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Abstract
Global wastewater production exceeds 359 billion m3 annually, of which only 52%

is treated, mostly in expensive and resource-consuming processes. Microbial

electrochemical technologies (METs) offer a transformative approach to

sustainable wastewater management by converting waste into valuable

resources such as energy, clean water, and nutrients. They present a viable

solution to the United Nations’ Sustainable Development Goal 6 (to ensure

access to water and sanitation for all) by enhancing both sanitation and resource

recovery. METs, including microbial fuel cells (MFCs) and microbial electrolysis

cells (MECs), harness electrogenic microorganisms to oxidize organic matter,

generating electric energy or producing energy carriers like hydrogen and

methane. METs also enable recovery of nutrients, such as ammonium and

phosphates, which are essential for agriculture, thereby closing resource loops

in a circular economy. Despite their potential, challenges remain in scaling upMETs

for widespread application. Pilot-scale MFCs and MECs have demonstrated

feasibility, achieving up to 90% chemical oxygen demand removal and

producing electric power, methane, or hydrogen from wastewater. However,

high capital costs, material limitations, and energy efficiency barriers hinder

commercialization. Innovations in electrode design, modular configurations, and

integration with existing wastewater treatment processes (e.g., anaerobic

digestion, membrane bioreactors, or constructed wetlands) are advancing METs

toward higher technology readiness levels (TRLs 4–8). Field applications, like a

system for urine-based electricity generation in underserved regions, highlight
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METs adaptability and societal impact. The transition from laboratory to real-

world implementation requires scaling, process integration, and further

optimization to reduce costs and improve performance. By aligning with

circular economy principles, METs can transform wastewater into a resource,

contributing to energy security, environmental sustainability, and global

sanitation goals. Future research should focus on scalable designs, economic

viability, and interdisciplinary collaboration alongside understanding and

optimizing the microbial “black box” to enable METs to transform previously

unused wastewater streams into valuable resources with targeted applications.
KEYWORDS

microbial electrochemical technologies, wastewater treatment, resource recovery,
microbial fuel cells, microbial electrolysis cells, energy recovery, nutrient recycling,
circular economy
Key points
• Microbial electrochemical technologies (METs) present a
transformative approach to wastewater treatment by
simultaneously enabling energy recovery, clean water
production, and nutrient recycling.

• Global wastewater could produce over 800,000 GWh of
chemical energy annually, and this is currently
largely untapped.

• The recovery of ammonia and phosphate using METs
offers a compelling route to circular nutrient management
and sustainable agriculture.

• Despite promising lab-scale results, METs face challenges
in scalability, energy efficiency, and costs, with pilot-scale
systems often underperforming due to increased
resistance and complex wastewater matrices.

• Integrating METs with established treatment systems
(e.g., anaerobic digestion or membrane bioreactors) and
novel applications (e.g., hydroponics or remote sensors)
extends their viability for both centralized and
decentralized sanitation solutions.

• Field deployments in underserved regions demonstrate
the potential of METs for low-cost, decentralized energy
and sanitation infrastructure, addressing multiple UN
Sustainable Development Goals.
Introduction

Access to clean and safe drinking water is a fundamental human

right and is foundational to healthy environments and economic

prosperity. This access is intrinsically connected with sanitation and,

thus, to the treatment of used water (wastewater): jointly they form one

of the United Nations’ (UN) Sustainable Development Goals (SDGs)
02
(1). However, despite intensive efforts, this goal remains unattained

for a significant population on our planet, with approximately

3.4 billion people lacking access to safely managed sanitation (2) and

4% of the global population relying on open defecation. Providing safe

and affordable sanitation is a highly complex matter that

involves interconnected technological, cultural, economic, political,

and social factors. Even estimating the extent of the gap to achieve

SDG 6 (clean water and sanitation) is challenging, as the average

UNMember State possesses data for only approximately two-thirds of

the global indicators related to SDG 6 (3). Consequently, there are

varying estimates of how much of the world’s wastewater is treated.

These range from 20% in 2017 (4) from combined domestic and

industrial wastewater, based on the assumption that human activities

that use water produce wastewater to 56–58% in 2024 (1, 2)

from just domestic wastewater (household water and sanitation).

Jones et al. (5) developed a multi-data source regression-based

approach that estimated a global domestic and manufacturing

wastewater production at 359×109 m3yr−1, of which 63% (226×109

m3yr−1) is collected, 52% (188×109 m3yr−1) is treated, and only 11% is

intentionally reused.

In the past, due to the availability of cheap fossil resources for

materials and energy, with limited options for enabling

technologies, wastewater—like many other human waste streams

—has been considered a form of waste rather than a resource.

Consequently, there have been few economic incentives for

recovery in value chains or even the establishment of closing

cycles, leaving recovery of resources from wastewater largely

unexploited. Moreover, with existing infrastructure, substantial

amounts of energy are used for wastewater treatment, primarily

for removing organic matter and nutrients, and for disinfection to

make water suitable for discharge. Thus, wastewater treatment is an

industry comparable even to aviation in its energy demand (6), in

which the principal activity eliminates, but does not adequately

make use of, energy-containing organic compounds and nutrients.
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Wastewater resources in numbers

The main resource in wastewater that is usually considered

from an energy perspective is the chemical energy contained in

organic and inorganic compounds that are removed by oxidation

processes. Since the concentration of this matter in wastewater—

generally quantified in terms of chemical oxygen demand (COD)—

is strongly dependent on the wastewater source, season, and time of

day, the energy content (more precisely combustion enthalpies,

DcH) can vary widely in values from −5.6 to −20.2 kJ L−1 and

from −5.9 to −23.4 kJ g COD−1 (7–9). To assess the energy

available in wastewater, we use an average energy content of

16.1 kJ g COD−1 (10) due to its good statistical basis of 61

composite municipal wastewater samples. We note that this value

may still underestimate the energy content in wastewater due to the

difficulty in capturing and quantifying volatile but easily biodegradable

organics during the analysis of wastewater samples (11). Considering

typical domestic wastewater with a COD concentration of 500 mg L−1,

which is equivalent to approximately 500 mg L−1 of sugar, this results

in 8 kJ of chemical energy per liter of wastewater. On a 1m3 scale,

wastewater contains 8 MJ or 2.2 kWh* of energy, which is enough to

power a 2 kW electric water boiler for 1h, and is approximately the

daily average food energy intake for a person (12). The comparison of

the primary chemical energy contained in wastewater with a quantity

of electric energy is, of course, not strictly valid, but it illustrates the

magnitude of the resource.

Wastewater is a relatively dilute energy source, yet it is

generated in vast volumes. Table 1 estimates the size of this

resource in different regions of the world, based on collection and

treatment estimates. An assumption is made that the global average

COD concentration is 500 mg L−1, even though we recognize that
* From here on, for better visualization, we will switch from the SI unit Joule

to kWh, as the technically more common unit.
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different regions can have large variations in COD concentrations.

The amount of chemical energy available in wastewater is

considerable. Thus, the energy content of the globally produced

wastewater adds up to more than 800,000 GWh, which would

compare to approximately 20% of the total annual electricity

production of a country like the United States of 4.18×106 GWh

in 2023 (13). In terms of energy content, wastewater can thus be

considered a viable energy resource.

