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Abstract: The need for renewable and sustainable fuel and energy storage sources is pressing.
Biohydrogen has the potential to be a storable energy carrier, a direct fuel and a diverse building
block for various downstream products. Utilizing microbial electrolysis cells (MECs) to produce
biohydrogen from residue streams, such as the organic fraction of municipal solid waste (OFMSW),
agricultural residues and wastewater facilitate utilization and energy recovery from these streams,
paving the path for a circular economy. The advantages of using hydrogen include high gravimetric
energy density and, given the MEC pathway, the ability to capture heavy metals, ammonia and
phosphates from waste streams, thereby allowing for multiple revenue streams emanating from
MECs. A review of the MEC technology and its application was carried out to investigate the use
of MEC in sustainable biohydrogen production. This review summarizes different MEC designs
of varying scales, including anode materials, cathode materials, and configuration possibilities.
This review highlights the accomplishments and challenges of small-scale to large-scale MECs.
Suggestions for improving the successful upscaling of MECs are listed, thus emphasizing the areas
for continued research.

Keywords: MEC; green hydrogen; OFMSW; wastewater

1. Introduction

Energy demand has been increasing alongside a growing human population [1] and a
growing number of consumables purchased, shipped, used and discharged [2]. The access
and availability of products have led to an increase in both types of waste and the quantity
generated. Waste generated by humans is the third largest source of methane emissions
after industrial and agricultural sources. Although CO2 remains the most significant
contributor to global warming, methane has a more considerable comparative impact due
to its increased efficiency at trapping CO2 radiation, thus causing dire consequences for
climate change [3,4]. As the industrial, agricultural and transportation sectors formulate
and implement their respective strategies in combating climate change, the utilization of
waste as a resource transcends sectoral boundaries. Reducing emissions is a retrogressive
action that addresses the challenges cumulated due to inaction over the past decades [5].
Some contemporary waste streams create value using energy generation, and others might
serve as product precursors.

1.1. Hydrogen as the Product

Hydrogen is a synthetic energy carrier, implying that it is a direct energy source and
constitutes a possibility for energy storage in the form of chemical potential. These abilities
make hydrogen a promising key player in the future of renewable energy systems [6].

The demand for hydrogen has continuously increased since 1975, with ammonia
production accounting for the bulk of the demand. However, global hydrogen consumption
is expected to increase drastically due to its properties, making it a central building block
in mitigating fossil-derived energy sources used in hard-to-eliminate emission sectors [7].
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Hydrogen can be produced by various methods, including electrolysis, thermal water split-
ting, gasification, dark fermentation, photoelectrochemical cells, fossil fuel reforming, artificial
photosynthesis, aqueous phase reforming and conventional reforming methods [8–10]. These
production techniques may be divided into categories based on their CO2 emissions and
environmental impact. The four main sections in which hydrogen production has been
categorized are brown, grey, blue and green [11].

These color codes are designated in terms of the degree of CO2 emissions and cap-
ture, as seen in Figure 1. The brown hydrogen category includes carbon and fossil-fuel
production methods, such as gasification by coal, which emits the highest levels of CO2.
The grey hydrogen category includes industrially produced hydrogen, e.g., through steam
reforming using natural gas, but with no carbon capture and high CO2 emissions. Blue
hydrogen is produced during the carbon capture process and is, therefore, the category
that emits the least CO2. Green hydrogen is the ideal climate-neutral production method,
i.e., it is produced through renewable electricity and electrolysis, emitting zero CO2 [8,12].
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Figure 1. Differences in hydrogen production methods and their carbon emission impact.

Green hydrogen possesses a higher purity than blue hydrogen, which needs further
purification if it is to be implemented in a vehicle’s fuel cell. However, blue hydrogen
is suitable for industrial use without purification, and the production of blue hydrogen
eliminates the industry’s emissions by reducing CO2 on a large scale and with a low
cost [13].

In 2019, hydrogen production was 75 million tons per year and was used primarily
in refining and in the chemical industry [14]. It is estimated that, in 2070, hydrogen and
hydrogen-based fuels will account for 13% of all energy needs, compared to 1% in 2019, with
most of the hydrogen being used in the transportation and chemical industries [14]. In 2070,
the transportation industry will account for 70% of hydrogen consumption, divided into
shipping (52%), aviation (40%) and the remaining road transport [14]. In 2019, hydrogen
production was responsible for greenhouse gas (GHG) emissions of more than 800 million tons
of CO2, corresponding to around 2% of the global CO2 emissions from the energy sector [14].
Of the many developing strategies and projects working on a low-carbon hydrogen value
chain, fuel cells in transportation and electrolysis production are among the more advanced
methods. However, hydrogen-fueled engines for road transportation (mainly cars), ships and
ammonia-fueled ships are currently only in the prototype stage [14,15].
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1.1.1. Power-to-X and the Role of Hydrogen in Denmark

The use of hydrogen already extends to several parts of the global energy sector, and
production is projected to grow six-fold from 2021 to 2050 to meet 10% of the total energy
consumption [16]. As part of meeting the European Green Deal, renewable hydrogen
production is expected to reach 10 million tons in Europe by 2030 [17]. The energy directive
promotes using hydrogen to decarbonize hard-to-eliminate emission industries and heavy-
duty and long-distance transport.

Power-to-X (PtX or P2X) is a collective term for renewable technologies in which elec-
tricity production is achieved through renewable resources, which convert into hydrogen,
synthetic gases, fuels or chemicals. These conversion technologies allow for the storage
and utilization of excess renewable energy via the production of green fuels and chemicals
while also providing low capital-intensive decarbonization [13,16,18]. The benefits of im-
plementing PtX technology in the energy sector include decentralized production, seasonal
energy storage, decarbonization and grid stability, which become increasingly important as
contributions from the wind and solar sectors steadily grow [13].

1.1.2. From Hydrogen to Ammonia

The future of hydrogen as an energy source seems promising; however, there are
drawbacks to the technology. The low volumetric energy density of hydrogen, both
in gaseous and liquid forms, makes hydrogen challenging to store, thus decreasing its
accessibility by making it harder to deliver and distribute. The low energy density of
hydrogen is potentially one of the most significant barriers to implementing hydrogen-
fueled energy [19]. To utilize and exploit the full potential of hydrogen as an emission-free
fuel source, the shipping and storing of hydrogen may lean on another often-used chemical
asset—ammonia.

Ammonia has a high hydrogen density of 17% due to having three bound hydrogen
atoms, enabling its use as a fuel for combustion systems directly or as a fuel in fuel cells [20].
Thus, ammonia has been gaining increased interest due to its potential as a carbon-free fuel
for shipping because of its high liquefaction temperature and energy density compared
with hydrogen [21]. The volumetric energy density of ammonia is 11.5 MJ · L−1 and is
therefore superior to liquid hydrogen with 8.491 MJ · L−1 and compressed hydrogen with
4.5 MJ · L−1 at 690 bar and 25 ◦C [22]. Moreover, ammonia can be stored and transported
at −33 ◦C compared with cryogenic hydrogen storage at −253 ◦C, significantly reducing
the economic cost of being less energy intensive [23]. Additionally, ammonia allows for
safer handling and distribution, as it is less hazardous than hydrogen. Although toxic, its
smell can be detected even at safe concentration levels (<1 ppm). Ammonia has a narrower
flammable range than hydrogen and is often considered nonflammable when transported,
whereas hydrogen burns with an invisible flame [24]. Similar to hydrogen, ammonia is
ultimately carbon free, although CO2 emissions during ammonia production depend on
the energy source. Both hydrogen and ammonia utilize energy sources for production,
such as fossil fuels, biomass, renewable electricity and nuclear and solar energy [25].

Exploring different alternatives to storing and shipping hydrogen has led to extensive
research and numerous studies [26–36]. However, compared with much of the work
performed, the key advantage of exploiting liquid ammonia is its ease of storage and
distribution, thereby overcoming the issues of hydrogen infrastructure [33]. For hydrogen
production to become sustainable, environmentally friendly and carbon neutral, emphasis
must be given to production from renewable sources. This can be achieved by utilizing a
microbial electrolysis cell (MEC) assisted with a renewable energy source for external power
and waste to ensure and optimize a circular bioeconomy [37]. This paper investigates the
current state-of-the-art MEC technology, including set-up configurations, the potential of
varied feedstock utilization, the prospect of upscaling and current limitations.
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2. Current State-of-the-Art for MEC Technology
2.1. Operating Principle

Microbial electrolysis cell (MEC) is an anaerobic biological process used to convert organic
compounds into hydrogen or methane. MEC technology is related to traditional electrolysis,
such as alkaline water electrolysis (AWE) or proton exchange membrane (PEM) electrolysis.
The main difference is that the hydrogen evolution reaction (HER) is catalyzed by electroactive
bacteria under anaerobic conditions. Moreover, MEC technology resembles another hydrogen
production technology: the microbial fuel cell (MFC). The technologies differ, as MEC pro-
duces hydrogen from anaerobic electrogenic bacteria with an applied voltage, whereas MFC
produces an electrical current from aerobic electrogenic bacteria [38–41]. As MEC and MFC
are structurally similar, MFC is representable in many experimental studies and is therefore
included in the coming sections.

