electrons 
and protons. These electrons are transferred through an 
external circuit to the cathode, where hydrogen is produced via 
the hydrogen evolution reaction (HER) under the application 
of a small external voltage [96]. Compared to conventional 
water electrolysis, MECs require signifi cantly lower energy 
input due to the contribution of microbial metabolism, making 
them an energy-effi cient pathway for hydrogen production 
from waste streams. The performance of MECs is strongly 
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infl uenced by substrate characteristics, microbial community 
composition, electrode materials, and reactor confi guration. 
Sludge-derived substrates, particularly those pretreated 
through electrochemical or thermal processes, enhance 
solubilization and improve bioavailability, thereby increasing 
hydrogen yields [97]. Additionally, the use of high-surface-
area electrodes such as carbon felt and stainless steel mesh 
promotes biofi lm formation and facilitates effi cient electron 
transfer between microorganisms and the electrode surface. 
Despite these advantages, challenges such as methanogenic 
competition, electrode fouling, and system scalability 
remain critical barriers to large-scale implementation [67]. 
Recent research has focused on improving MEC performance 
through advanced electrode design, optimized operational 
conditions, and microbial community engineering. Strategies 
such as suppressing methanogenesis, enhancing anodic 
biofi lm activity, and integrating MECs with other treatment 
processes have demonstrated signifi cant improvements in 
hydrogen recovery effi ciency. As a result, MECs represent a 
key technology for sustainable energy recovery from biosolids, 
aligning with circular economy principles and low-carbon 
wastewater treatment systems.

Microbial fuel cells (mfcs) and energy recovery

Microbial fuel cells (MFCs) represent an important class 
of bioelectrochemical systems capable of directly converting 
the chemical energy stored in organic matter within biosolids 

into electrical energy. In MFCs, electroactive microorganisms 
oxidize biodegradable substrates at the anode under anaerobic 
conditions, releasing electrons and protons. The electrons 
are transferred through an external circuit to the cathode, 
generating an electric current, while protons migrate through 
the dialysis solution or a proton exchange membrane to complete 
the circuit [98]. At the cathode, reduction reactions typically 
involve oxygen reduction to water, although alternative electron 
acceptors may also be employed depending on system design. 
The application of MFCs to sludge-derived substrates offers a 
dual benefi t of waste stabilization and energy recovery. Organic 
matter present in biosolids, particularly soluble fractions 
obtained through pretreatment, can be effectively utilized 
by electroactive microbial consortia, leading to simultaneous 
reduction in chemical oxygen demand (COD) and electricity 
generation [99]. However, compared to microbial electrolysis 
cells, MFCs generally produce lower energy outputs due to 
thermodynamic and kinetic limitations, as well as internal 
resistances within the system. Factors such as electrode 
material, reactor confi guration, substrate concentration, and 
microbial community structure play a crucial role in determining 
system performance and power density [100]. Despite these 
limitations, MFCs have demonstrated signifi cant potential for 
integration into wastewater treatment systems, particularly 
as energy-neutral or energy-positive technologies. Advances 
in electrode materials, such as the use of carbon-based and 
nanostructured electrodes, have improved electron transfer 
effi ciency and biofi lm development. Additionally, innovations 

Table 5: Comparison of Electrode Materials, Oxidation Pathways, and Reaction Characteristics in Electrochemical Sludge Valorization.

Electrode Material Type Oxidation Behavior Advantages Limitations Key Applications
Overpotential; 

Electrode Lifetime

Fouling 
Resistance; 

Relative cost
References

Boron-Doped 
Diamond (BDD)

Non-active 
anode

Strong, non-
selective oxidation 

via •OH radicals

High mineralization 
effi  ciency; high 

oxygen evolution 
overpotential; 

chemical stability

High cost; 
energy-intensive; 

possible over-
oxidation 

of valuable 
intermediates

Complete 
mineralization of 

recalcitrant organics
Very high; Excellent

Excellent; Very 
high

[90,93]

PbO2 Electrodes
Non-active 

anode

Indirect oxidation 
via hydroxyl 

radicals

High oxidation power; 
relatively lower cost 

than BDD

Toxicity concerns; 
electrode stability 

issues

Degradation of 
complex pollutants

Low-Moderate; 
Moderate

Good; High [50,74]

Mixed Metal Oxides 
(MMO: Ti/IrO2, Ti/

RuO2)
Active anode

Selective oxidation 
with lower •OH 

generation

Lower energy 
consumption; good 
selectivity for partial 
oxidation; industrial 

applicability

Lower 
mineralization 

effi  ciency; 
electrode 

deactivation over 
time

Partial oxidation, 
intermediate formation 

(VFAs)

Moderate-high; 
High

Good; High [50,91]

Graphite/Carbon 
Electrodes

Carbon-
based

Moderate 
oxidation; surface-
mediated reactions

Low cost; high 
conductivity; scalable; 

good for selective 
pathways

Lower catalytic 
activity; fouling 
susceptibility

SCOA production; 
bioelectrochemical 

systems

Moderate; 
Moderate

Moderate; Low [82,92]