Wastewater not only has a large portion of untapped chemical

energy, but current methods of wastewater treatment also consume

vast amounts of energy. This contributes to the water sector’s 4%

share of the global energy consumption and positions water supply

and wastewater treatment among the largest consumers of electricity

globally (14). Depending on the technology, plant scheme, and

quality of the treated water, wastewater treatment plants consume

approximately 0.5–2.0 kWh m−3 of treated water (15). Using the

wastewater production estimates in Jones et al. (5), Table 2 maps the

energy currently used in wastewater treatment based on the lower

end of this estimate (0.5 kWh m−3). Considering that only 52% of

global wastewater is being treated, a comprehensive wastewater

treatment using the portfolio of existing technologies would

further increase this energy demand (Table 2). It is clear that

immense amounts of energy are currently used and more would

be needed to achieve comprehensive global wastewater treatment

if existing technologies were used. The energy bill for treating all of

the world’s wastewater would be around 180,000 GWh, equivalent to

22 1-GW power plants.

Apart from organic substances contained in wastewater,

important nutrients like nitrogen [in the form of ammonium

(NH4
+) and nitrate (NO3

−)] and phosphate (PO4
3-) can also be

harvested. The release of these nutrients to the environment creates

environmental problems, e.g., eutrophication of waterways, thus

their release is being increasingly strictly regulated in many

countries around the world (16). Furthermore, recycling these

nutrients is vital for maintaining our agricultural operations.
TABLE 1 Energy contained in the wastewater generated by each region of the world based on data from Jones et al. (5); values are in 109 m3yr−1,
assuming an average concentration of 500 mg L−1 chemical oxygen demand.

Region
Wastewater Production

(109 m3yr−1)
Energy present in the form of

organic matter (GWh)
Equivalent number of
1-GW power plants*

East Asia and the Pacific 117.6 262,967 32

North America 74.7 167,038 21

Latin America and the Caribbean 42.1 94,140 12

Western Europe 38.5 86,090 11

Eastern Europe and Central Asia 28.2 63,058 8

South Asia 25.6 57,244 7

Middle East and North Africa 21.9 48,971 6

Sub-Saharan Africa 11 24,597 3

Global 359.4 803,658 100
*For simplicity reasons, we assume that a 1-GW nuclear power plant produces 8 TWh electric energy per year, corresponding to 11 months of full-capacity operation. The respective amounts of
primary chemical energy are compared with the number of 1-GW power plants*, a typical amount of power for a nuclear power plant, which would be required to produce the same amount of
electric energy.
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Ammonia requires a significant amount of energy (corresponding

to 3% of the world’s natural gas production) for its production

through the Haber–Bosch process, while phosphates are currently

mined from finite, diminishing resources.

The average total nitrogen content in untreated municipal

wastewater varies between 20 and 70 mg L−1 (17). For medium-

strength wastewater, the total nitrogen concentration is 40 g m−3, of

which 25 g m−3 is in the form of ammonium nitrogen (NH4−N) and

15 g m−3 is in the form of organic nitrogen. Since all organic

nitrogen will eventually be converted to ammonium, we here

assume 40 g m−3 of NH4−N is found in municipal wastewater.

The global resource within all wastewater (360 × 109 m3 per year), if

collected and fully recovered, would thus be approximately 14

million metric tonnes (14 Mt). In total, this represents 11% of the

current annual global ammonia demand of 132 Mt (18), (See

Table 3). Considering the energy consumption of the Haber–

Bosch process of approximately 30 GJ t−1NH3
or 8.3 MWh t−1NH3

(18,

19), this amount of ammonia would account for an energy

consumption of approximately 116 TWh (the annual energy

output of 14.3 1-GW power plants).

A range of 4–15 g m−3 of phosphate is present in wastewater

(17). Using the average of 9 g m−3, this equates to 3.2 Mt in the

wastewater produced globally. The global phosphate demand

(calculated as P2O5) was 45.7 Mt in 2023, with a projected

increase to 50 Mt in 2027 (20). The increasing consumption,

combined with the uneven geographical distribution of this

resource, has led to significantly increasing prices of phosphates

on the global markets, calling for a transition toward a more circular

phosphorous economy (21).

In many regions of the world, the above mentioned amounts of

nitrogen and phosphorus contained in wastewater are close to the
Frontiers in Science 04
amounts of these elements utilized as mineral fertilizers in

agriculture in those respective regions [see example from

Germany: (22, 23)]. Closing the loop of treating wastewater to

recover resources could thus have a significant impact not only on

achieving SDG 6 but also more widely on sustainable agriculture

and economic development.

The treated water itself is also an important resource. Removing

the substances contained in wastewater prevents the pollution or

eutrophication of surface water and groundwater and, thus, also the

(indirect) impairment of drinking water resources. Further to that,

it turns it into a resource as the treated water is made available for

direct (re)use as service water or even potable water. Thus, the

reclaimed water from most wastewater treatment plants could be

used for different non-potable applications such as urban

landscaping, agricultural irrigation, construction, industrial

cooling, impoundments, and environmental purposes such as

groundwater recharge (24, 25). For integration into the drinking

water supply, a further polishing of the cleaned wastewater, e.g., by

advanced membrane filtration technologies, is necessary (26).

Treated water from decentralized wastewater treatment systems at

the municipal and local levels can be used directly at the source in

dry regions for gardening, horticulture, cleaning, toilet flushing, and

recreational purposes (25). Producing fit-for-purpose water from

wastewater and wider adoption of such reuse practices for reclaimed

water can help lower the burden on freshwater resources and curtail

groundwater overextraction across the globe (27).

Circularity in wastewater treatment is not new; there are

technologies that treat wastewater and yield energy. The oldest

and most widespread of these is anaerobic digestion (AD), where

organics are digested to methane, which is in turn burnt to produce

electric and thermal energy. McCarty et al. (28) provide a
TABLE 2 Energy costs for the treatment of the estimates of wastewater produced by each region based on the values in Jones et al. (5), assuming an
average treatment energy demand of 0.5 kWh m−3.

Region
Wastewater

currently treated
(109m3 yr−1)

Percentage
currently treated

GWh energy estimate for
current wastewater
treatment and, in

brackets, for treating
100% of currently

produced wastewater

Equivalent number of
1-GW power plants
required for treating
100% of currently

produced
wastewater*

East Asia and the Pacific 57 48% 28,200 (58,800) 7

North America 50.6 68% 25,400 (37,350) 5

Latin America and the
Caribbean

15.4 37% 7,800 (21,050) 3

Western Europe 33 86% 16,550 (19,250) 2

Eastern Europe and Central
Asia

14.9 53% 7,500 (14,100) 2

South Asia 4 16% 2,050 (12,800) 2

Middle East and North Africa 11.4 52% 5,700 (10,950) 1

Sub-Saharan Africa 1.8 16% 880 (5,500) 1

Global 188.1 52% 93,450 (179,700) 22
*For simplicity reasons, we assume that a 1-GW nuclear power plant produces 8 TWh electric energy per year, corresponding to 11 months of full-capacity operation. The energy equivalent is
extrapolated to the equivalent number of 1-GW power plants.
frontiersin.org

https://doi.org/10.3389/fsci.2026.1688727
https://www.frontiersin.org/journals/science
https://www.frontiersin.org


Schröder et al. 10.3389/fsci.2026.1688727
comprehensive review of the prospects and energy balances of AD

versus METs. With AD, only approximately 81% of biodegradable

matter can be converted to methane and, when combusted, only

35% of this can be converted to electricity (with 65% going to heat).