An MEC consists of an anode and cathode coupled to a power source and submerged
in a suitable electrolyte, facilitating electron transport via microorganisms pre-inoculated
in the anaerobic container (cf. Figure 2). The two electrodes can be submerged into the
electrolyte in the same container, or they may be separated by a membrane or placed in
separate containers with different electrolytes, providing several configuration options [39].
MEC technology utilizes bacteria for the catalysis of the electrochemical oxidation or
reduction reactions used to produce current [41].
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Figure 2. Simple construction scheme of two-chamber MEC separated by a membrane. The green
attachment on the anode represents the microbial presence.

The electrons and protons generated at the anode during oxidation are utilized at the
cathode to produce biohydrogen but require additional voltage to trigger biohydrogen
production [42]. The optimally applied voltage lies in the range of 0.5–1.0 V [43], which
is lower than the voltage required for water electrolysis (1.23–1.8 V) [39], which indicates
an advantage to MEC technology. In theory, small voltage can be supplied by renewable
energy sources, such as wind or solar energy, during hours of low demand [44].

The mechanism in MEC, as seen in Figure 3, can be summarized as the breakdown
of organic matter by exoelectrogenic bacteria into ions, which the bacteria can transport
outside of their cell to the surface of the anode inside the MEC chamber. The exoelectrogenic
bacteria are attached to the surface of the anode, where they oxidize the organic material into
CO2, releasing protons to the solution and electrons to the anode. When exoelectrogenic or
anode-respiring bacteria consume organic matter under anaerobic conditions, they donate
their final electron as part of their electron transport chain to the terminal electron acceptor
(TEA) at the electrode [10,39].
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The applied small current ensures the transfer of electrons from the anode to the
cathode being fused to produce biohydrogen and reducing protons. The system should
be kept under strictly anaerobic conditions at both the anode and cathode, since aerobic
conditions at the cathode produce water and electricity, thus converting the setup into an
MFC [37,39].

Electrogenic bacteria are bacteria capable of transferring electrical charges from or to
an electrode [45]. Electrogenic bacteria possess the most critical role in hydrogen production
through MEC technology. Thus, the choice and type of exoelectrogenic bacteria are essential
to ensure ideal conditions for optimized hydrogen production. Several microbial species
have been documented as electrogenic bacteria, which are useful in MEC systems. Mixed
microbial communities are often utilized for MECs, since studies have proven that their
electroactive efficiency compared with pure bacterial cultures is higher when used in mixed
cultures [46,47].

Methanogens are another niche of microbes that are encountered and found in MECs
with mixed cultures. Methanogens facilitate biofilm formation at the cathode and use the
hydrogen and electrons to produce methane, decreasing the yield and contaminating the
hydrogen. As the MEC is operated anaerobically, the presence of methanogens such as
the Methanobrevibacter species is inevitable when using mixed cultures [39,48]. However,
although methanogens are often found in MECs, especially during biofilm formation,
electrogenic bacteria capable of producing current densities are more relevant and desired
when aiming to produce hydrogen through MEC.

Table 1 shows and summarizes some commonly found electrogenic species in MEC
systems. The table presents relevant information on the bacterial description and its
function in MEC.
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Table 1. Overview of commonly found bacteria in MECs and MFCs, including several electrogenic bacteria, each with its biological description and function in MEC.

Bacteria
Biological Description

Function in Relation to MECs
Electrogenic
Properties Source

Gram (+/−) Oxygen Other Proteo Bacteria

Geobacter genus − Anaerobic Chemo-lithotrophic;
Iron-reducing

Delta-
probact

Geobacter transfers electrons onto the surface of
electrodes, which can produce electricity out of waste
organic matter. Commonly found species in MECs.

Present [45,49–53]

Shewanella genus − Facultative anaerobic Found in aquatic or
marine life

Gamma-
probact

The Shewanella species use a variety of compounds as
electron acceptors, including oxygen, iron, manganese,
uranium and nitrate.
Commonly found species in MECs.

Present [45,49,54–56]

Desulfovibrio genus − Anaerobic Sulphate-reducing Delta-
probact

The Desulfovibrio species are identified in MFCs and
MECs when the biocathode is enriched as an anode fed
with H2 and acetate. Multiple articles suggest that the
Desulfovibrio species may be a significant player in
biohydrogen production. Consume and produce H2.

Present [57,58]

Clostridium genus + Anaerobic Mesophilic Known to
produce H2

-
Researchers have studied MFCthe power generation
performance using Clostridium species of
Gram-positive bacteria.

N/A [53,55,59,60]

Firmicutes phylum + (−) Aerobic or facultative
anaerobic

Phylum divided into
clostridium and bacillus -

Studies have shown that Bacillus subtilis and Bacillus
megaterium are among the best-performing
electrogenic bacteria.

Present [61,62]

Pseudomonas genus − Aerobic and anaerobic Rod-shaped Gamma-
probact

Transfer electrons to the electrode via self-produced
phenazine-based mediators. Present [53,63,64]

Nitrospirota phylum +/− Aerobic
Chemo-litho-
autotrophic,
found in marine life

-
Nitrite-oxidizing. Nitrospirae spp. Are distantly related
to the thermophilic and sulfate-reducing
thermosdesulfovibrio spp.

N/A [51,65,66]

Actinomycetota phylum + Anaerobic or aerobic. Either terrestrial or
aquatic - The marine actinobacterial strain Actinoalloteichus spp.

is capable of generating bioelectricity. N/A [51,67,68]

Rhodobacter genus − Anaerobic or aerobic Found in freshwater or
marine life Alpha-probact

Rhodobacter sphaeroides is known for its capability of
using a wide variety of substrates and its high activity
in hydrogen production under anaerobic conditions,
including high electricity production in MFC.

N/A [53,69–72]
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Table 1. Cont.

Bacteria
Biological Description

Function in Relation to MECs
Electrogenic
Properties Source

Gram (+/−) Oxygen Other Proteo Bacteria

Desulforomonas genus − Anaerobic Sulfur/sulphate-
reducing

Delta-
probact

Desulfuromonas is a distinct phylogenetic cluster (one
of three, the others being Geobacter and Dulfuromusa). N/A [65,73]

Bacteroidetes phylum − Anaerobic or aerobic Rod-shaped -
Bacteroides is one of the most abundant genera found
in MEC and possesses extracellular electron
transfer abilities.

Present [51,53,55,56,74]
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The most abundant bacteria observed in MEC are proteobacteria, firmicutes and bac-
teroides. The microbial analyses of several studies have shown that proteobacteria are
abundant in 20% to 46% of the total microbial communities found in MFCs and MECs.
One study investigated the distribution of different proteobacteria in MFC inoculated
with a sediment–water slurry and found that the most abundant classes were the gamma-
(62.4%), epsilon- (19.3%) and beta-proteobacteria (17.6%), whereas alpha- (0.65%) and
delta-paroteobacteria (<0.1%) were also present in smaller degrees [75]. Another similar
study observed that the distribution of proteobacteria consisted of gamma-proteobacteria
(19%), epsilon-proteobacteria (2%), delta-proteobacteria (1%) and alpha-proteobacteria
(0.9%) [76]. These findings indicate that gamma-proteobacteria are common electro-
genic bacteria in MEC and MFC. Firmicutes have been observed in the range of 25%
to 32%, whereas bacteroides have been observed in the range 17% to 36% in MFCs and
MECs [49–56,59,60,63,65,70,72,74,75,77,78].

Electrogenic bacteria, such as Geobacter and Shewanella, are characterized as extracel-
lular electron transferors (EETs), i.e., they are capable of donating or accepting electrons.
This ability to transfer electrons is utilized in MEC for hydrogen production, as the electrons
utilized in those reactions are delivered by electrogenic bacteria [79,80].

The chemical description of biohydrogen production at the electrodes includes the
hydrogen evolution reaction (HER). The HER comprises multiple reactions in which the
first step is the electrochemical Volmer reaction, followed by a chemical Tafel reaction or an
electrochemical Heyrovský reaction [81]. The HER starts with the Volmer reaction, where
protons are coupled to electrons on the electrode’s metal surface (MS), producing hydrogen
ions bound to the surface.

MS + H+ + e− → MSH

The next step may involve either the Tafel reaction or the Heyrovský reaction. The
Tafel reaction utilizes two different molecules of hydrogen bound to a metal surface, which
are liberated into hydrogen gas (H2).

MSH + MSH→ MS + H2

The alternative Heyrovský reaction utilizes protons soluble in the substrate and com-
bines them with the hydrogen attached to the metal surface to produce hydrogen gas
(H2) [82,83].