Carbon Felt/Carbon 
Cloth

3D Carbon 
electrode

Enhanced surface 
reactions due to 

high area

High surface area; 
good for mass 

transfer; biofi lm 
support

Mechanical 
degradation; 

limited oxidation 
strength

Microbial electrolysis 
cells (MECs), hybrid 

systems

Low; Moderate-
high

Moderate; 
Moderate

[67]

Graphene-Based 
Electrodes

Advanced 
carbon

Tunable 
electrochemical 

properties

High surface area; 
excellent conductivity; 

customizable

Expensive; scale-
up challenges

Advanced electro-
oxidation, selective 

recovery
Moderate; High Good; Low [67,92]

Nickel-Based 
Electrodes

Catalytic 
electrode

Facilitates 
ammonia oxidation 

and HER

Good catalytic 
activity for ammonia 

electrolysis; cost-
effective

Surface 
poisoning; 

moderate stability

Hydrogen production, 
ammonia oxidation

Low-moderate; 
High

Good; Moderate [60,64]
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in reactor design, including air-cathode confi gurations and 
stacked systems, have enhanced scalability and operational 
feasibility [101]. While challenges related to low power density, 
membrane fouling, and long-term stability persist, MFCs 
provide a promising platform for sustainable energy recovery 
from biosolids and contribute to the broader goal of resource-
effi cient wastewater management.

Synergistic microbial–electrochemical interactions

The effectiveness of bioelectrochemical systems for biosolids 
valorization relies heavily on the synergistic interactions 
between microbial communities and electrochemical processes. 
In these systems, electroactive microorganisms—commonly 
referred to as exoelectrogens—facilitate the oxidation of 
organic substrates and transfer electrons to the anode either 
directly through conductive pili or indirectly via soluble redox 
mediators [102]. This biologically driven electron transfer 
is coupled with electrochemical reactions at the electrodes, 
enabling the conversion of complex organic matter into energy 
carriers such as hydrogen or electricity, as well as value-added 
chemicals. The interaction between microbial metabolism 
and electrode surfaces is infl uenced by several factors, 
including biofi lm formation, electrode material properties, 
and operational conditions. Conductive and high-surface-
area materials, such as carbon felt and modifi ed electrodes, 
enhance microbial attachment and electron transfer effi ciency, 
thereby improving system performance [24,102]. Furthermore, 
electrochemical conditions such as applied potential can 
infl uence microbial activity by altering metabolic pathways 
and selectively enriching specifi c microbial populations. For 
instance, controlled potentials can suppress methanogenic 
activity while promoting exoelectrogenic bacteria, thereby 
enhancing hydrogen or electricity production effi ciency. In 
addition to direct interactions, bioelectrochemical systems 
benefi t from integrated pathways where electrochemical 
pretreatment enhances substrate availability by solubilizing 
complex organics, which are subsequently utilized by microbial 
communities. This coupling enables improved degradation 
of recalcitrant compounds and facilitates the production of 
intermediates such as volatile fatty acids, which can further 
serve as substrates for energy recovery processes [103]. Despite 
these advantages, maintaining stable microbial–electrode 
interactions over long-term operation remains a challenge due 
to biofouling, microbial competition, and system instability. 
A deeper understanding of these synergistic mechanisms is 
therefore essential for optimizing bioelectrochemical systems 
and maximizing resource recovery from biosolids.

Challenges and scale-up of bioelectrochemical systems

Despite signifi cant advancements in bioelectrochemical 
systems such as microbial fuel cells (MFCs) and microbial 
electrolysis cells (MECs), several technical and economic 
challenges hinder their large-scale implementation for biosolids 
valorization. One of the primary limitations is the relatively 
low power density and hydrogen production rates achieved 
in laboratory-scale systems, which are often insuffi cient for 
practical applications. These limitations are largely attributed 
to internal resistances, ineffi cient electron transfer, and mass 

transport constraints within complex sludge matrices [104]. 
Scaling up bioelectrochemical systems introduces additional 
challenges related to reactor design, electrode spacing, and 
uniform current distribution. Larger systems often experience 
increased ohmic losses and reduced performance due to 
diffi culties in maintaining optimal conditions across the 
entire reactor volume. Furthermore, the cost of materials, 
particularly electrodes and membranes, remains a signifi cant 
barrier to commercialization. Membrane fouling, electrode 
degradation, and biofi lm instability also contribute to 
increased operational and maintenance costs over extended 
periods [100]. Another critical challenge is the variability of 
sludge composition, which affects microbial activity, substrate 
availability, and overall system performance. The presence 
of toxic compounds, heavy metals, and competing microbial 
populations can inhibit electroactive microorganisms and 
reduce process effi ciency. Additionally, achieving stable and 
reproducible performance under real wastewater conditions 
remains a key concern for practical deployment. To address 
these challenges, ongoing research has focused on developing 
low-cost and durable electrode materials, optimizing reactor 
confi gurations, and integrating bioelectrochemical systems 
with existing wastewater treatment processes. Innovations 
such as membrane-less designs, modular reactor systems, 
and hybrid electrochemical–biological approaches have shown 
promise in improving scalability and economic feasibility 
[105]. Nevertheless, further advancements in system design, 
process optimization, and techno-economic analysis are 
required to transition these technologies from laboratory-scale 
demonstrations to full-scale industrial applications. 