Ultimately, only approximately 28% of the original chemical energy

content can be converted to electricity—which acts as a helpful

benchmark for MFCs to reach. Low temperatures and organic loads

have been also cited as barriers; however, there are studies using AD

reactors that overcome this with reasonable efficiencies (28),

although METs also operate comfortably in these conditions (29).

AD does not recover nitrogen or phosphorus directly, but add-on

processes could perform this function. METs have the capacity to

allow both. Achieving the recovery balances needed at a cost lower

or equivalent to these more traditional methods remains a focus and

challenge in this field of research.
Basic principles of METs

COD removal and energy recovery in METs

METs exploit the ability of electrochemically active bacteria to

exchange electrons with their surroundings via extracellular

electron transfer (EET) (30). In the context of wastewater

treatment, the resulting ability to exchange electrons with

electrodes allows coupling microbial degradation of organic and

inorganic compounds with the generation of an electric current.

Two primary METs are microbial fuel cells (MFCs) and microbial

electrolysis cells (MECs). Both MFCs and MECs share the same

anode process (Figure 1A), which is the driver of COD removal

(31), but differ in the cathode reaction and thereby in the net

energetics of these bioelectrochemical systems. At the anode,

electrochemically active bacteria engage in EET and utilize the
Frontiers in Science 05
electrode as a terminal electron acceptor, while fully or partially

oxidizing organic matter to generate electricity (32). These bacteria

are often referred to as electrogenic bacteria or electrogens. From

there, in MFCs and MECs, the electrogenic bacteria are typically

utilized in the form of electrode-associated biofilms (often referred

to as electroactive biofilms, EAB). Their performance, i.e., the

magnitude of current they can produce and their ability to

degrade organic matter in wastewater at sufficient rates, is

intrinsically linked to the rate and efficiency of the EET. Here, the

transfer of electrons across the cell membrane as well as through the

biofilm and across multiple cell layers plays a central role. Due to

this role, extensive research has been conducted on EET processes

between electrogenic bacteria and electrodes, mostly concentrating

on select model species (33–36). The molecular mechanisms behind

EET involve transferring electrons across the cellular membrane

and biofilm matrices. Substantial experimental evidence supports

the involvement of key cell surface molecules such as multiheme c-

type cytochromes (34, 35) and electrically conductive type IV pili,

or e-pili (33). Multiheme cytochromes (MHC) facilitate electron

transport through electron hopping between neighboring heme

groups and from one adjacent MHC to another. In some cases,

such as Geobacter sulfurreducens, highly conductive MHC

nanowires can even be formed, transporting electrons far from

the cell surface (37). On the other hand, e-pili has been shown to

facilitate electron transport via aromatic amino acids located at

periodic distances (38–41), although recent studies have questioned

this role and pointed toward a secretory function (42). These

functions, however, may not be mutually exclusive.
Non-electroactive microorganisms can also exist in MET

systems, breaking down complex organic matter to molecules that

can be used by the electrogenic microorganisms by, for example,

hydrolysis and fermentation processes (43–45). Hence, the

bioelectrochemical substrate degradation creates food webs and

supports the coexistence of different microorganisms, which may
TABLE 3 Estimated amounts of ammonia nitrogen and phosphate in wastewater produced by each region and the individual shares with respect to
global ammonia and phosphate demands.

Region

Ammonia nitrogen Phosphate

Thousand metric
tons available

Fraction of the
current world
demand (%)

Thousand metric
tons available

Fraction of the
current world
demand (%)

East Asia and the Pacific 4,704 3.6 1,058 2.4

North America 2,988 2.2 672 1.5

Latin America and the Caribbean 1,684 1.3 379 0.8

Western Europe 1,540 1.2 347 0.8

Eastern Europe and Central Asia 1,128 0.8 254 0.6

South Asia 1,024 0.8 230 0.5

Middle East and North Africa 876 0.7 197 0.4

Sub-Saharan Africa 440 0.3 99 0.2

Global 14,376 10.9 3,235 7.2
The data is based on an extrapolation of an average phosphate content of 9 g m−3 and an average nitrate concentration of 40 g m−3 of wastewater to the regional wastewater volumes. Data
source: (17).
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also include methanogens. Methanogens can exploit the by-

products (e.g., H2/CO2, formate, acetate, and electrons/CO2) of

fermentative bacteria or incomplete oxidation by electrogens

oxidizing complex organics (46, 47). Alternatively, they can

directly utilize cathodic electrons, acting as electrotrophs (48–50).

The exact nature of the symbiotic or potentially commensal

relationships between the bacteria in an electroactive biofilm

necessitates further empirical inquiry, as such interactions could

inadvertently result in suboptimal MFC or MEC performance (51).
Frontiers in Science 06
Electrogenic bacteria are part of virtually all anaerobic

environmental compartments (52) and are, therefore, also present

in wastewater (53). From there, they can be directly enriched as

electroactive biofilms on MFC/MEC anodes. This means that there

is no need to engineer specific organisms for operation, as the

required microorganisms are already present in the target

wastewater and are well adapted to a broad range of substrates.

There are also numerous procedures for improving biofilm start-up

and performance (54). A common and straightforward method is
FIGURE 1

Simplified schematics of a (A) microbial fuel cell and (B) microbial electrolysis cell.
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the use of pre-cultivated electroactive bacteria, from the effluent of a

running bioanode in an MFC/MEC for startup, the use of pre-

grown electroactive biofilms as seed biomass for inoculation (55,

56), or the employment of a rigorous acclimation regime to

accelerate metabolic/growth rates and biofilm formation (57–59).

Despite the practical progress in the cultivation of electroactive

biofilms, the understanding of the complex dynamics in these

mixed-species communities remains nascent. This opens a

window into exploring the nuances of microbial survival

strategies, co-adaptation of syntrophic partners to changing

conditions, or possible decoupling during bioelectrochemical

treatment. This information is necessary if we need to move

forward from the “black box” concept that wastewater treatment

METs currently are and improve conversion efficiency.

The fundamental difference between MFCs and MECs lies in the

cathode reaction. MFCs (Figure 1A) exploit cathode reactions with a

more positive potential than that of the anode reaction (Ecathode >

Eanode). Therefore, the vast majority of MFCs utilize the oxygen

reduction reaction (ORR). The combination with the anode reaction

creates an exergonic net process and produces electric energy. In this

scenario, the energy in the organic substrate is converted to electric

energy. As illustrated schematically in Figure 2A, the amount of

energy theoretically extractable in a microbial fuel cell, expressed as

the Gibbs free energy of the reaction, DG, can be derived from the

difference of the standard potentials of the cathode and anode

reaction. Exemplarily, an eight-electron anodic oxidation of acetate

as a key microbial metabolite to CO2 (E′ = −290 mV) combined with

the cathodic oxygen reduction (E′ = 818 mV) would yield DGtotal =

−855 kJ mol−1 (at standard conditions) (60). Even theoretically, an

MFC would not be able to extract the entire energy amount. As

biocatalysts, the electrogenic microorganisms divert a part of the

energy for their metabolism. This is evident in the redox potential at

which the bacteria release the electrons via EET, which is more

positive than that of the substrate. The redox potentials of the EET

components are specific to the electrogenic bacteria. For Geobacter

sulfurreducens, for example, it is about −140 mV vs normal hydrogen

electrode (61). From the potential difference to the standard potential

of the acetate oxidation, one can estimate thatGeobacter would divert

approximately 115 kJ mol−1 (ca 13%) of the total chemical energy,

leaving 739 kJ mol−1 as extractable energy. It must be pointed out that

this is a simplified consideration since redox potential in real systems

may differ significantly from the standard redox potential values. In

addition, this discussion does not include energy losses based on slow

electrode kinetics and other losses, e.g., based on the ohmic resistance

of the bioelectrochemical systems.