MSH + H+ + e− → MS + H2

The productivity can be affected by numerous factors, including the MEC design;
however, the choice and profile of the substrate and feedstock might be underestimated,
since the type and accessibility of carbohydrates have proven essential to the efficiency and
operation of a MEC [84,85].

2.2. Anode Material

The material used for the anode can heavily affect the MEC’s performance. MEC has
three active materials responsible for converting feedstock to biohydrogen, i.e., the anode,
cathode and membrane. These active materials can be configured to accommodate a wide
range of feedstock and microbial cultures. Most research suggests that the limiting parame-
ter is coupled to the bacterial activity at the anode [86] or the catalysis and availability of
protons at the cathode [87].

The common factor of anodes is the coupling of the anode to a more conductive
metal, thereby allowing a concentrated flow of electrons, ensuring bonding and thriving
microbes. The bonding is facilitated when the right functional groups are attached to the
anode [88]. Attachment to the electrode mainly occurs via the adsorption or entrapment of
the microbial species. Both can be affected by the anode’s surface properties, roughness and
porosity [89]. Furthermore, a successful anode requires a strong and resilient construction
with a developed surface area, still allowing for substrate flow and high proton and electron
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productivity [90,91]. However, biocompatibility is vital for achieving the required microbial
adhesion. Therefore, the presence of molecular affinity, chemical bonding or electrostatic
forces is necessary [88].

Carbon and metal-based anodes are commonly used in MECs as an optional mix in
which the metal is used to conduct the current [57,92,93]. Carbon-based anodes comprise
carbon felt [94–96], carbon cloth [97,98], graphite (as felt, plate or fiber) [99–101], carbon
fiber, carbon brushes, carbon mesh, carbon paper, activated carbon (granules), graphite
granules, etc. (as seen in Table 2). When investigating the differences between carbon
and graphite materials, it should be noted that some studies state that graphite materials
are carbon, as it is an allotrope of carbon. Purely metal-based anodes consists of stainless
steel (mesh [102], sheets [103] and scrubbers [104]), nickel [105], silver [106], titanium [107],
copper [108], etc.

Carbon felt exhibits a high porous structure while being an excellent electric conductor.
Carbon felt is also a low-cost anode with a sizeable flexible surface area when considering
its flat-plate surface [109,110]. Carbon cloth possesses high mechanical strength, but as it is
a dense structure, clogging is a potential hazard [111]. Carbon cloth is also an expensive
carbon-based anode, especially for larger-scale MECs. A carbon brush is a carbon-based
anode with a large surface area per unit of volume. These brushes are often based on a
titanium wire, which increases the conductivity compared with other carbon materials
and increases the overall price. The carbon brush has been proposed as a next-generation
anode since its open structure allows for a high surface area with a lower chance of
clogging [90,111]. Carbon mesh can be used as an alternative to carbon cloth, which can be
an expensive anode. Carbon mesh has a low cost but possesses many of the same properties
as a carbon cloth. Carbon mesh is less prone to clogging due to its more open structure [112].
Carbon paper has a paper-like structure, which offers a slightly porous structure, but it has
not been assessed to be an optimal solution for larger-scale operations, as the material is
fragile [113,114]. Activated carbon granules have a large surface area and porous structure,
promoting biofilm formation. Carbon granules are also a low-cost material but have the
potential to clog. The conductivity of carbon granules is often relatively low, as the granules
have a poor connection to the current collector. However, the granules have another
property that can be exploited, as the structure allows for easier entrapment of pollutants,
such as heavy metals [115].

Stainless steel is another material used as an anode; however, the material is con-
stricted, as the surface area is reduced compared to carbon-based anodes. Stainless steel can
be used with other materials such as graphene to increase biofilm formation [116]. Stainless
steel is one of the cheapest materials used for anodes and has excellent electric conduc-
tion, exhibiting strong mechanical strength and corrosion resistance and having a long
lifetime. Other materials such as nickel [105], silver [106], titanium [117] and copper [118]
have also been tested as anode materials, but in their pure forms, these materials lack the
ability of microbial adhesion. However, most can use a combination of materials, such as
a carbon-based anodes modified with a nickel coating [105]. Both copper and nickel ions
can be poisonous for microbes and are undesirable when released into, e.g., wastewater,
which makes these materials less ideal, as it constrains the environmental aspect of the
MEC design.
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Most bacteria’s outer membrane consists of proteins and amino acids which are
negatively charged. Thus if the anode material can be configured to be more positively
charged by embedding nitrogen molecules in the structure by nitrogen doping, biofilm
formation can be enhanced and promoted [124]. The chemical bonding between C-, N-, O-
and S-containing functional groups can be exploited when optimizing the anode.

Y. Zhau et al. (2018) [109] investigated the modification of carbon felt anodes by double
oxidant HNO3/H2O2 and found it to decrease the inoculation period and to increase
electron production for the anodes [109]. Another study by S. Rozenfeld et al. (2019) [86]
investigated how to improve anode activity by utilizing two different anode materials:
plasma-pretreated carbon cloth and stainless steel. The study found that plasma pretreated
anodes, with the introduction of nitrogen doping atoms, increased -C-OH, -COOH, and
=C=O groups, and this relationship was found to increase both biofilm formation and the
current in biohydrogen production.
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Already known surface modifications have proven to increase the productivity of electrol-
ysis cells with methods as simple as utilizing the heating of the material with ammonia, giving
currents of 2400 mW ·m−2 [125] and hydrogen production of 7.4 L H2 · L−1 · day−1 [126].

When comparing anode materials with and without surface modification, increased
productivity was found for surface-modified anodes, cf. Table 3. As surface modification
substantially increases productivity, future studies should investigate optimal treatments
allowing for high productivity for a long duration, which can feed into scalability for both
the anodes and optimized surface modification.

For MEC to become commercially successful, the anode material must have a low cost
with stable operation over time. The anode must be environmentally friendly and have
strong mechanical strength [90,115]. The most commonly used anode material capable of
complying with the success criteria is the carbon-based anode, which has been used in
many studies [90,115,127]. Carbon-based anodes have the advantage of good attachment
for electrogenic microbial species, and some exhibit a large surface area in a small volume
due to their 3D structure. However, this can also be a problem, as the pores can be affected
by clogging, thereby restricting flow. This decreases electron transfer and biohydrogen
production, resulting in the usage of 2D carbon anodes.

Anodes are typically defined as 2D or 3D structures depending on the surface. Three-
dimensional structures have been preferred in a laboratory scale and have shown the
highest biohydrogen production and current density, as seen in Table 3. However, a study
conducted by E. Blanchet et al. (2016) [128] mimicked an industrial MEC operation based
on food waste and wastewater, where 3D (carbon felt) and 2D (carbon cloth) anodes were
used for comparison. The study found that the 3D structure performed worse than the 2D
structure, as there was no clogging in the 2D structure. This contradicts previous studies,
suggesting that 3D anodes are not always the preferred choice [128]. This could especially
be relevant for the upscaling process, as larger facilities are able to implement 2D anodes
with a faster flow, ultimately creating the potential for higher production of protons and
electrons. Therefore, 2D structures show an interesting approach when dealing with larger
particle substrates, as the chance of clogging decreases.

An investigation into 2D structured anodes was conducted by D. Pocaznoi et al.
(2012) [129], comparing the following anode materials: stainless steel, flat-plate graphite
and carbon cloth. The study found that carbon-based materials increased biofilm formation
compared with stainless steel. Comparing the flat-plate graphite with stainless steel, no
difference in biofilm formation was found, but the stainless steel had twice the current
density. Comparing the stainless steel with the carbon cloth, a higher current density
was exhibited by the carbon cloth. The study concluded that the topography of stainless
steel prevented it from being the preferred anode material, but surface treatment can be
used to increase the current density [129]. Therefore, combining the electric properties of
stainless steel with a biofilm-promoting carbon material can provide anodes with higher
hydrogen productivity.

No single anode material has been able to satisfy all criteria for an excellent industrial
and environmentally friendly anode while still being economically favorable. Carbon-based
materials with a metal current collector outperform their solely metal-based counterparts,
but few have provided sufficient biohydrogen production. Almost all studies have used
surface modification on their anode in one form or another, and it seems generally accepted
that surface modifications increase the performance of almost all materials, as shown in
Table 3 [90,112,115,130]. Surface treatments are worth exploring, where treatments with
low environmental effects and prices can bring the anodes closer to a viable industrial MEC.
Additionally, surface treatment and combinations with other anode materials could make
the metals a viable candidate in the future, especially considering the costs and operation
times of anodes.
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Table 3. Summary of anode materials, their advantages/disadvantages, their modifications and their performance in an MEC/MFC setting.