Recent studies have demonstrated the considerable 
potential of microbial electrochemical systems for simultaneous 
wastewater treatment and resource recovery. Microbial 
electrolysis cells (MECs) have reported hydrogen production 
rates ranging from approximately 0.5 to 3.1 m³ H₂ m⁻³ reactor 
day⁻¹, with coulombic effi ciencies frequently exceeding 
70–90% under optimized operating conditions [67,98]. 
Similarly, microbial fuel cells (MFCs) have achieved power 
densities ranging from 500 to over 2,000 mW m⁻² depending 
on reactor confi guration, electrode materials, and substrate 
characteristics [100]. Despite these encouraging performance 
metrics, signifi cant variability exists among studies due to 
differences in feedstock composition, reactor design, operating 
conditions, and microbial community structure. Consequently, 
direct comparison of system performance remains challenging, 
highlighting the need for standardized testing protocols 
and pilot-scale validation to facilitate technology scale-
up and commercialization. Figure 5 explains the microbial 
metabolism-driven electron generation, which is harnessed 
through electrochemical systems for hydrogen production or 
electricity generation.

High-value product generation from bioso-
lids

Hydrogen as a clean energy carrier

In recent years, many environmental problems have arisen 
due to the large consumption of fossil fuels as energy sources 
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[106,107]. The transition to a hydrogen-based economy garners 
the most political support as a vast energy storage solution aimed 
at maximizing the utilization of renewable energy sources 
(RES) and reducing the carbon footprint of energy-intensive 
industries. Leveraging hydrogen as an energy carrier and 
effi cient storage medium presents a viable alternative 
owing to its abundant availability of various chemical 
substances such as hydrocarbons, hydrogen sulfi des, and 
water [108–110]. Presently, the annual hydrogen production 
constitutes a multimillion-dollar market driven by the 
necessity for clean energy to satisfy the substantial demand 
for food and various commodities. In 2020, the total demand 
for hydrogen reached 90 million metric tons (Mt), with 70 
Mt allocated for pure hydrogen usage and the remaining 20 
Mt utilized for other purposes [108,111]. Hydrogen is widely 
recognized as a clean and versatile energy carrier with 
signifi cant potential to support the transition toward low-
carbon energy systems. In the context of biosolids valorization, 
electrochemical and bioelectrochemical processes enable 
the conversion of organic matter and ammonia present in 
sludge into hydrogen, providing a sustainable alternative to 
conventional fossil fuel-based hydrogen production methods. 
Unlike steam methane reforming, which is carbon-intensive, 
hydrogen generation from sludge-derived streams through 
electrolysis or microbial electrolysis cells (MECs) offers the dual 
benefi t of waste treatment and renewable energy production 
[67,112].

Electrochemical hydrogen production in these systems 
primarily occurs via the hydrogen evolution reaction (HER) 
at the cathode, where water or protons are reduced to form 
hydrogen gas. The integration of alternative anodic reactions, 
such as ammonia oxidation or organic electro-oxidation, 
signifi cantly reduces the overall energy requirement compared 
to conventional water electrolysis, thereby improving 
process effi ciency [113]. Furthermore, bioelectrochemical 
systems enhance hydrogen recovery by utilizing electroactive 

microorganisms to oxidize biodegradable substrates, 
contributing electrons that drive cathodic hydrogen production 
under lower applied voltages. From a sustainability perspective, 
hydrogen produced from biosolids represents a carbon-neutral 
or even carbon-negative energy pathway when coupled with 
renewable electricity sources. Additionally, the decentralized 
nature of wastewater treatment facilities provides opportunities 
for on-site hydrogen generation, reducing transportation and 
storage challenges associated with hydrogen supply chains 
[114]. However, challenges related to system effi ciency, gas 
purity, and scalability must be addressed to enable widespread 
adoption. Advances in catalyst development, reactor design, 
and process integration are expected to further enhance 
hydrogen production from sludge-derived streams, positioning 
it as a key component of circular and sustainable wastewater 
treatment systems.

Fertilizer production and nutrient recycling

The recovery of nutrients from biosolids for fertilizer 
production represents a key pillar of sustainable wastewater 
management and circular economy practices. Biosolids are 
inherently rich in essential plant nutrients, particularly 
nitrogen and phosphorus, which are traditionally lost during 
conventional treatment processes or discharged into the 
environment, contributing to eutrophication. Electrochemical 
and bioelectrochemical technologies provide innovative 
pathways for selectively recovering these nutrients in reusable 
forms, thereby reducing reliance on energy-intensive synthetic 
fertilizer production and promoting resource effi ciency [37,115]. 
Nitrogen recovery is primarily achieved through the extraction 
of ammonium from sludge-derived streams, followed by its 
conversion into valuable fertilizer products such as ammonium 
sulfate or ammonium nitrate. Electrochemical methods, 
including ammonia stripping, membrane electrolysis, and ion 
transport systems, enable effi cient concentration and recovery 
of ammonium ions under controlled conditions [68]. Similarly, 
phosphorus recovery is commonly facilitated through 
electrochemically induced precipitation processes, leading 
to the formation of struvite (MgNH₄PO₄·6H₂O) or calcium 
phosphate compounds, which are widely used as slow-release 
fertilizers [25].