In contrast to MFCs, the cathode reaction of MECs—e.g., the

reduction of protons to molecular hydrogen, the hydrogen

evolution reaction (HER) (Figure 1B), or the reduction of CO2 to

methane (often referred to as electromethanogenesis)—takes place

at potentials negative to the anode potential (Ecathode< Eanode),

resulting in an endergonic net process and thus the necessity of

adding electric energy to drive it. The result is energy storage in

carriers such as hydrogen or methane. As Figures 2B, C illustrate,
Frontiers in Science 07
due to the energy-delivering anodic process, the hydrogen

production in MECs requires considerably less addition of electric

energy than conventional water electrolysis (62), which involves the

energetically unfavorable oxygen evolution reaction as the anode

reaction. Thus, as a simplified thermodynamic consideration based

on the data depicted in Figure 2, the energy demand of a hydrogen-

producing MEC would be 53 kJ mol−1 of hydrogen in comparison

to 238 kJ mol−1 for the conventional water electrolysis.

The majority of METs rely on chemically catalyzed electrode

reactions, although some cathodes based on the ORR (MFC) or the

HER (MEC) can be catalyzed using microorganisms (63–65). For

conversion of CO2 into specific products such as methane via

electromethanogenesis, cathodes relying on microbial catalysts

(e.g., electrotrophic methanogens) can help in steering the overall

reaction towards the desired product. Methanogens can directly

uptake either electrons or hydrogen from the cathode, utilizing

them as an electron donor (48, 49, 66). In MEC–AD, the presence of

certain electrogens at the cathode led to the belief that interspecies

interactions based on direct interspecies electron transfer (DIET)

were important for effective cathodic conversions. Recent findings

challenge this previously held notion that a DIET consortium

benefits from a cathodic environment (67).

The performance of METs is evaluated by calculating overall

energy efficiencies, current densities, power densities (in MFCs), or

production rates and chemical recoveries in other types of systems

(e.g., MECs). Understanding the factors that impact these

performance metrics (and ultimately controlling these) is

challenging due to the complexity of MET designs. Electrode-

associated factors, such as the overpotential of anode and cathode

reactions, depend on the nature of the underlying electrochemical or

bioelectrochemical reactions. For the anode, it also depends on the

extent of electron-scavenging side reactions (e.g., aerobic substrate

degradation, nitrate or sulfate respiration, or methanogenesis) that

lower the electron yield (also referred to as Coulombic or Faradaic

efficiency). While these factors are not usually affected by a scale-up of

the respective MET, physical factors like the internal (ohmic)

resistance of the reactor are strongly dependent on the size and

represent a major scale-up challenge. The internal resistance, which

governs energy efficiency and electrochemical performance, is

influenced by several factors: the solution chemistry, reactor scales

(small vs. large electrodes), architecture (e.g., electrode spacing),

electrode and separator materials, and dominant microbial

communities (62, 68–70). In general, laboratory-based METs with

optimal solution chemistry, consisting of well-buffered (and highly

conductive) solutions and the substrates preferred by electrogens,

such as acetate, achievemuch higher performance than those fed with

poorly buffered (and often poorly conductive) solutions and complex

organic matter such as domestic and industrial wastewaters. Buffers

used in laboratory-based systems have two effects: they limit the

development of pH gradients at the electrodes, thus maintaining high

electrode performance, and they produce comparatively high ionic

concentrations and thus high ionic conductivities (70). As an

example, MFCs have reached power densities of 8.8 ± 0.5 W m−2
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at 42 ± 1 A m−2 in a typical 50 mM phosphate buffer solution (71),

whereas the same system produced only 1.34 W m−2 under

otherwise identical conditions when the solution buffer strength

was reduced to be similar to that of domestic water (alkalinity of

360 mg L−1) (72).
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Energy efficiencies, defined as the fraction of the chemical

energy contained in the media that is effectively converted to

electricity, ranged widely, from 35% under optimal conditions

(73) to <1% for continuous reactors (74) using wastewater.

Similar trends in performance due to solution chemistry and
FIGURE 2

Simplified thermodynamic energy analysis of (A) a microbial fuel cell (MFC), (B) a microbial elekctrolysis cell (MEC), depicted here by the cathode
only, which differs from MFC cathodes, and (C) conventional water electrolysis (for comparison with B). The total energy contents of a given organic
substrate, DGtotal, results from the difference between the biochemical standard potentials of substrate oxidation and oxygen reduction. During
substrate oxidation, electrogenic microorganisms retain a part of this energy (DGbiol) and release the electrons at a lower energy level (more positive
redox potential - E’EET). The remaining energy can be extracted in an MFC (A) as electric energy, DGelectr. In an MEC (B), the potential difference
between EET and, e.g., hydrogen evolution reaction determines the additional energy required to drive the hydrogen evolution process. In contrast,
the energy demand of conventional water electrolysis (C) is much higher, as it comprises the entire potential difference between the H2/H

+ and the
O2/H2O couple.
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reactor size have also been observed in MECs, with current densities

reaching >60 A m–2 and hydrogen gas production rates of 72 L

L−1d−1 using well-buffered synthetic media with plenty of acetate,

much higher than those obtained with real media (75–78). Another

challenge is low COD concentrations. When METs are operated

with media containing low COD content (less than ~150 mg L−1),

electrochemical performance is sharply reduced (79). Thus, there is

a trade-off in METs between maximizing electrochemical

performance by operating at low COD removal rates (see also the

Integration of METs into wastewater treatment and remediation

section below) and maximizing organic matter removal, which will

decrease current density and power production.

The performance of laboratory-scale METs is also not currently

maintained during scale-up for larger reactors even with the same

architecture. In appropriately scaled deployments, the main rate-

limiting step is often related to constraints around the range of

available materials and manufacturing processes, impacting on the

system design and configuration. This results in performance levels

lower than anticipated; clearly this is not a failure of the technology

itself but of factors resulting in e.g., hidden short-circuits (electric or

hydraulic), longer electron travel distances, or detrimental material

deficiencies, giving increased internal resistances. Best engineering

practices can and have improved systems on site but only to the extent

that a rigid design and limited material availability would allow.

For example, pilot-scale MFCs, with a volume of 500 L or more,

have not produced power densities above 0.1 W m–2 even though

the same electrodes and reactor architecture were used for both the

pilot and lab-scale systems. The lower performance of pilot MFCs

was likely due to the increase of the electrode resistance (mW m2,

normalized by the electrode area) as the electrode dimension was

expanded (80). The increase in electrode resistance was smaller for

the anode than that of the cathode, increasing from 71 mW m2

(7 cm2) to 238 mW m2 (6200 cm2) and 66 mW m2 to 555 mW m2,

respectively (81).