Advantages Disadvantages Surface Modification MEC/MFC Performance Reference

Carbon felt Good conductivity, large porosity Expensive, potential for clogging
Polyaniline doped
Isopropanol and biohydrogen peroxide
treatment

460 mW ·m2

COD removal:
69 mg · L−1 · day−1

0.44 mmol CH4 · L−1 · day−1

[110]

[96]

Carbon cloth Flexible, large surface area, high
mechanical strength, porous Potential for clogging

Heated with ammonia gas
None
Heated with ammonia gas

988 mW ·m−2 0.69 L H2 · L−1 · day−1,
14 A ·m−2

7.4 L H2 · L−1 · day−1, 607 A ·m−2

[112]
[131]
[126]

Graphite felt Good conductivity, large porosity,
chemical resistance Expensive, potential for clogging None

Not stated
3.3 A ·m−2

1.85 L H2 · L−1 · day−1
[132]
[133]

Graphite plate Good electric conductor, chemical
resistance

Smooth surface, relatively expensive,
low surface area

Treated with sandpaper and soaked in
HCl
5.5–7.5% manganese incorporated

120 A ·m−3

17.9 L biogas · L−1
[134]
[135]

Graphite fiber (brush) Porous, high surface area, good current
collection, chemical resistance

Must be integrated correctly due to
fiber distances, which can create dead
zones, and due to electrode spacing,
which can be hard to make sufficiently
small, expensive

Heated with ammonia gas
Heated with ammonia gas
Heated with ammonia gas

2400 mW ·m−2 3.12 L H2 · L−1 · day−1,
292 A ·m−3

17.8 L H2 · L−1 · day−1, 1830 A ·m−3

[125]
[136]
[126]

Carbon brush Porous, high surface area, good current
collection

Must be integrated correctly due to
fiber distances, which can create dead
zones, and due to electrode spacing,
which can be hard to make sufficiently
small, relatively expensive

None
Heat-treated
Soaked in an alkaline solution

0.64 L biohythate · day−1

1270 mW ·m−2

7.62 A ·m−2

[137]
[138]
[139]

Carbon mesh
Cheaper than carbon cloth but has
many of the same properties, less
potential for clogging

Pretreatment can be necessary Heated with ammonia gas 1015 mW ·m−2 [112]

Carbon paper Porous, thin Fragile, can be expensive, smooth
surface

Nitrogen-doped carbon dots-supported
Electrodeposition of cobalt

0.32 mW
710 mA ·m−2

[113]
[140]

Activated carbon granules High surface area, relatively cheap, can
be used for bioremediation

Potential for clogging, current
collection can be challenging None 0.9 mW power output [141]

Graphite granules
High surface area (smaller than carbon
granules), relatively cheap, can be used
for bioremediation

Potential for clogging, current
collection can be challenging Washed with diluted HCl 137.37 mW ·m−2 [142]

Stainless steel
Can be combined with other materials
for enhanced efficiency, a low cost,
excellent conductivity, and resistance

Low surface area, smooth surface, low
bacterial adhesion, surface treatment is
necessary

None—microstructure stainless steel
plate was used
Anodized in mesh form

21.5 A ·m−2

430 mW ·m−2
[129]
[143]



Energies 2022, 15, 8396 13 of 35

2.3. Cathode Material

To drive the HER reaction in an MEC, a catalyst is needed, predominantly implemented
as a catalyst coating/catalytic material or by using microbes to drive catalysis [39,43,144,145].
Like the anode, the cathode must exhibit different properties to be a viable candidate for an
industrially applicable MEC. These properties include fast catalysis, low overpotential, a
low cost and a long operation time [146].

Cathodes can be based on current-collecting materials or carbon-based materials,
used as a basis for the structure and electron transportation. Materials used as an anode
can be used as a base; the difference is denoted by incorporating a catalyst. Traditional
catalysts, such as noble metals, e.g., platinum or palladium, incorporated as a coating can
also be used due to stable catalytic activity. Platinum-based cathodes are well established
and known for their good catalytic properties and low degree of overpotential [55,56].
However, using platinum has the drawbacks of a negative impact on the environment and
a high cost; however, it is often used as a baseline for comparison [147]. Platinum can be a
viable option for lab-scale MECs, but the use of complex substrates for larger operations
would require protection from sulfide poisoning from platinum, which reduces its catalytic
effectiveness [147,148]. Palladium-based catalysts have been explored as an alternative
used as a coating, as palladium is more resilient and can be acquired at a lower cost [149].

Nickel has been proposed as an alternative to platinum, as it exhibits good catalytic
activities and high corrosion resistance at a low cost [150,151]. Nickel is often used as an
alloy, as it increases the active surface area and lowers the overpotential, as explained in
a study by A. Jeremiasse et al. (2010) [150]. The study found that nickel foam decreased
the overpotential and achieved production of 50 L H2 · L−1 · day−1 [150]. Nickel foam
also showed potential as a cathode base utilized with a platinum coating [152]. Nickel
foam can be used as a versatile cathode at a low cost and can be a cheap alternative to
platinum cathodes as a baseline comparison for future studies. This was investigated
by Z. Yan et al. (2012) [153], who combined a low concentration of platinum and nickel
nanoparticles and compared the performance to a Pt/C catalyst. The study found that the
new nickel alloy was stable and could produce current densities in the same range at a
quarter of the price [153]. This tendency aligns with other findings [154,155], as shown in
Table 4, but the toxicity of nickel ions should be investigated before upscaling. Nickel foam
has the advantage of easier scalability, as the material can be found in nickel metal hydride
(NIMH) batteries produced on a large scale, and the material is therefore readily available.

Many of the highest-performing MECs have been constructed based on expensive
catalysts, which are rarely viable in an industrial setting. However, research with biotic
cathodes has started to increase HER productivity and current density, enabling the use of
microbial species instead of a catalyst [68,90]. Biotic cathodes are an inexpensive catalyst
and can be used for industrial settings with a low maintenance cost, as the biofilm driving
the biotic catalysis is replenished by itself. However, using a biotic cathode, especially
in a one-chamber configuration, also creates the possibility of cultivating methanogens.
Methanogens can be eliminated or decreased by utilizing some of the following tactics:
using a pure culture, exposing electrodes to oxygen before each batch, temperature shock,
the addition of beryllium sulfide or by modifying the MEC design [68]. Furthermore,
biocathodes have thus far not been reviewed as the highest-producing MEC [147], and
thus, a cost–benefit analysis should be implemented to ensure their viability.

Evaluating the optimal cathode material and catalyst is a complex decision, but it
should focus on cost, efficiency and scalability. The basis of the cathode has not been
proven to be the deciding factor and does not affect hydrogen production in the same
manner as the catalyst. As the base material constitutes a large fraction of the total cathode,
investigation into the structural effect when scaling from small MECs to larger systems
should be investigated, as larger MECs would require a more robust system. The focus
aims to find new catalysts or to optimize previous catalysts to decrease costs and improve
catalytic properties.
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If a biotic cathode is utilized, this enables the production of pure biohydrogen, where
methanogens can also be cultivated, leading to hydrogen loss. The presence of methanogens
can be prevented, and it should not be the deciding factor. Nickel alloys provide a cheaper
alternative to platinum catalysts coupled with HER-catalyzing microbial species. Nickel
alloys outperform platinum-based alternatives and are becoming well studied at the
laboratory-scale, as seen in Table 4. Thus far, biotic cathodes have experienced lower
hydrogen productivity than platinum-based cathodes, and methods enabling higher pro-
ductivity, either through biofilms, cultures or material optimization, must be explored.

Table 4. Summary of cathode materials, their advantages/disadvantages, catalytic loading and their
performance in an MEC/MFC setting.

Cathode Material Catalyst Loading
In mg · cm−2 Advantages Disadvantages MEC/MFC Performance Reference

Pt-Co/G (15 wt.% Pt) on
carbon cloth 2.5 Less Pt needed compared

with Pt/C coating
Pt is expensive and would
need repleting 1378 mW ·m−2 [153]

FePC-supported
multiwalled carbon
nanotubes on carbon cloth

1 Alternative to Pt, cheaper
than Pt

Carbon nanotubes need
further investigation to
become a stable cathode

601 mW ·m−2 [156]

MnOx on carbon paper 0.1
Alternative to Pt and
cheaper than Pt, low catalyst
loading needed

- 772.8 mW ·m−3 [157]

Stainless steel 306 (12% Ni) -
Ni incorporated into
stainless steel enables the
catalysis of HER

Investigated for water
electrolysis - [158]

Ni/AC/PTFE-coated
stainless steel mesh 6.5

Ni can substitute noble
catalysts with high activity,
high porosity

Ni ions can be poisonous 1.88 L H2 · L−1 · day−1 [151]

Ni2P/C coated on stainless
steel mesh 0.5

Large chemical stability,
HPR as high as Pt-based
cathodes

0.29 L H2 · L−1 · day−1 [159]

Pt-coated carbon cloth
Pt-coated nickel foam

0.5
0.5

Reliable, efficient, long
operation time
Cheaper and higher HPR
than similar Pt-coated
carbon cloth, porous

Week base, expensive
catalyst
Not stable in the same
duration as Pt-coated carbon
cloth, relatively expensive

0.67 L H2 · L−1 · day−1

0.71 L H2 · L−1 · day−1 [152]

Nickel foam -
High productivity, large
surface area enables fast
catalysis.