In addition to direct nutrient recovery, electrochemical 
pretreatment enhances the release of bound nutrients from 
complex organic matrices, increasing their availability for 
subsequent recovery processes. This is particularly important 
in biosolids, where a signifi cant fraction of nutrients is present 
in particulate or chemically bound forms. Furthermore, 
integrating nutrient recovery technologies with existing 
wastewater treatment infrastructure enables decentralized 
fertilizer production, contributing to local resource cycles and 
reducing environmental impacts associated with nutrient losses 
[28]. Despite these advantages, challenges such as process 
optimization, energy consumption, and product purity must 
be addressed to ensure economic feasibility and regulatory 
compliance. The presence of contaminants, including heavy 
metals and organic micropollutants, may affect the quality 

Figure 5: Schematic of Microbial–Electrochemical Interactions in Bioelectrochemical 
Systems (MEC/MFC).
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of recovered fertilizers and requires careful monitoring and 
treatment. Nevertheless, advancements in electrochemical 
technologies and system integration continue to improve 
nutrient recovery effi ciency, positioning biosolids as a valuable 
resource for sustainable fertilizer production and closing the 
nutrient loop in wastewater treatment systems.

Metal recovery and resource extraction

In addition to energy and nutrient recovery, biosolids 
represent a potential secondary resource for the extraction of 
valuable metals, including iron, copper, zinc, and trace amounts 
of critical elements such as nickel and rare earth elements. 
These metals originate from domestic, industrial, and urban 
runoff sources and often accumulate in wastewater treatment 
sludge due to adsorption, precipitation, and complexation 
processes. Conventional sludge disposal methods typically 
overlook this resource potential, leading to the loss of valuable 
materials and posing environmental risks associated with 
metal leaching. Electrochemical technologies offer promising 
pathways for selective metal recovery and resource extraction, 
enabling the transformation of biosolids into a source of 
recoverable inorganic materials [34,116]. Electrochemical 
metal recovery is primarily achieved through processes such 
as electrodeposition, electrocoagulation, and electroleaching. 
In electrodeposition, dissolved metal ions are reduced at the 
cathode to form solid metallic deposits, allowing for selective 
recovery based on reduction potentials. This approach is 
particularly effective for metals such as copper, nickel, and 
zinc, which exhibit favorable electrochemical properties [117]. 
Electrocoagulation, on the other hand, involves the in situ 
generation of coagulants (e.g., Fe²⁺ or Al³⁺) from sacrifi cial 
electrodes, facilitating the aggregation and removal of metal 
species from sludge matrices. Additionally, electroleaching 
processes can enhance the solubilization of bound metals, 
increasing their availability for subsequent recovery [118]. 

The effi ciency of metal recovery is infl uenced by several 
factors, including sludge composition, pH, applied potential, 
and competing reactions within the electrochemical system. 
Selectivity remains a key challenge, particularly in complex 
matrices where multiple metal ions coexist and may interfere 
with each other’s recovery pathways. Furthermore, the 
presence of organic matter can hinder metal extraction by 
forming stable complexes or causing electrode fouling. Despite 
these challenges, recent advancements in electrode materials, 
process optimization, and hybrid treatment approaches have 
improved the feasibility of electrochemical metal recovery from 
biosolids [119]. From a sustainability perspective, recovering 
metals from biosolids not only reduces environmental 
contamination but also contributes to resource conservation 
and circular economy goals. Integrating metal recovery with 
energy and nutrient recovery processes can further enhance 
the overall value proposition of biosolids valorization systems. 
As research continues to advance, electrochemical resource 
extraction is expected to play an increasingly important role 
in transforming wastewater treatment plants into resource 
recovery facilities.

Comparative assessment with conventional 
technologies

Table 6 presents a comparative assessment of conventional 
and emerging technologies for biosolids treatment, highlighting 
key differences in process mechanisms, environmental 
impacts, energy effi ciency, and resource recovery potential. 
Conventional approaches such as biological and thermal 
methods are well-established and effective for stabilization 
and volume reduction; however, they often fall short in 
maximizing resource recovery and minimizing environmental 
footprints. In contrast, electrochemical and bioelectrochemical 
systems offer promising alternatives by enabling targeted 
recovery of energy carriers and valuable products under 
controlled conditions. This comparison underscores the trade-
offs between treatment effi ciency, sustainability, and economic 
feasibility, while also emphasizing the growing potential of 
electrochemical technologies to support circular and resource-
oriented wastewater management strategies.

Figure 6: Integrated overview of biosolids valorization 
pathways and comparative sustainability performance of 
major treatment technologies. The left panel illustrates the 
conversion of biosolids constituents into hydrogen, nutrient-
based fertilizers, organic chemicals, and recoverable metals 
through electrochemical and bioelectrochemical processes. The 
right panel provides a qualitative comparison of conventional 
and emerging biosolids treatment technologies based on 
resource recovery potential, energy effi ciency, environmental 
performance, economic feasibility, scalability, and technology 
readiness.