Recent advances in pilot- and full-scale METs have clarified the

rate-limiting factors that constrain performance and have informed

new design strategies. Full-scale systems such as METlands® have

demonstrated effective wastewater treatment under real conditions,

where performance was primarily limited by mass transfer and

redox stratification within the conductive media, which are issues

now mitigated through modular architectures and optimized

hydraulic design (82). Similarly, passively aerated, membraneless

MFCs employing granular activated carbon (GAC) electrodes have

shown long-term stability in real wastewater treatment, overcoming

ohmic and cathodic limitations through reduced electrode spacing

and enhanced ionic pathways (83, 84). A meta-analysis of pilot-

scale MFCs identified internal resistance, oxygen mass transfer at

air cathodes, and shunt currents (based on crossover processes

between anode and cathode compartment, among others) as

dominant bottlenecks, guiding design improvements in stack

configuration and electrolyte conductivity (85). Further progress

has been achieved in cathode development, where non-precious

metal catalysts such as Fe–N–C and activated carbon have lowered

oxygen reduction overpotentials while improving durability and
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cost effectiveness (86). The adoption of 3D electrode architectures,

including granular and fluidized beds, has also increased effective

surface area and reduced diffusion limitations, thereby enhancing

power output and scalability (87).
Nitrogen and phosphorus recovery
through METs

In addition to energy harvesting based on COD removal, METs

can play a role in the removal and the recovery of nutrients, most

importantly nitrogen and phosphorus. Under anaerobic conditions,

organic nitrogen compounds contained in wastewater are typically

converted into ammonium nitrogen. Ammonium (NH4
+) recovery

becomes especially interesting when its concentration in the inflow is

high. A typical ammonium-rich stream that has been tested in METs

for ammonium recovery is source-separated urine with nitrogen

concentrations up to 9 g NH4
+ L−1 (88), a concentration more than

two orders of magnitude higher than that found in municipal

wastewater (30–50 mg L−1). In addition to high ammonium levels,

source-separated urine also has the advantage of containing high

concentrations of degradable organic matter. Ammonium recovery in

METs utilizes the fact that every electron flowing between the anode

and the cathode of an electrochemical cell has to be counterbalanced

by a stoichiometric ion flux (anionic or cationic) between both

electrode compartments to maintain charge neutrality. When using

a cation exchange membrane (CEM) as a separator between the

anode and cathode compartments, the bioelectrochemical oxidation

of organic matter at a MET anode is thus accompanied by the

transport of cations—including ammonium—from the anode to the

cathode compartment (89). By leveraging this mechanism, 92%

ammonium transfer efficiency from the anode to the cathode

compartment has been achieved in a scaled-up system treating

urine (90). This transfer across the separating membrane results in

the removal of ammonium from wastewater and its accumulation at

the cathode (Figure 3A). During operation, the pH of the cathode

compartment shifts towards strongly alkaline values due to low rates

of transport of protons from the anodic to cathodic chamber and

production of hydroxide ions in the cathode chamber (91). Due to the

high cathode chamber pH, the ammonium ions are rapidly converted

to volatile ammonia, which can then be removed by gas stripping or

using hydrophobic membranes that trap the ammonia in an acid

solution (92). The latter study demonstrated an ammonia recovery

rate of approximately 36 g NH3–Nm
−2d−1. The resulting product is

ammonium salt, e.g., ammonium sulfate or ammonium nitrate.

An important advantage of ammonium recovery compared to

conventional removal is that the transport across a membrane keeps

the nitrogen in its most reduced form. There is no biological

conversion, eliminating the risk of nitrous oxide (N2O) production,

a greenhouse gas (GHG) more potent than CO2. For wastewater with

low ammonium concentrations, like sewage, the proportion of

transferred ammonium compared to alternative cations, such as

K+, Na+, and protons, is much lower compared to urine, so an

economic recovery of NH4−N may appear unfavorable.
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For wastewater streams with low concentrations of ammonium,

the sole removal of ammonium (as opposed to removal and

recovery) is required with oxidation at bioanodes being an

interesting route (93–95). So, rather than transporting

ammonium from anode to cathode where it is being

concentrated, ammonium is converted into N2 gas at the

bioanode. Indeed, several studies have shown that ammonium

oxidation to inert N2 gas at bioanodes is feasible, especially when

wastewater with no organic matter (a competing electron donor at

the anode) is used. However, this oxidation process results in the

loss of a valuable ammonia product.
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The recovery of phosphate in METs is based on the occurrence

of pH gradients close to the cathode surface of an MFC or MEC

(Figure 3B). Due to the consumption of protons for the HER (or

ORR) at the cathode, the pH in the catholyte will increase, with the

local pH closer to the electrode surface increasing even further. In

the presence of Ca2+ or Mg2+, a calcium/magnesium phosphate

precipitate will form on the cathode, whereas in the presence of

ammonium ions struvite (magnesium ammonium phosphate),

precipitates are also formed (96). Since both Mg2+/Ca2+ and

PO4
3− are typically present in domestic wastewater, there is no

requirement for metal ion dosing (97). The precipitation of calcium
FIGURE 3

Schematic illustration of the mechanisms of (A) ammonia and (B) phosphate recovery via microbial electrochemical technologies.
frontiersin.org

https://doi.org/10.3389/fsci.2026.1688727
https://www.frontiersin.org/journals/science
https://www.frontiersin.org


Schröder et al. 10.3389/fsci.2026.1688727
phosphates at cathodes is a purely abiotic chemical reaction driven

by the operation of the respective MFC or MEC. This coupling

lowers the overall energy demand more than conventional

electrochemical treatments (88).

In comparison to the COD removal and energy recovery

described in the previous section, significantly less attention and

development work have been dedicated to the MET-based recovery

of chemical resources. It is to be expected and hoped that this aspect

will receive more attention in the coming years to reach a stage of

development that allows for implementation in wastewater

treatment strategies.
Integration of METs into wastewater
treatment and remediation

Given the ability of METs to recover the energy contained in

organic matter as electricity or valuable energy carriers, their

integration in wastewater treatment facilities can enhance

circularity, thereby improving the overall economics of the water

treatment sector. The majority of the early studies on METs focused

on small-scale (i.e., laboratory-scale) systems in optimized laboratory

conditions and environments. Only recently have more studies been

conducted on the design and operation of technical-scale and even

pilot-scale reactors, primarily MFCs andMECs, and their integration

in wastewater treatment facilities, especially for breweries/distilleries

(98, 99) and domestic/municipal wastewater (100). Some of these

efforts were pursued exclusively by private companies (101) or by

universities in collaboration with different companies (80, 102),

indicating that there is interest and potential revenue in bringing

METs to market. However, the number of studies on pilot-scale

systems remains scarce, and fully commercial demonstrations are

lacking. The scarcity of studies is in part due to a limited

understanding of the best approach for scaling up these systems

and integrating them into conventional treatment trains but also due

to the reluctance by companies and authorities to change process

trains, since that carries additional economic burden.

MECs and MFCs could be integrated early in the treatment

train, taking advantage of a high concentration of nutrients to

maximize electricity (MFCs) or hydrogen and methane (MECs)

production. Most wastewater cannot be treated to levels suitable

for discharge using only an MET, as the further organic matter

oxidation rate abruptly decreases around a COD concentration of

~150 mg L–1 (79). Therefore, additional treatment technologies are

needed downstream of METs to further polish the effluent and

ensure that its composition complies with local regulatory

requirements. This additional treatment has been accomplished

by coupling METs with different treatment systems, including

ultrafiltration and nanofiltration units (103), membrane

bioreactors (104), and biofilters (80) (Figures 4A, B). The

combined bioelectrochemical reactor–polish unit produced

effluents with a biochemical oxygen demand (BOD) typically

lower than 15 mg L−1, and thus it was acceptable for most

treatment facilities in North America, Europe, and Asia.
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An alternative approach is to integrate METs into upstream

stages for treating high-concentration liquids resulting from the

dewatering processes associated with AD and sludge conditioning.