Problems connected to
scaling, quick decrease in
MEC performance

50 L H2 · L−1 · day−1 [150]

Biotic based on wastewater
incorporated on stainless
steel mesh

- Cheap, environmentally
friendly, long operation time

Not as effective as Pt or
similar catalysts 240 A ·m−3 [134]

Biotic based on urban
wastewater and MFC
inoculum incorporated on
granular graphite

-

Cheap, environmentally
friendly, long operation time,
found to be as effective or
more effective than
carbon-based cathodes

Relatively low HPR 0.9 L H2 · L−1 NCC · day−1 [144]

Pd/GO-C incorporated on
carbon paper 0.25 Cheap compared to Pt,

efficient catalyst
Expensive compared to
nickel or stainless steel 901 mW ·m−2 [149]

2.4. Membrane Configuration

Membranes are utilized to separate the anodic and cathodic compartments of a two-
chamber system, eliminating the possibility of short-circuits while enabling proton trans-
port. The main advantages of using a membrane are enabling individual choices of anolytes
and catholytes and a higher hydrogen purity [160,161]. The separation between the two
compartments further inhibits diffusion back across the membrane, limiting the amount of
hydrogen returning to the bacterial cultures.

Cation exchange membranes (CEM) are one of the more commonly used membranes,
often in the form of the Nafion® membrane. Initially used for the conduction of cations such
as Na+, K+, Ca2+, Mg2+ and NH4+, CEM is also utilized for MEC studies and, therefore, is
called a proton exchange membrane [161–163]. However, as cations are abundant in many
MEC substrates, competition between protons and cation transport can decrease perme-
ability. Nafion®’s use is further limited for larger MEC upscaling due to its cost, operation
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time, gas crossover and increased internal resistance. Therefore, efforts to investigate new
alternatives and composites have been made [161,164,165].

A suggestion for an alternative membrane based on a study by T. Sleutels et al. (2009)
includes anion exchange membranes (AEMs), which were found to decrease the overall
internal resistance of two-chamber MECs together with a higher HPR [166]. Further
extensive literature reviews on different membranes and their properties can be found
in [161,164,167–171].

2.5. Type of Configuration

The composition of the MEC can be designed in various ways and by using many
different materials. Different MEC configurations operating under the same conditions
and using the same materials can provide different current densities and biohydrogen
productivity. This is caused due to varying configurations in shape, electrode distancing,
membranes and types of inoculum [172].

The two-chamber configuration most effectively inhibits methanogens, creating a more
pure biohydrogen gas [39,92]. Utilizing a two-chamber MEC also creates the possibility
of using different substrates for the anodic and cathodic chamber, which can increase
biohydrogen productivity.

The catholyte can be designed differently regarding pH, ionic concentrations and
buffers, improving biohydrogen productivity. This might invoke a potential pH gradient
between the membrane, which increases the overpotential in the system. When utilizing
a two-chamber configuration, distances between the electrodes are generally larger, thus
decreasing the current density and affecting biohydrogen productivity [39].

Incorporating a membrane also increases the internal resistance, affecting the electron
transfer from the anode to the cathode. In a study by A. Kadier et al. (2016) [173], the two-
chamber MEC was found to be have a complex design while posing practical challenges
when transitioning to scaling [173]. The two-chamber MEC can be designed into different
architectures with the H-type [174], plate type [175] and tubular type [176], but the type of
architecture has not been proven to be the decisive factor. This is caused by dependence on
the setup, where simple cells often have been found to create lower biohydrogen production.
A tubular reactor of 1 L constructed by K. Guo et al. (2017) [176] managed to create the
highest biohydrogen productivity of a two-chamber MEC in that size for that time, reaching
7.1 L H2 · L−1 · day−1. The study suggested that the design and productivity were scalable
without significant changes in internal resistance, indicating that the MEC can be viable for
larger upscaling [176].

The construction of the one-chamber MEC is a response to many of the difficulties ex-
perienced by two-chamber MECs [92]. A one-chamber MEC likely has lower overpotential
and internal resistance when removing the membrane, which can provide a foundation
for increased biohydrogen productivity. One-chamber MECs can decrease the electrode
distance significantly, thereby allowing for easy and fast electron transfer.

A study by Y. Fang et al. (2008) [177] investigated the internal resistances in a two-
chambered MFC and found that up to 86% of the internal resistance could be attributed
to the membrane [177]. One disadvantage of utilizing a one-chamber MEC is that the
cultivation of methanogens is possible, which decreases the biohydrogen productivity,
but different measures can be implemented to counteract this effect [68]. It is not always
unwanted to convert biohydrogen into methane or to have a mixture of gases as a product.
This can be the case in anaerobic digestion, where an MEC can be configured to produce
methane, whereby methanogens pose as less of an issue [178].

Often, MEC is inoculated with either a single species or a complex microbial culture,
which, for the latter, creates the possibility of cultivating methanogens for a one-chamber
MEC. Each type of inoculum has its advantage, where a single species can ease monitoring
the effect of any changes made to the system. It also eliminates methanogens consuming
biohydrogen, decreasing the yield and purity. Complex microbial cultures increase diversity,
which the MEC more robust, and it also allows for the degradation of multiple substrates
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while achieving higher biohydrogen productivity [47,95,134]. For larger-scale applications,
complex cultures can decrease operational costs, as no sterilization of the substrate is
required [179].

However, the MEC has proven to be difficult to upscale [167], especially when adapting
to low-cost feedstock that is not chemically defined. Some of the problems linked to
upscaling lie in the conductivity of the feedstock, electrode distances, biohydrogen loss,
and the price of construction/running and maintaining a larger facility [81], all of which
lead to decreased current densities and biohydrogen production. Therefore, an efficient
way of predicting larger-scale MECs is needed if MECs are to be industrially applicable.

A study by L. Singh et al. (2021) [180] proved the scalability of a 0.15 L one-chamber
MEC by an internal resistance analysis, in which they predicted the current density for a
scaled MEC of 10 L. The scaled 10 L MECs were constructed in their laboratory, and they
successfully proved that the design was scalable with a high current density and even
suggested that they have potential for further upscaling [180]. The 10 L MEC provided
biohydrogen productivity of 5.9 L H2 · L−1 · day−1 and a current density of 970 A ·m−3,
which, to the authors’ knowledge, was one of the highest hydrogen production rates (HPRs)
achieved at that size, as shown in Table 5 [180].
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Table 5. Summary of some MEC configurations, sizes, anode/cathode materials, voltages and biohydrogen productivity.

MEC Configuration Anode Cathode Biohydrogen
Productivity in
L H2 · L−1 · day−1

Externally
Applied Voltage
in V

Reference
Type Dimensions Material Projected Surface

Area in cm2 Material Projected Surface
Area in cm2

One chamber 10 L

Carbon
cloth-clamped to
titanium current
collector

10,000

Carbon cloth with 2.5 mg
· cm−2 MoP clamped to
the stainless steel 316
current collector

2815 5.9 1.0 [180]

Two-chamber
tubular AMI
membrane

1 L Stainless steel fiber
felt, heat treated 600 Titanium mesh tube

coated with platinum - 7.1 1.0 [176]

Two-chamber H
type separated
by PEM

300 mL in each
chamber Carbon cloth 25 Carbon cloth coated with

10% Pt 25 0.28 1.1 [49]

Two-chamber
separated by a
cation exchange
membrane (CEM)

100 mL Graphite felt 100 Ni foam 100 m2 ·m2 2.2–2.7 0.7 [57]
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3. Feedstocks for the Production of Biohydrogen

The MEC possesses the significant advantage of not being limited by the type of
carbohydrates or substrate composition, which means, in theory, that almost any source of
organic matter can be utilized for sustainable biohydrogen production. Most substrates
are divided into three types, namely non-fermentable (acetic acid, glycerol, etc. [181]),
fermentable (glucose, cellulose, lignocellulosic biomass, etc. [182]) and wastewater (do-
mestic, sewage, landfill, etc. [183]) [146]. However, in most MEC studies experimenting at
the laboratory scale, the leading substrate is often acetic acid because it is readily accessi-
ble [47,49,95,101,134,184].

Biohydrogen may be produced through dark fermentation, where carbohydrates, such
as glucose, are converted into biohydrogen through two metabolic pathways depending
on the bacteria metabolizing the carbohydrate. The production of only four moles of
biohydrogen per one mole of glucose is common for both pathways [185].

C6H12O6 + 2H2O→ 4H2 + 2 CO2 + 2C2H4O2

Regarding stoichiometry, the fermentation pathway to biohydrogen is inferior to that
of MEC. Utilizing fermentation is therefore rejected as a biohydrogen production method.
However, acetic acid is produced through glucose fermentation, which is often used as a
feedstock in MEC studies [47,49,95,101,134,184].