Reactor design and process engineering 
considerations

Scale-up challenges

Despite promising laboratory-scale performance, the 
scale-up of electrochemical and bioelectrochemical systems 
for biosolids valorization remains a signifi cant challenge. 
One of the primary limitations arises from increased internal 
resistance and non-uniform current distribution in larger 
reactors, which can reduce overall effi ciency and hinder 
consistent performance across the system. As reactor size 
increases, maintaining effective electron transfer pathways and 
minimizing ohmic losses becomes more complex, particularly 
in heterogeneous sludge environments where mass transport 
limitations are pronounced [26]. Another critical challenge 
is reactor design optimization, including electrode spacing, 
confi guration, and surface area scaling. While high surface-
area electrodes enhance reaction rates at the laboratory scale, 
replicating these conditions in large systems often leads to 
engineering and economic constraints. Additionally, scaling up 
requires careful consideration of hydrodynamics and mixing, 
as inadequate mass transfer can limit substrate availability and 
reduce reaction kinetics [128]. Material costs also pose a barrier 
to commercialization, particularly for advanced electrode 
materials and ion-exchange membranes. The durability and 
long-term performance of these components must be ensured 
under real wastewater conditions, where fouling and chemical 
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Table 6: Comparative Assessment of Conventional and Electrochemical Technologies for Biosolids Treatment and Resource Recovery.

Technology Process Type Key Mechanism Advantages Limitations
Environment 

Footprint
Energy 

Effi  ciency
Resources 
Recovery

References

Anaerobic 
Digestion (AD)

Biological
Microbial 

degradation → 
biogas (CH₄, CO₂)

Mature 
technology; 

energy recovery 
via methane; 

sludge volume 
reduction

Slow kinetics; 
limited nutrient 

recovery; methane 
leakage risk

Moderate GHG 
emissions; 

potential CH₄ slip

Moderate 
(energy positive 

in optimized 
systems)

Biogas; digestate 
(limited fertilizer 

value)
[16,120]

Aerobic Treatment Biological
Oxidation of 

organics using 
oxygen

High COD 
removal 

effi  ciency; stable 
operation

High energy 
demand (aeration); 
no energy recovery

High carbon 
footprint due to 
aeration energy

Low (energy 
intensive)

Minimal (mainly 
stabilized sludge)

[18]

Composting Biological

Aerobic 
biodegradation → 
stabilized organic 

matter

Simple, low-cost, 
and produces 

soil conditioner

Nutrient loss (N 
volatilization); 

odor issues; slow 
process

Moderate 
emissions (NH₃, 

N₂O)
Low

Compost (low-
value fertilizer)

[121,122]

Incineration Thermal
Complete 

oxidation → ash 
+ heat

Signifi cant 
volume 

reduction; 
pathogen 

destruction

High capital cost; 
air pollution; ash 
disposal issues

High CO₂ 
emissions; air 

pollutants (NOx, 
dioxins)

High (energy 
recovery 
possible 

but energy-
intensive)

Limited (ash 
reuse)

[17,123]

Pyrolysis Thermochemical

Thermal 
decomposition 

(no O₂) → biochar, 
bio-oil, syngas

Produces 
valuable 

products; carbon 
sequestration 

potential

Requires drying; 
complex product 

separation

Lower emissions 
than incineration; 
carbon retention 

in biochar

Moderate to 
high

Biochar, fuels, 
chemicals

[124,125]

Gasifi cation Thermochemical
Partial oxidation 
→ syngas (H₂, CO)

High energy 
recovery; syngas 

utilization 
fl exibility

High temperature 
requirement; tar 

formation

Moderate 
emissions; 

cleaner than 
incineration

High
Syngas (energy + 

chemicals)
[126,127]

Electrochemical 
Oxidation

Electrochemical
Anodic oxidation 
via •OH radicals

Fast kinetics; 
modular; 

effective for 
recalcitrant 

organics

Energy demand, 
electrode cost, 

fouling

Lower direct 
emissions; it 

depends on the 
electricity source

Moderate 
(improving with 
optimization)

Intermediates, H₂, 
treated water

[22,27]

Microbial 
Electrolysis Cells 

(MECs)
Bioelectrochemical

Microbial 
oxidation + 

external voltage 
→ H₂

Low-energy 
hydrogen 

production 
integrates waste 

treatment

Scale-up 
challenges: 

methanogenesis 
competition

Low carbon 
footprint (with 

renewable input)

High (compared 
to water 

electrolysis)
Hydrogen, VFAs [67,96]

Microbial Fuel Cells 
(MFCs)

Bioelectrochemical
Microbial 

oxidation → 
electricity

Direct electricity 
generation; low 

emissions

Low power density; 
high internal 
resistance

Very low 
emissions

Low to 
moderate

Electricity 
(limited scale)

[98,100]

Figure 6: Integrated overview of biosolids valorization pathways and comparative sustainability performance of major treatment technologies.
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degradation are prevalent. Furthermore, system integration 
with existing wastewater treatment infrastructure introduces 
additional complexities related to process compatibility and 
operational stability [129]. To address these challenges, recent 
research has focused on the development of scalable reactor 
confi gurations, including modular designs, stacked electrode 
systems, and membrane-less architectures. These approaches 
aim to reduce costs, improve current distribution, and enhance 
operational fl exibility. Nevertheless, further advancements in 
reactor engineering, coupled with pilot-scale demonstrations, 
are essential to bridge the gap between laboratory research 
and full-scale implementation of electrochemical biosolids 
valorization technologies.