This approach leverages the high COD and nutrient concentrations of

these systems and does not require discharge standards, as this water

is typically recirculated back into the treatment works (105, 106). For

example, a pilot MEC system was integrated with hydrothermal

liquefaction (HTL) to treat HTL wastewater while producing high-

purity H2 that could be directly utilized for biocrude upgrading to jet

fuel (107). Onsite parallel and serial operation of multiple MEC units

demonstrated flexible performance, enabling either enhanced H2

generation under high-current demand or advanced removal of

organics and nitrogen under treatment-focused conditions.

While the importance of wastewater influent concentration for

performance is known, the optimal design and operational

parameters of the actual bioelectrochemical reactor are still

debated. An initial challenge is that no treatment plant is alike,

and average and peak flow rates and total hydraulic retention times

can vary across different plants. This challenge in process train

variability could be overcome by modularizing individual reactors

once an optimized architecture is identified (101) (Figures 5A, B).

Modular METs can then be connected in series (the effluent of one

reactor is fed into the next one) or in parallel (the influent is split

across a range of reactors). Assuming a similar retention time of

each reactor for the two configurations, the parallel connection will

achieve a low level of treatment, but the constantly high nutrient

concentration will enhance current density and hydrogen or

methane production rates (76). When connected in series, higher

treatment levels can likely be achieved, but the bioelectrochemical

performance of subsequent reactors will decrease as the

concentration of nutrients diminishes.

No matter how individual reactors are connected, reactor

volume and electrode sizes of current laboratory scale MFCs and

MECs will need to be increased for successful integration in actual

water treatment plants. However, increasing the electrode size

increases the electrode resistance, which has been reported to

significantly diminish current density and maximum power

density in pilot MFCs as well as hydrogen production rates in

pilot MECs (76, 108). This clearly emphasizes the development

need for an optimal electrode design for large-scale MET systems.

Maintaining a high-current density is key to accelerating

nutrient removal and boosting the electrochemical performance

of the reactor. Previously published analysis on scaled up MFCs and

MECs indicated that reactors with large electrode packing densities

(area of electrode per volume of reactor) achieved the highest

volumetric performance, due not only to the large electrode

surface area but also the reduced spacing between the electrodes,

which minimizes electric resistance due to the poor conductivity of

conventional wastewater. In terms of electrode designs, carbon

brushes in pilot MFCs have been shown to outperform flat

electrodes, while air cathodes surpass the performance of liquid

catholyte configurations (108). For MECs, more studies at the pilot

scale will be needed to ascertain the optimal electrode configuration.

The integration of METs in water reclamation facilities goes

beyond the oxidation of organic matter in the main process train.
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For example, MECs can be coupled with AD to accelerate

methanogenesis and increase methane yield (109, 110). In an

integrated MEC–AD, the hydrolysis of organic matter is

accelerated at the anode while the reducing equivalents produced

are consumed at the cathode to increase the methane titer. This

approach has already been commercialized by at least two

companies: Cambrian Innovation in the United States with their

EcoVolt reactor and WASE in the United Kingdom.

Another emerging application of MFC/MEC in wastewater is

the remote sensing of pollutants for environmental monitoring. By

leveraging the correlation between microbial degradation of

pollutants and electric current responses, MET-based sensors

have been used to detect various environmental parameters such
Frontiers in Science 12
as BOD and dissolved oxygen and pollutants such as toxic

substances and heavy metals (111–113). The electric output of an

MET sensor correlates with the concentration of these

biodegradable or toxic compounds (analytes) when operated as

an MFC, thereby allowing self-powered and real-time monitoring.

Researchers have focused on the development of new selective

e lectrode mater ia ls with improved conduct iv i ty and

biocompatibility. Further, the engineering of microbial

communities or genetically modified microorganisms to target

specific analytes, leading to improved electron transfer efficiency

and more accurate detection of pollutants like phenols and BOD,

has been discussed (114, 115), but how these can be operated long-

term in open environments remains to be solved. The integration of
FIGURE 4

Integration example of microbial electrochemical technologies into water reclamation facilities: pilot-scale (1400 L) microbial fuel cell–biofilter
system (A, B) for energy-efficient treatment of low chemical oxygen demand effluent.
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MFC-based biosensors with wireless data transmission systems

enables remote and real-time monitoring of environmental

conditions, with additional advantages of portability and low

maintenance. Companies such as Sentry have developed MET-

based sensors with electrodes pre-loaded with bacteria that measure

electron generation from microbial activity and, by tracking

changes in electron transfer rates, these sensors offer immediate

insights into biological treatment efficiency, enabling optimization

of processes and prevention of issues in water and wastewater

treatment facilities (Figure 5C).

Research and development have also been directed toward

investigating other integration possibilities. For example, MECs

have been integrated with the partial nitritation–anammox process
Frontiers in Science 13
for nitrogen removal (119), where ammonium is oxidized with an

anode serving as the electron acceptor, eliminating the need for prior

nitrification. MECs have also been integrated with photocatalysis,

which enables self-sustaining H2 production with high efficiency and

durability using actual wastewater (120). MFCs have been coupled

with microalgae bioreactors to enhance CO2 sequestration, nutrient

recovery, and biofuel production (121). The integration of MFC

technology into constructed wetlands (“CW-MFC”), typically via

embedding an anodemade of, for instance, granular material, into the

anaerobic root zone of plants where oxygen is limited and placing a

cathode in the oxygen-rich zone, has been proposed for uses such as

remediation and decentralized wastewater treatment (122, 123). It

may also be utilized as a final polishing step in a wastewater treatment
FIGURE 5

Examples of integration of microbial electrochemical technologies into water reclamation facilities. (A) Modular microbial fuel cells connected in
series for swine wastewater treatment. This pilot demonstration has been carried out by Aquacycl. Re-used with permission from Aquacyl (116).
(B) Aquacycl’s modular bioelectrochemical treatment units Adapted from Babanova et al. (117). (C) microbial electrolysis cell-based biosensor for
in-situ biological activity and water quality monitoring commercialized by Sentry. Re-used with permission from Sentry (118).
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plant. The opportunities for MET integration into centralized or

decentralized wastewater treatment are summarized in Figure 6. This

figure shows the wide range of possible applications for an MET for

wastewater treatment—depending on the main task and general

scenario—as centralized or decentralized and as stand-alone or

integrated systems.

A MET integration system that specifically applies in arid

regions where a circular bioeconomy needs local closing of water

cycles is combining MFCs with hydroponics or aquaponics (124).

This integration involves MFC-based COD removal and associated

energy recovery and a recirculation of the effluent that is still rich in

nutrients (nitrogen and phosphorus) for plant growth. The

integration of hydroponics with an MFC can be an effective

solution for managing domestic wastewater in a more

decentralized way. The dual functionality demonstrates the

importance of resource recovery, thus enhancing the value of

MFCs and advancing urban agriculture as well as vertical

farming. Different reactor designs and stack configurations have

been proposed for integrated hydroponic-MFC systems

(“iHydroMET” (125), “Mi-Hy”) for treating raw wastewater or

urine while growing plants (126, 127) (Figure 7).