When acetic acid is used as feedstock in MEC, the oxidation reaction is governed by
the exoelectrogenic bacteria attached to the anode. Therefore, the final biohydrogen is
produced at the cathode [186].

Anode:
C2H4O2 + 2H2O→ 2 CO2 + 8e− + 8H+

Cathode
8H+ + 8e− → 4H2

Acetic acid is typically regarded as a waste product in the yeast fermentation of glucose,
and instead of discarding the waste product, it can be utilized in biohydrogen production.

Aside from acetic acid, another used feedstock in MEC studies is glucose or glycerol
as a byproduct from biodiesel fuel production. P.A. Selembo et al. (2009) [181] produced
biohydrogen fed with glycerol and glucose as by-products from biodiesel fuel production.
Glycerol is overproduced due to biodiesel production, with an annual production of 980 mil-
lion liters of glycerol per year, compared with a world demand of 216 million liters per year
in 2009 [181]. The study compared pure glycerol (P-glycerol), biodiesel byproduct glycerol
(B-glycerol) and glucose fed to a one-chambered MEC inoculated with domestic wastewater.
The best performing glycerol was pure glycerol, yielding a biohydrogen concentration of
3.9 mol H2 ·mol−1 and a production rate of 2.0 L H2 · L−1 · day−1, whereas B-glycerol only
yielded a biohydrogen production rate of 0.41 L H2 · L−1 · day−1. B-glycerol contains a
mix of glycerol, soaps, methanol and water. The presence of methanol in the mix would
explain the lower production rates compared to P-glycerol. Glucose yielded a biohydrogen
concentration of 7.2 mol H2 ·mol−1 and a production rate of 1.9 L H2 · L−1 · day−1. This
means that glycerol byproducts can be used to produce biohydrogen at satisfying rates
and without prior purification. Optimizing the B-glycerol mix by removing the methanol
pre-MEC can increase the biohydrogen production concentration and rate [181].

Y. Feng et al. (2011) [93] investigated an MFC fed with biodiesel waste mainly con-
taining glycerol. A total of 20 one-chambered MFCs were inoculated and fed with either
biodiesel wastewater or glycerol containing 10% domestic wastewater. The results showed
that both types of feedstock ensured power generation in the MFC, and biodiesel wastewa-
ter slightly outperformed the glycerol and wastewater mixture [93].

N. Montpart et al. (2015) [85] treated complex substrates in a one-chamber MEC
and observed the potential of using dairy waste products as feedstock for biohydrogen
production. The experimental setup consisted of an MFC and an MEC inoculated with
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effluent from anaerobic digestor sludge fed individually with glycerol, milk, potato starch
and a mix of all three.

The results showed that the MFC had been able to produce satisfying current den-
sities, whereas the MEC produced biohydrogen only when fed with milk and the mix.
The wastewater of the dairy industry could be another potential waste that is ready to be
utilized as a source of organic substrates for biohydrogen production through MEC. The
article declares that neither the biodiesel industry’s wastewater nor the potato industry’s
wastewater is a possible substrate source [85]. However, multiple other studies investi-
gating and validating glycerol and biodiesel production waste streams have proven the
substrate to be applicable for biohydrogen production through MEC [93,181].

S.B. Velasquez-Orta et al. (2011) [84] verified that simpler substrates perform better
than complex substrates, such as starch. To prove this, six one-chambered MFCs were
inoculated with municipal sewage effluent and were fed a synthetic medium containing
either acetate, glucose or starch. As expected, the overall performance was better in the
MFCs utilizing more simple substrates (acetate and glucose) than in the MFCs using
complex substrates (starch), which might have needed a pre-processing step before being a
viable substrate [84].

L. Lu et al. (2010) [163] investigated using proteins as the substrate for biohydrogen
production in MECs. The degradation and conversion of proteins by exoelectrogenic
bacteria is essential due to its large concentration in many wastewaters.

To investigate wastewater as a substrate, a one-chamber MEC and MFC and a two-
chambered MEC were inoculated with domestic wastewater and were fed with bovine
serum albumin (BSA) and a complex mixture of different proteins (peptone). The study
showed that generating electricity and producing biohydrogen was possible when fed
with BSA and peptone. The BSA-fed MEC performed better than the peptone-fed MEC in
biohydrogen production [163].

3.1. Wastewater

Readily increasing amounts of waste have been and will continue to be a recurring
problem for many years [187]. Therefore, utilizing waste as the substrate for biohydrogen
production ensures a circular bio-economy while reducing the cost of wastewater treatment
and sludge disposal.

The wastewater composition and source affect its potential as a substrate for both
MFCs and MECs, since the percentage of organic feeding materials govern the biohydro-
gen production rate, biofilm formation and current density generation [146]. Industrial
wastewaters contain many harmful chemicals, antibiotics, dyes and other contaminants,
possibly affecting bacterial function [188]. Another contaminated wastewater-based feed-
stock is landfill leachate, which has been proven to be a potential substrate despite its high
concentration of harmful components and heavy metals [189,190].

However, using the rich bacterial diversity often found in landfills leachates as an
inoculum source often compensate for the presence of contaminants. Other less harmful
feedstocks with potential include protein-based, cellulose-based and sugar-based wastewa-
ters. Particularly, sugar-based wastewater has been proven to be one of the most promising
substrates due to its large content of simple carbohydrates, which has proven to be effective
in biohydrogen production in MECs [146].

R.D. Cusick et al. (2010) [191] investigated energy recovery from an MFC and MEC
fed with winery watewater or domestic wastewater in a small-scale (0.03 L) one-chamber,
yielding a maximum of 0.17 L H2 · L−1 · day−1 [191]. The success led R.D. Cusick and
B. Logan (2011) [48] to upscale their theory and investigate the prospect of using wastewater
in a pilot-scale continuous-flow one-chamber MEC fed with winery wastewater.

The pilot-scale reactor, measuring 1000 L, was packed with 144 electrodes of cathodes
made of stainless steel grade 304 and anodes made of graphite fiber brushes. The hydrogen
production rate reached a maximum of 0.19 L H2 · L−1 · day−1 with a current density
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generation of 7.4 A · m−3. However, although it was an overall success, the study had one
major concern.

When scaled up from the laboratory scale to the pilot scale, the increased ratio of
methane production through hydrogenotrophic methanogenesis converting the hydrogen
into methane gave a ratio of 86% methane in the final gas solution [48].

An article by E.S. Heidrich et al. (2013) [192] investigated the production of biohydro-
gen based on domestic wastewater. The article utilized a 120 L MEC reactor incorporated in
a wastewater treatment facility in England under poor conditions due to low-concentration
feed, no heating, cheap materials and no additional supplement of acetate or buffer. How-
ever, the pilot-scale MEC produced almost pure hydrogen over a 3-month period, proving
that MEC can produce biohydrogen from real domestic wastewater at the pilot-scale using
low-cost materials at ambient temperatures [192].

B. Min et al. (2005) [193] used swine wastewater for MFC to produce electricity. The
initial tests used a two-chambered MFC fed and inoculated with swine wastewater from a
swine farm in Pennsylvania, USA. The two-chambered MFC showed a power generation
of 45 mW · m−2. Additional tests with the one-chambered MFC involved inoculating
and feeding with the same swine wastewater, which yielded six times more power, with
261 mW · m−2. These results demonstrate that animal wastewater is equally feasible in
generating electricity using both one- and two-chambered MFCs [193].

A review article by K. Katuri et al. (2019) [44] investigated the integration challenges
when utilizing urban wastewater for MEC by comparing existing work.

Five pilot-scale (120–1000 L) MECs treating domestic wastewater were presented, and their
biohydrogen production rate ranged from 0.005 L H2 · L−1 · day−1 to 0.19 L H2 · L−1 · day−1.
The study further investigated multiple waste treatment integration possibilities, such as
side-stream urban wastewater treatment, fermentation for cellulose sludge treatment and
anaerobic digestion, to treat waste-activated sludge. It was concluded that optimizing
spacing between electrodes and increasing the surface-area-to-reactor-volume ratio may
improve the prospect of utilizing MEC for urban wastewater treatment [44].

Another environmentally harmful waste type is leachate, which contains multiple
soluble and toxic compounds, materials and microorganisms, which should be managed
to protect the surrounding area from landfill. A master thesis by L. Damiano (2009) [183]
investigated the use of leachate as a substrate and inoculum for MFCs to produce electricity
and treat landfill leachate. Three one-chambered MFCs in different setups were inoculated
and fed with landfill leachate from a facility in Holland. The three MFCs were operated
successfully using landfill leachate as an inoculum and feedstock. Landfill leachate served
as a prominent feedstock with a high amount of organics, conductivity and only minimal
solids, as well as the advantage of utilizing the feedstock as an inoculum [183].