Electrode durability and fouling

Electrode durability and fouling represent critical 
challenges in the long-term operation of electrochemical 
and bioelectrochemical systems for biosolids valorization. In 
complex sludge matrices, electrodes are continuously exposed 
to high concentrations of organic matter, suspended solids, 
inorganic precipitates, and microbial communities, all of which 
contribute to surface fouling and performance degradation. 
Fouling can occur through multiple mechanisms, including the 
adsorption of organic compounds, deposition of inorganic scales 
such as calcium and magnesium salts, and biofi lm overgrowth, 
which collectively hinder electron transfer and reduce active 
surface area [130]. The accumulation of foulants on electrode 
surfaces leads to increased charge transfer resistance, 
reduced catalytic activity, and ultimately a decline in system 
effi ciency. In anodic systems, excessive biofi lm thickness or 
the presence of non-electroactive microorganisms can limit 
effective electron transfer, while at the cathode, scaling and 
catalyst poisoning can signifi cantly impair reactions such as 
the hydrogen evolution reaction (HER) [100]. Furthermore, 
electrode materials may undergo chemical or electrochemical 
degradation over time, particularly under harsh operating 
conditions involving high potentials, oxidizing species, or 
fl uctuating pH levels. To mitigate these challenges, various 
strategies have been explored, including the development 
of fouling-resistant and self-cleaning electrode materials, 
surface modifi cations to enhance hydrophilicity or reduce 
adhesion, and periodic cleaning techniques such as polarity 
reversal or chemical washing [131]. The use of robust materials 
such as carbon-based electrodes, stainless steel, and advanced 
coatings has also been shown to improve durability under real 
wastewater conditions. Additionally, optimizing operational 
parameters, including current density and fl ow conditions, 
can help minimize fouling and extend electrode lifespan. 
Despite these advancements, achieving long-term stability and 
maintaining consistent performance remain key challenges 
for large-scale deployment. Continued research into material 
innovation, fouling mechanisms, and maintenance strategies 
is essential to enhance electrode longevity and ensure the 
economic viability of electrochemical biosolids treatment 
systems.

Sludge handling and pretreatment requirements

Effective sludge handling and pretreatment are essential 
for improving the performance of electrochemical and 

bioelectrochemical systems used in biosolids valorization. Raw 
biosolids typically contain high moisture content, suspended 
solids, complex organic structures, and inorganic contaminants 
that can limit mass transfer, reduce electrode accessibility, 
and inhibit electrochemical reactions. The heterogeneous 
nature of sludge also restricts the direct conversion of organic 
and nutrient components, making pretreatment a critical 
step to enhance substrate availability and process effi ciency 
[132]. Pretreatment methods are commonly employed to 
disrupt microbial cell walls, solubilize extracellular polymeric 
substances (EPS), and release bound organic matter into the 
liquid phase. Physical approaches such as ultrasonication, 
thermal hydrolysis, and mechanical disintegration have been 
shown to increase soluble chemical oxygen demand (sCOD), 
thereby improving the accessibility of biodegradable substrates 
for subsequent electrochemical conversion [133]. Chemical 
pretreatments, including alkaline or acid conditioning, can 
further enhance nutrient release and facilitate the recovery 
of ammonium and phosphate species from sludge-derived 
streams. Electrochemical pretreatment itself has also gained 
attention as a means of simultaneously disintegrating 
sludge fl ocs and initiating oxidation reactions that improve 
downstream treatment performance [78].

In addition to improving reaction kinetics, proper sludge 
handling is necessary to ensure stable reactor operation. High 
solids concentrations can lead to clogging, excessive viscosity, 
and poor mixing within electrochemical reactors, reducing 
overall process effi ciency. Dewatering and phase separation 
are therefore often required to generate liquid fractions 
suitable for electrochemical treatment while concentrating 
solid residues for complementary processing routes [134]. 
However, pretreatment steps also introduce additional energy 
and operational costs, making process optimization essential 
for balancing performance improvements with economic 
feasibility. Future research should focus on integrating low-
energy pretreatment methods with electrochemical systems 
to maximize resource recovery while minimizing energy 
consumption. Optimized sludge conditioning strategies can 
play a crucial role in enhancing the practicality and scalability of 
biosolids valorization technologies within modern wastewater 
treatment facilities.