While this review cannot summarize all the integration

possibilities, it is clear that MET provides a versatile platform for

technology development for a variety of applications. The above
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developments demonstrate that METs are approaching early

demonstration stages for integration with existing wastewater

treatment infrastructure, with techno-economic hurdles being

addressed, enabling this technology to deliver on its promise.
METs in the Global South

A further field of development and integration of this

technology is in regions where existing wastewater infrastructure

is not present. As an example, in areas of the Global South

(especially in rural areas but also in disaster zones and refugee

camps) there is often a lack of basic electricity supply in addition to

sanitary facilities and safe water. This results in serious hygiene

problems and, in addition, the lack of electricity to provide lighting

in and around the toilet environments leads to a high safety risk,

especially for women and young girls (128). MFCs could address

this problem—provided that they are inexpensive and have robust

designs (129, 130). Unlike mixed wastewater, urine does not contain

solids that can lead to system clogging and, therefore, allows a much

simpler reactor design. The use of human urine as a fuel for

electricity was first proposed in 2012 (131), subsequently leading

to several demonstrations whereby devices could simply be powered

by urine-fed MFCs (132). Similar to conventional wastewater-fed
FIGURE 6

Potential integration points for microbial electrochemical technologies within a conventional wastewater treatment train, including key
complementary technologies required for effective operation.
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MFCs, urine-fed MFCs have also been found to produce highly

alkaline catholytes (pH=11.0) with high levels of salinity. The

catholyte may be utilized as a disinfectant or as a liquid fertilizer

for plants with appropriate dilution factors due to the presence of

concentrated nitrogen and phosphorus compounds and potassium

ions (133–136).

Urine-fed MFCs were first trialed at the University of the West

of England’s Frenchay campus and at the Glastonbury Music
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Festival in June 2015 (137). The initial trials acted as a precursor

to the longer-term field trials in real environments in Kisoro,

Uganda (2017) (138), North Mathare, Kenya (2018) and Durban,

South Africa (2019) (see Figure 8).

A 1.5 m3 “bioelectric toilet” treating combined feces and urine

has been demonstrated to produce usable electricity for LED

lighting (130). Earlier work in Ghana (“Green Latrine”) treated

separated streams but achieved low electric energy yields (139).
FIGURE 7

Simplified schematics of two integration approaches for microbial fuel cell (MFC)-hydroponic systems. (A) MFC integration into the hydroponic unit.
(B) Use of a separate MFC stack in combination with a hydroponic unit. In both cases, the MFCs remove chemical oxygen demand and produce an
electric current, which can be utilized to illuminate plants with an optimal wavelength composition. The cleaned water contains inorganic micro-
and macronutrients to fertilize the hydroponics unit.
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Subsequent studies largely reported similarly low power outputs,

with the notable exception of Pee Power®, which performed better

because of the purpose-built urine-fed MFC stacks and tighter

process control. In most low-yield systems, the mixed or poorly

conditioned feed increased internal resistance and clogging; stacks

were not optimally wired (series/parallel) to match load, electrode

materials and geometries offered limited surface area, cathodes

suffered biofouling and mineral scaling, and microbial

communities on the anode were not actively managed. In

contrast, Pee Power® used a urine-only operation, matched

series–parallel stack configurations, high-surface-area electrodes,

air-breathing cathodes with fouling/scale control, and controlled
Frontiers in Science 16
hydraulic residence times, which together reduced internal

resistance and improved power density (140, 141).
State of METs development—
technological readiness and techno-
economics

Unlike several emerging technologies that follow the path of

step-by-step extensive fundamental lab-based research followed by

piloting and eventual commercial application, the METs research
FIGURE 8

Pee Power® installation in Durban, South Africa. (A) Areal view of the installation site, (B) installed system in place receiving urine and greywater from
the Community Ablution Block (CAB), (C) urinals, and toilet cubicles lit with electricity coming from the MFC stack.
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community has been active in all these aspects right from the start.

The norms and principles were still being established for the field in

2006 (95) but, by 2008, the first MFC pilot of 1 m3 capacity was built

and operated with brewery wastewater at Foster’s Brewery in Yatala,

Australia. Though the performance data of this pilot are not

available in any scientific publication (85), this demonstration

showed the intent of researchers to pursue upscaling METs and

raised awareness of the challenges that arise when taking

technologies from the lab to the field. Since this first study, the

upscaling of METs has made significant progress, focusing on

enhancing wastewater treatment performance and electric power

output and field applications such as nutrient removal from

wastewater (142), bioremediation of groundwater (143), and

resource recovery from urine (144). In the previous decade,

several groups reported pilot MFCs ranging from 10 L to >1000 L

with variable performance (145). Among these, the ones that were

operated for extended periods of more than a year include a 255 L

MFC operated with real municipal wastewater in Germany (102)

and an 850 L (1400 L total liquid volume) air-cathode MFC treating

domestic-type wastewater at a centralized wastewater treatment

facility in the United States (80).

One of the accepted approaches to measure the development of

a technology is by tracking its evolution on a technology readiness

level (TRL) scale. Initially designed by the National Aeronautics

Space Administration in the 1970s, it has now been adopted globally

to gauge the maturity of the technologies from lab to market (146).

The development of different MET types in terms of TRLs is

described here and has been the subject of more recent studies

focusing on MET commercialization (147). A summary of the TRL

of different technologies and applications is provided in Table 4.

Some examples of MET applications and their technoeconomic

assessment include the 1.5 m³ “bioelectric toilet” from Indian

Institute of Technology Kharagpur that used 49 separator–

electrode pairs with carbon-felt electrodes and a modified

clayware separator. A preliminary techno-economic assessment

estimated an initial investment of IN₹329,000 (≈ US$4,386) for a

10-year, five-person installation (130). In China, a 1.5 m³ outdoor

pilot with a biocathode (36 units) reported a stable power output of

406 ± 30 mW m−3 (effective liquid volume) and a CAPEX of US
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$1,702.1 (148), whereas in Switzerland, a dual-chamber MFC

comprising 64 modules (16.25 L each) operated for one year in

an underground wastewater treatment plant gallery, achieving 5.8–

12.1% energy efficiency, 34–95% COD removal, and 5–15%

coulombic efficiency (149). Stacked MFCs (series/parallel)

continue to be explored to raise voltage/current and match loads

(129, 150). Across pilots, real power densities remain modest and

treatment performance varies, reflecting differences in stack

configuration, electrode area, cathode management, and hydraulics.

Reported pilot costs for MFCs span roughly US$1,000–36,000

per m³ of reactor volume, largely due to reactor construction,

electrode and separator choices, and the degree of modular

stacking versus single large reactors (145). For MECs, electrode

materials and applied electricity dominate costs; improving energy

efficiency and lowering the required voltage are thus central

to viability.

MECs have undergone multiple pilots aimed at hydrogen

recovery. Examples include a 1,000 L continuous-flow MEC on

winery wastewater (98) and a sequence of pilots in the United

Kingdom starting with 120 L units treating domestic wastewater for

>12 months (105, 151, 152), to now progressing toward larger

demonstrators of 0.5 m3 per hour, and TRL 7-8 via METzero

Technologies Ltd (153). An 150 L MEC in Spain (five electrode

pairs in hydraulic/electric parallel) treating real wastewater for 63 days

achieved ~80% total organic carbon and ~70% nitrogen removal

(154). Commercial activity also includes methane-oriented, electrode-

assisted processes (e.g., Cambrian Innovation; WASE), which blend

conventional methanogenesis with enhanced rates from electrodes.