An article by A. Escapa et al. (2012) [194] studied the performance of a continuous-
flow MEC fed with domestic wastewater. The continuous MEC design reduced up to 76%
of the COD of domestic wastewater treatment, including a hydrogen production rate of
0.3 L · Lr

−1 · day−1 [194]. In another study by A. Escapa et al. (2012) [195], a case study
was performed on the investment cost of applying the MEC technology to wastewater
treatment plants. The team estimated that an industrial-scale MEC operating at a current
density of 5 A ma

−2 (amperes per square meter of the anode) and an energy consumption
of 0.9 kWh kg-COD−1 (kilowatt-hour per kg of removed chemical oxygen demand (COD))
with a total cost of €1220 ma

−3 (euro per m3 of the anodic chamber) can be established as a
target purchase cost, at which a break-even point can be established after approximately
seven years. Such a research study investigating the inclusion of MEC technology is crucial
in an upcoming market that is expanding more each year [195].

T. Fudge et al. (2021) utilized MEC technology in traditional wastewater treatment and
focused on its implementation and adoption on an industrial-scale along with economic
and market-specific aspects of such an upscale [196].

H. Guo et al. (2019) [197] investigated the application of a stacked multi-electrode
MEC for rapid and low-sludge treatment of municipal wastewater. The design successfully
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enhanced the electric current generation, rapidly removed organics and proved to be
capable of low-sludge wastewater treatment [197].

A. Kadier et al. (2020) [198] reviewed the biorefinery perspectives of MEC for hy-
drogen production through wastewater treatment. The findings studied the integration
possibilities with other technologies, such as MEC–MFC coupled systems, submersible
MEC (SMEC), solar-powered MEC and dark fermentation with MEC–MFC coupled sys-
tems. In summary, different integration technologies and the advantages of integrating
MEC with different energy-generating processes might improve the rate of biorefinery
growth toward sustainable development [198].

3.2. Solid Waste

Wastewater has been used as an inoculum and substrate in MECs and has proven
to be effective and successful in small-scale and pilot-scale experimentation. This review
expands to accommodate two more types of substrates to existing solid waste: municipal
solid waste (MSW) and the organic fraction of municipal solid waste (OFMSW). The use of
OFMSW as a substrate in MEC is more recent, and the studies utilizing it are significantly
fewer, although the theory holds great potential [182,199–201].

Organic compounds can be electron donors for proton reduction in biological biohy-
drogen production. The primary biomass sources include plant residues, crops or grains, as
well as organic waste generated from human activities, such as solid waste [81]. OFMSW
can become a potential ideal feedstock because it is widely available and contains easily
degradable organic compounds.

A. Karluvali et al. (2015) [200] investigated the use of OFMSW in MFC for electricity
generation. MFC as a pretreatment method for OFMSW provided sustainable, renewable
and clean energy from removing organic matter. A tubular MFC was inoculated with gran-
ular anaerobic sludge from a wastewater treatment facility, and OFMSW was used as the
substrate from a compost and recovery facility in Turkey. The setup proved that bioelectric-
ity generation based on OFMSW is possible [200]. B. Pendyala et al. (2016) [182] optimized
the performance of MFC by feeding different types of OFMSW, or, more specifically, food
waste (FW), paper–cardboard waste (PCW) and garden waste (GW). A one-chambered
MFC was inoculated with anaerobic municipal wastewater and was fed with either FW,
PCW or GW individually or as a mix. The maximum power generation exceeded that of
other reports utilizing wastewater as a substrate. However, the power that was produced
was unpredictable due to variations in the feedstock’s organic loading rate and chemical
composition. The MFC fed with the individual feedstock showed that the individual
feedstock did not produce a higher power concentration than that of the mixed feedstock.
However, it was proved that mixed anaerobic cultures are suitable and able to break down
complex substrates for electricity generation [182].

The major disadvantage of using OFMSW as a substrate for bacterial consumption
is the lack of uniformity in substrate composition, which is required by the bacteria [146].
OFMSW contains mainly carbohydrates, proteins and fats, which all may influence the effi-
ciency of MECs and MFCs. If OFMSW is to be considered a feedstock for MEC, the impact
of compositional variations on bacterial function and subsequent hydrogen productivity
must be further studied.

Aside from biohydrogen production, MEC holds great potential in the recovery and
production of value-added bio-products. A. Kadier et al. [81] investigated innovative
possibilities of utilizing MEC and MFC to convert biomass into bioenergy. Among those
discussed in the review is ammonium recovery from human urine, which can produce
ammonium in wastewater treatment, thereby reducing the downstream costs of wastewater
treatment facilities. In addition, MEC has been proposed to recover metals from wastes
through energy-efficient means, recovering various metals such as Cu, Cd, Ag, Ni and
Fe [81,202].
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4. Current Limitations and Improvement to MECs

MEC technology has been validated on a laboratory scale, as proven by most of the
articles summarized above. This section highlights some of the most critical limitations
of the MEC before upscaling. Some studies have investigated the upscaling of MEC
technology and design for the pilot scale, often operated in volumes of 10–1000 L under
multiple research objectives and with varying degrees of success [48,192,203–205].

A successful MEC upscale is measurable when the bottlenecks from the labora-
tory experiments have been addressed prior to industrial applications. Four studies
by L. Singh et al. (2021) [180], P. Dange et al. (2021) [146], Kadier et al. (2016) [173] and
K. Guo et al. (2017) [176] all proved that upscaling from smaller MECs into larger ranges of
1–10 L was possible, thereby creating a foundation for pilot-scale MEC. However, successful
laboratory-scale results are often inconsistent with those reported in larger-scale systems,
as the current density, production rate and efficiency often decrease as the dimensions of
the system increase [206].

The MECs found to be scalable are far from industrially applicable, as 10 L setups
still need significant upscaling. Models have proved to be reliable in predicting upscaled
current density, voltage and hydrogen productivity. However, it should be noted that the
model is based on chemically defined media; therefore, it is not assured that the model’s
predictability can be extended to utilize complex feed streams. Thus, reliable models
enabling precise predictions are needed to decrease the cost of developing larger-scale
MECs, which has not been conducted yet.

The main problems associated with scaling and biohydrogen productivity are biohy-
drogen loss due to methanogens, the operational and design configuration and a lack of
understanding of microbial constraints, which need to be solved before further upscaling.
These problems are not necessarily found in small-scale MECs, but they are profound when
graduating to the pilot scale, where the scaling factors increase the risks. Methanogens
could prove to be one of the current limitations, as methanogens were found in many of
the pilot-scale MECs, cf. Table 6. These included MECs separated by a membrane, which
were found to provide the highest purity of hydrogen on a laboratory scale. However, in a
pilot-scale MEC, the architectures and increased complexity lead to methane formation at
the cathodes.

Other problems include electrode distances and optimal architecture of the MEC, the
utilization of heterogeneous feedstock [207], leading to decreased feedstock conductivity,
and biohydrogen loss while running and maintaining a larger facility [81], all of which
lead to decreased current densities and biohydrogen production. The ideal spacing be-
tween electrodes and increasing the surface-area-to-reactor-volume ratio can be solved
by implementing a simpler design architecture that is more susceptible to proportional
scaling. A more straightforward design could decrease the cost of manufacturing due to
non-expensive materials and primitive framework, allowing for easier maintenance [204].
As reviewed earlier, the one-chamber configuration is thought to have the best possibil-
ity for industrial scaling, allowing easier configuration for continuous production and
lowering the cost.
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Table 6. Summary of some pilot-scale MEC configurations, their anode/cathode materials, the feedstock used, their performance, their limitations and their
problems connected with scaling. COD: chemical oxygen demand; TOC: total organic carbon.

MEC Configuration Anode
Material

Cathode
Material Feedstock Performance Limitation/Problems for Scaleup Reference

Type and Size Flow

Single chamber
With 5 internal MEC setups
10 L

Continuous renewal
20 L · day−1 Carbon cloth Carbon cloth coated with MoP Acetate and glucose 5.9 L H2 · L−1 · day−1

Setup proved scalable from 0.15 L to 10 L
No industrially applicable feedstock was
tried

[180]

Two-chamber AEM 10 cassettes
130 L
Operated 150 days

Continuous internal recycle
65 L · day−1

SS mesh wrapped
with graphite fibers SS wool

Glucose
Glycerol
Urban WW

0.028 L H2 · L−1 · day−1

0.013 L H2 · L−1 · day−1

0.031 L H2 · L−1 · day−1

Internal resistances limiting electrical
potential received
Material deterioration requiring
maintenance
Methane at the cathode

[205]

Two-chamber AEM 5 electrode pairs
150 L
Operated 63 days

Continuous internal recycle
150 L · day−1 Graphite felt Graphite felt Urban WW Removed close to 70%

of TOC

The setup aimed at removing carbon and
nitrogen simultaneously, but only carbon
removal was satisfactory
Low hydrogen purity

[204]

Two-chamber 6 cassettes
120 L
Operated 85 days

Continuous renewal
120 L · day−1 Carbon felt SS wool Domestic WW 0.015 L H2 · L−1 · day−1