Modular and distributed systems

The development of modular and distributed electrochemical 
systems has emerged as a promising strategy to address 
scalability and implementation challenges associated with 
biosolids valorization technologies. Unlike conventional 
centralized wastewater treatment infrastructures, modular 
systems are designed as compact, fl exible units that can be 
deployed at various scales, enabling decentralized treatment and 
resource recovery. This approach offers signifi cant advantages 
in terms of operational fl exibility, ease of maintenance, and 
adaptability to varying sludge compositions and fl ow rates 
[135]. Modular electrochemical and bioelectrochemical reactors 
can be confi gured in parallel or series arrangements, allowing 
for incremental scaling without the need for large, capital-
intensive installations. Such designs facilitate improved control 
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over reaction conditions, including current distribution, 
mass transfer, and residence time, which are critical for 
optimizing system performance. Additionally, distributed 
systems enable localized recovery of valuable products such 
as hydrogen, fertilizers, and treated water, reducing the need 
for transportation and associated energy costs [136]. Another 
key advantage of modular systems is their compatibility with 
renewable energy sources, such as solar and wind power, 
which can be integrated to drive electrochemical processes in 
a sustainable manner. This is particularly relevant for remote 
or resource-limited settings, where decentralized treatment 
solutions can enhance resilience and reduce dependence on 
centralized infrastructure. Furthermore, modular designs 
simplify system maintenance and allow for easier replacement 
or upgrading of individual components, improving overall 
system reliability and lifespan. Despite these benefi ts, 
challenges related to system integration, process optimization, 
and economic feasibility remain. Ensuring consistent 
performance across multiple modules, managing variability 
in feed composition, and optimizing control strategies are 
critical factors that require further investigation. Nevertheless, 
modular and distributed electrochemical systems represent a 
forward-looking approach for the practical implementation of 
biosolids valorization technologies, supporting the transition 
toward sustainable and resource-effi cient wastewater 
management.

Real-world implementation challenges and practical 
feasibility

Although electrochemical and bioelectrochemical 
technologies have demonstrated considerable potential for 
biosolids valorization at laboratory and pilot scales, their 
widespread implementation faces several practical challenges. 
Variations in biosolids composition among wastewater 
treatment facilities can signifi cantly affect process performance, 
product yields, and operational stability. In addition, high 
capital investments associated with electrochemical reactors, 
electrodes, membranes, and power supply systems may limit 
economic feasibility, particularly for small and medium-
sized treatment plants [118,130]. Operational challenges such 
as electrode fouling, maintenance requirements, and energy 
consumption further infl uence long-term reliability and 
cost-effectiveness. Moreover, integrating electrochemical 
technologies into existing wastewater treatment infrastructure 
requires careful consideration of process compatibility, 
regulatory compliance, and market demand for recovered 
products such as hydrogen and nutrient-based fertilizers 
[21]. Therefore, future efforts should focus on pilot-scale 
demonstrations, standardized performance assessments, 
and integrated techno-economic evaluations to facilitate the 
transition of these technologies from research laboratories to 
full-scale resource recovery facilities.

Techno-economic and life-cycle perspective

Operational cost analysis, energy demand and re-
newable integration

The economic feasibility of electrochemical and 
bioelectrochemical systems for biosolids valorization is 

strongly infl uenced by both capital (CAPEX) and operational 
expenditures (OPEX). Capital costs are primarily associated 
with reactor construction, electrode materials, power supply 
units, and auxiliary components such as membranes and 
control systems. Among these, electrode materials and ion-
exchange membranes represent signifi cant cost drivers, 
particularly when advanced materials such as boron-doped 
diamond or noble metal catalysts are used [137]. Operational 
costs are dominated by electricity consumption, maintenance 
requirements, and periodic replacement of system components. 
Compared to conventional sludge treatment methods, 
electrochemical systems may exhibit higher upfront costs but 
offer potential long-term economic benefi ts through resource 
recovery, including hydrogen production, nutrient recycling, 
and reduced sludge disposal costs. Process optimization, 
material innovation, and system integration are essential to 
improve cost competitiveness and enable large-scale adoption.

Energy consumption is a key factor determining the 
sustainability of electrochemical biosolids valorization 
processes. While these systems can be energy-intensive, 
particularly under high current densities, the integration of 
alternative anodic reactions such as ammonia oxidation or 
organic electro-oxidation can signifi cantly reduce overall 
energy requirements compared to conventional water 
electrolysis [69,138]. The coupling of electrochemical systems 
with renewable energy sources, including solar and wind 
power, presents a promising pathway to minimize carbon 
emissions and enhance process sustainability. Decentralized 
wastewater treatment facilities are particularly well-suited 
for such integration, enabling on-site energy utilization and 
reducing dependence on fossil-based electricity. However, 
variability in renewable energy supply and the need for energy 
storage solutions remain challenges that must be addressed for 
reliable operation.