Given the slow march toward high-power standalone METs,

several groups have combined MET components with established

treatment platforms. Constructed wetlands-MFC (“electro-

wetlands,” “METland®/METfilter”, “CW-MFC”) have reached TRL

8 with pilots for urban and industrial effluents in multiple countries

(155). Other integrations—hydroponics-MET, electrochemical

MBRs, and bioelectrochemical anaerobic digesters (e.g., MEC-ADs)

—are at TRL 4–6 (156). On the industrial side, Aquacycl reported an

110L, 12-unit stacked MFC treating swine wastewater continuously

for >200 days with ~65% COD removal (101) and is expanding

deployment in wastewater treatment markets (117).
TABLE 4 Estimated scales and technological readiness levels of different wastewater-associated microbial electrochemical technologies.

MET type Main application Real-world example(s) Scale ~TRL (as of 2025)

Constructed wetlands
(METland®)

Municipal/onsite wastewater
treatment

Multiple full-scale METlands®

(Spain/Denmark)
Full-scale beds; demo
modules

7–8 (system prototype/demo in
operational environment)

MFCs
COD removal; electricity
output

Multiple pilot stacks reported 10–1000 L pilots
4–9 (component/bench to pilot/
launched)

MFC-based biosensors
Online monitoring (BOD/
toxicity/early-warning)

Field-deployable MFC sensors
Field trials; small pilot
installations

6–9 (prototype in relevant
operational env./launched)

MECs
Hydrogen generation;
polishing wastewater

135 L, 6-month MEC pilots
100–1000 L pilots, months
operation

5–6 (pilot/demo)

Urine treatment with MEC
NH3 recovery (as (NH4)2SO4/
citrate) + H2; P as struvite

Scaled-up MEC with NH3/NH4
+

recovery
Long-running pilots 5–6 (pilot/demo)
Abbreviations: BOD, biochemical oxygen demand; COD, chemical oxygen demand; MEC, microbial electrolysis cell; MET, microbial electrochemical technologies; MFC, microbial fuel cell;
TRL, technological readiness level.
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Across the MET family, most configurations sit between TRL 4

and TRL 8 (157). In wastewater applications,MFCs are best described

as mid- to high-TRL in niche roles (e.g., environmental monitoring,

with plant/sediment systems often around TRL 7–8), while large-

scale treatment MFCs remain at pilot/demonstration, requiring

further optimization before broad rollout. MECs are generally at

TRL 6–7 with credible pilots for H2 and CH4-enhanced recovery,

though economics hinge on materials and energy use.

The weight of field evidence indicates that MFCs are unlikely to

serve as high-scale power generators. Their more realistic

contribution is energy-efficient treatment and resource recovery

in side-streams where loading, conductivity, and residence times
Frontiers in Science 18
can be controlled. For MECs, selective product recovery (H2/CH4/

N-species) and coupling to existing assets offer the clearest path

forward. Progress will depend on lower-cost, durable materials,

standardized stack designs, fouling/scale control at the cathode,

better power electronics/load matching, and, in MECs, higher

energy efficiency at lower applied voltage.

Companies formed around METs include Trophos Energy,

Lebone, Hy-SyEnce (MFCs), Cambrian Innovation and WASE

(up-scaled MECs/biogas-enhanced), Plant-e (plant-based MFCs),

Emefcy (MET-inspired systems), METzero Technologies Ltd.,

METFilter/IMDEA (METland®), and Aquacycl (MET-based

treatment). Commercialization is occurring but at a deliberate
FIGURE 9

Recommendations for optimizing operations and scaling-up of microbial electrochemical technologies across the wastewater treatment train and in
other relevant applications.
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pace, with traction where METs complement rather than replace

conventional treatment.
Conclusions

The authors of this article are convinced that METs could

facilitate a paradigm shift by transforming waste into valuable

resources such as energy, clean water, and nutrients. When

considering all the potential and progress, one may ask why METs

for wastewater management are not yet an integral component of the

technosphere or, at least, occupy a set of application niches? One of

the reasons is that wastewater treatment in industrialized countries is

subject to very strict legal requirements regarding COD, nitrogen,

and phosphorous removal. Implementation in regular operation

requires (in addition to the necessary improvements in

performance and costs discussed above) certified long-term

performance data that meets legal requirements and convinces

sewage treatment plant operators to use the technology.

In order to become successful, METs for wastewater

management need to:
Fron
• achieve or even exceed required rates to allow roll-out for

municipal wastewater. Most challenging is ensuring thatMETs

replace or fit into the existing wastewater infrastructure of the

northern hemisphere. Here, depreciation of >15 years of

infrastructure as well as tight legal frameworks will make a

market entry extraordinarily challenging. Given that land,

especially in urban areas, is becoming increasingly precious,

achieving or even exceeding the current rates (e.g., COD

removal rates) of wastewater treatment that lead to a

retention time of ca. 1 day could be a clear advantage.

• achieve efficient treatment of high-strength wastewater and

recalcitrant substances. Acquacyl is a prime example: here a

MET allows treating high-strength wastewater from the

beverages industry using a modular MET with the harvest

of electric energy being only a side benefit. Thus, other kinds

of wastewater with different specificities, but the shared

challenge of being conventionally only treated by

tremendous energetic (and material) efforts, provide

excellent niches for METs to come into play. Apart from

treating these mostly industrial wastewaters with peculiar

specificities, METs can also be used for widespread

implementation. This can be achieved if METs meet

demands that cannot be served by (low-cost) existing

technologies; for instance, we foresee the removal of

pharmaceuticals or chemicals like per- and polyfluoroalkyl

substances from point sources as appealing entry points.

• provide added value when compared to existing

technologies. As illustrated, METs can replace energy-

demanding wastewater management processes, most

prominently aerobic sludge treatment. Therefore, METs

could decrease global energy consumption even when

achieving energy self-sufficiency (see Table 1). Further to

that, any validated use of wastewater as a resource, for both
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energy and material, that creates a real business case will

lead to implementation.

• become included in (and be promoted by) the regulatory

framework. The current legal framework, norms, and

standards are tailored for a linear economy. Thus, they

often do not suit a circular economy. This is also the case for

using METs for wastewater management. For instance, the

fertilizer derived from urine cannot, in most countries, be

applied for aqua- or agriculture of food (and feed), and the

cleaned wastewater is considered a free good. When re-

adjusting our legal foundation and, thus, giving a

(monetary) value to clean drinking water or promoting

circularity via “waste” as resource, METs will certainly

experience an upswing.
Even though great steps in the development of METs have taken

place in the past 20 years, METs are not yet competitive in terms of

technology and economy with other wastewater treatment and

recovery technologies. Challenges remain in scaling METs for

widespread adoption. High capital costs, material durability, and

energy efficiency limitations must be addressed to enhance

commercial viability. Pilot-scale implementations for decentralized

sanitation and the integration of METs with anaerobic digestion,

constructed wetlands, and membrane bioreactors demonstrate their

potential in real-world settings.

Further research is needed to optimize reactor designs, reduce

operational costs, and improve long-term stability. The future of

METs lies in interdisciplinary collaboration, water industry interest,

policy support, and technological innovation to bridge the gap

between laboratory research and full-scale deployment (Figure 9).

Although the challenges and tasks depicted in Figure 9 are located at

very different levels and in different disciplines, they are equally

important in terms of their significance and priority for successful

MET development and implementation.

By harnessing the untapped potential of wastewater, METs can

contribute significantly to sustainable development, energy security,

and global sanitation goals and thus to the relevant SDGs. As the

field progresses, METs may become a cornerstone of next-

generation wastewater treatment, turning environmental

challenges into economic and ecological opportunities.
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