Life-Cycle Assessment (LCA)

Life-cycle assessment (LCA) provides a comprehensive 
framework for evaluating the environmental impacts of 
biosolids valorization technologies across their entire life cycle, 
from material extraction and system construction to operation 
and end-product utilization. In the context of electrochemical 
and bioelectrochemical systems, LCA is essential for quantifying 
trade-offs between energy consumption, greenhouse gas 
emissions, resource recovery, and environmental benefi ts. 
Unlike conventional treatment processes that primarily focus 
on waste stabilization, electrochemical approaches introduce 
additional considerations related to electricity use, electrode 
manufacturing, and system maintenance [139,140]. Studies have 
shown that the environmental performance of these systems is 
highly dependent on the source of electricity. When powered 
by fossil-based energy, the overall carbon footprint may offset 
the environmental benefi ts of resource recovery. In contrast, 
coupling electrochemical processes with renewable energy 
sources can signifi cantly reduce greenhouse gas emissions and 
improve sustainability metrics [141]. Additionally, the recovery 
of valuable products such as hydrogen, fertilizers, and metals 
can provide environmental credits by displacing conventional 
production pathways, thereby enhancing the overall life-cycle 
performance.
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Figure 7 illustrates an integrated framework linking 
techno-economic analysis and life-cycle assessment within 
defi ned system boundaries, highlighting inputs, reactor 
processes, resource recovery outputs, and their associated 
economic metrics (CAPEX, OPEX, ROI) and environmental 
impacts to support sustainable decision-making. Another 
important aspect of LCA is the consideration of avoided impacts 
associated with reduced sludge disposal, including lower landfi ll 
usage, decreased incineration emissions, and minimized 
nutrient discharge into water bodies. However, uncertainties 
related to system boundaries, scaling assumptions, and data 
availability can affect the reliability of LCA results. Therefore, 
standardized methodologies and real-world data from pilot- 
and full-scale systems are necessary to improve the accuracy 
of environmental assessments. Overall, LCA plays a crucial role 
in identifying sustainable design strategies and guiding the 
development of electrochemical biosolids valorization systems 
toward environmentally and economically viable solutions. 
Future research should focus on integrating LCA with techno-
economic analysis to support decision-making and accelerate 
the transition toward circular wastewater treatment systems.

Challenges, research gaps, and future direc-
tions

Despite the signifi cant progress achieved in electrochemical 
and bioelectrochemical biosolids valorization, considerable 
variations in reported performance metrics remain across the 
literature. Differences in feedstock characteristics, reactor 
confi gurations, electrode materials, operating conditions, and 
evaluation methodologies often complicate direct comparison 
among studies and may contribute to confl icting conclusions 
regarding process effi ciency and economic feasibility. 
Furthermore, many emerging technologies remain at laboratory 
or pilot scales, creating uncertainty regarding long-term 

performance, operational reliability, and commercial viability. 
Addressing these challenges is essential for advancing biosolids 
valorization technologies toward large-scale implementation.

The advancement of electrochemical and bioelectrochemical 
biosolids valorization technologies is still accompanied 
by several critical challenges and research gaps that must 
be addressed to enable full-scale implementation and 
commercialization. A major limitation lies in selectivity and 
product optimization, where controlling reaction pathways to 
favor desired products such as hydrogen, ammonia-derived 
fertilizers, or specifi c organic acids remains diffi cult in 
complex sludge matrices containing competing reactions and 
heterogeneous substrates. Another key concern is long-term 
system stability, as performance degradation due to electrode 
fouling, microbial community shifts, and material corrosion 
continues to hinder consistent operation over extended 
periods, particularly under real wastewater conditions. From 
a broader systems perspective, the development of integrated 
biorefi nery concepts is gaining attention, where biosolids are 
no longer treated as waste but as multi-feedstock resources 
for simultaneous recovery of energy, nutrients, metals, 
and chemicals within a unifi ed processing framework. In 
parallel, digitalization and smart process control are emerging 
as transformative enablers, with tools such as real-time 
monitoring, machine learning, and predictive modeling 
offering the potential to optimize reactor performance, reduce 
energy consumption, and improve process reliability. Finally, 
pathways toward commercialization remain dependent on 
overcoming economic and engineering barriers, including 
reducing capital costs, improving scalability, ensuring 
regulatory compliance, and demonstrating long-term techno-
economic viability at pilot and industrial scales. Collectively, 
these challenges defi ne the current research frontier and 
highlight the need for integrated, interdisciplinary approaches 

Figure 7: Techno-Economic and Life-Cycle Assessment Framework for Electrochemical Biosolids.
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to transition biosolids valorization technologies from laboratory 
innovation to sustainable industrial practice.

Conclusion

This review demonstrates that electrochemical and 
bioelectrochemical technologies offer a transformative 
pathway for converting biosolids from wastewater treatment 
into valuable resources, including hydrogen, nutrient-based 
fertilizers, and recoverable metals. By enabling controlled 
reaction environments and compatibility with renewable 
energy integration, these systems present clear advantages 
over conventional biological and thermochemical methods in 
terms of resource recovery and process fl exibility. However, 
challenges related to reaction selectivity, electrode durability, 
sludge variability, and large-scale implementation continue 
to limit practical deployment. Techno-economic feasibility 
and life-cycle impacts further play a decisive role in assessing 
their sustainability. Future progress will depend on advances 
in reactor design, material development, and integrated 
biorefi nery approaches, supported by standardized assessment 
frameworks. Overall, electrochemical biosolids valorization 
holds strong potential to support circular economy goals and 
redefi ne wastewater treatment as a resource recovery platform.
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