Loss of hydrogen gas, but pure hydrogen
was produced
High inefficiency and low COD removal

[192]

Single chamber 144 electrode pairs
1000 L
Operated 100 days

Continuous renewal
1000 L · day−1 Graphite fiber brushes SS mesh Winery WW

0.027 L H2 · L−1 · day−1

62 % COD
removed

Methanogens
Low current density due to resistances
Slow startup

[48]

Two-chamber
3 cassettes
175 L
Operated 217 days

Continuous renewal
828 L · day−1 Graphite felt SS mesh combined with SS

wool Domestic WW
0.003 L H2 · L−1 · day−1

60.6 % COD
removed

Significant hydrogen loss.
High inefficiency [203]

Two-chamber
CEM
16L
Operated 103 days

360 L · day−1 Graphite felt SS mesh Pig slurry 0.2 L H2 · L−1 · day−1

Not optimal current density due to
scaling of anode
High solid content in the feed stream
decrease MEC potential

[208]
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Connecting multiple MEC in a series seems to provide the highest hydrogen produc-
tivity, although some setups still encounter problems with internal resistances, cf. Table 6.
Thus, an exploration into reducing internal resistances by modifying architectural MEC
designs could lead to hydrogen productivity in ranges closer to the theoretical maximal.
Industrial-sized upscaling is a continuous debate between optimal and high-performing
solutions and low-cost operations. The cost may be reduced by using low-cost alternative
catalysts, such as implementing biocathodes, which can replace platinum as the typical
expensive cathode catalyst. The cost of MEC biohydrogen production is nearly ten times
higher compared to alkaline water electrolysis, which may be the main reason for retaining
the technology as an industrial application [206]. The extensive cost is mainly due to lower
biohydrogen production rates, which are still below many accepted hydrogen production
techniques [206].

As the MEC is operated anaerobically, the presence of methanogens such as the
Methanobrevibacter species is inevitable when using mixed cultures, especially in indus-
trial settings, as the sterilization of the feed stream would further decrease economic via-
bility [39,48]. It is commonly seen that scaling from a small laboratory scale to the pilot
scale increases the ratio of methane production through hydrogenotrophic methanogen-
esis [48]. Several strategies have been employed to inhibit methanogenesis in MECs,
including physical, chemical and biological methods, such as temperature shock, low
pH, carbonate limitation, methanogenic inhibitors and UV–IR radiation [206]. Adding
chemical inhibitors may be effective, but it increases operational costs and could result in
contamination. A study by J. A. Baeza (2017) [205] used a methanogenic inhibitor, sodium
2-bromoethanesulfonate, to chemically prevent methanogenic growth and activity, which
proved to be successful [205].

Utilizing a membrane for separation of the anode/cathode and only utilizing microbial
species in the anode were found by P. Clauwaert et al. (2009) [100] to eliminate methane
production, but they have proven to be difficult in larger MECs. Thus, a one-chamber
design can be modified to isolate the cathode from the mixed cultures, or methanogenic
inhibitors can be added to the media to prevent hydrogenotrophic methanogenesis.

Some high-productivity two-chamber MEC designs have been constructed on an
intermediate scale (see Table 5) but are confined to using platinum, and they could likely
be improved if changed to a one-chamber setup. It is unlikely that a common architecture
could apply to all different MEC applications, substrates and cultures, thus justifying that
adjustments and testing are crucial for upscaling, leading to the importance of verifying
methods of testing small-scale MECs. The inability to proportionally upscale from the
laboratory to the pilot scale supports the idea of converting MEC by models into an estima-
tion, where the behavior in large-scale applications is tested before implementation [180].
Therefore, several optimal conditions need to be identified to investigate the possibilities of
further upscaling beyond 1000 L. Moreover, the importance of a well-defined feedstock may
contribute to maintaining biohydrogen productivity during upscaling, as this parameter
has already been identified as a cause for decreased productivity in pilot-scale MECs, cf.
Table 6.

Economic Viability and Life Cycle Assessment

To assess the prospects and commercialization potential, economic viability has been
evaluated and reviewed through techno-economic assessments (TEAs) along with Life
Cycle Assessments (LCAs) [115,209]. Observing the MECs based on their techno-economic
possibilities, two critical challenges have been identified: the materials of the electrode and
the reactor design [210,211]. The main capital and operating costs were found to be the anode
material cost (59%) and the electricity consumption (up to 69%), respectively [212]. Similarly,
the exceeding material cost of the cathode catalyst has been evaluated, and studies have found
that the biocathode may be a promising alternative to noble metals. This is due to its low
cost, excellent stability and ecologically sound qualities [209,211,213]. Similarly, using nickel
powder as a cathode catalyst allows for more cost-effective cathode components [214,215].
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Other studies have concluded that, in double-chamber configurations, the membrane is the
primary cost-sensitive component [82,115,214].

Thus, the significant capital costs associated with MECs are the main barrier to com-
mercialization. In addition, hydrogen by itself can prove to be an essential technical
barrier; if hydrogen is not well managed on the cathode side, it can give rise to undesired
microorganisms that might limit the overall performance of the reactor [115,209].

In the future, cost-related optimization should be aimed toward developing low-cost
reactors capable of competing with various energy-generating and wastewater-treatment
technologies [211].

The reviewed LCA studies showed contradicting results, where some deduced that
the environmental impacts from the construction phase of MEC were negligible, and others
inferred that the construction phase championed GHG emissions [213,216,217].

MECs and MFCs are considered sustainable platforms for converting waste into energy
due to their ability to eliminate organic matter from wastewater with simultaneous power
or hydrogen generation [217–219]. The economic balance emphasizes that it is preferable
to aim for high biogas productivity, since the gain from the biogas is ten-fold higher than
that from hydrogen due to the high volume of produced biogas [209]. An environmental
disadvantage to MECs is the global warming potential and smog creation potential elevated
from electricity usage, inorganic chemical and glassware reactor production [220].

Additionally, if the carbon dioxide produced in the MEC is not utilized locally, it
can be transferred into the national gas grid and transported over long distances to a
different end location. This can reduce congestion in the electricity transportation grid by
providing an interface between the gas and electricity grids. In turn, MECs could benefit
from the lower energy price produced during low-demand periods. Nevertheless, as both
energy production from renewable sources and the production and composition of WW are
unpredictable, suitable control systems and strategies are indispensable if the two systems
are to be combined efficiently [115,209].

Furthermore, given the amount of research in this scientific area, the technology is
expected to soon develop cheaper materials and better microorganisms. As it is impractical
to store or transport hydrogen at atmospheric pressure due to its low volumetric energy
density, the energy required to compress and store the hydrogen should be incorporated
into future LCAs and TEAs [115,214,217,219]. The evaluations presented herein are a small
sample from a larger assessment pool that is investigated and broadened each year due to
the dynamic nature of the bioelectrochemistry field.

5. Summary and Prospects

MEC technology provides solutions to some challenging problems today, including
recovering energy from waste such as OFMSW, creating sustainable zero-emission fuel,
and energy storage while purifying contaminated substrates, e.g., heavy metals, ammonia,
and phosphate. Additionally, excess energy from renewable energy resources during low
demand can be converted by MECs to biohydrogen, thereby preventing surplus energy
from being unutilized.

The potential of biohydrogen produced is, to a great extent, governed by the feedstock
used as the substrate. Most of the literature suggests that a low cost and ease of availability
are the two critical factors that can influence the upscaling potential of MECs. Some waste
streams might need to be purified in order to achieve a high HPR, which can potentially
increase the operational cost of an MEC. OFMSW and wastewater are two of the most
investigated and viable substrates utilized in MECs, contributing to the EU’s ambitions of
achieving a circular bioeconomy. Both substrates exhibit variations in their composition,
affecting the HPR potential and thus must be addressed in the design.

In addition to feedstock, the design parameters significantly impact the viability of
MECs. Both anode/cathode materials and configurations have been identified as vital
parameters for the high performance of an MEC. A large surface area and microbial
stability are crucial for the anode in high-performing MECs. A metal current collector
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is often incorporated at the anode to enable good conductivity. Although carbon-based
materials of 3D anodes are preferred on a laboratory scale, 3D anodes in larger MECs
with substrates such as wastewater and OFMSW often clog, thus increasing the need for
maintenance and reducing the life of anodes.

A novel design for 2D anodes remains a better choice on a large scale. A low-cost
anode with surface treatment could be viable in viable large-scale MEC. Stainless steel has
also been proposed as an anode and cathode due to its high conductivity and low price;
however, the surface area should be enlarged to accommodate better bacterial adhesion.

Cathode materials exhibiting high catalytic properties are needed to ensure fast cataly-
sis when upscaling an MEC. Platinum seems to be the obvious choice as a coating, but its
high cost, low lifetime and environmental unfriendliness make it an unattractive option.
Therefore, the search for an alternative with similar properties is necessary. Biocatalysts
offer an exciting possibility; however, extensive research is needed to find cultures and ma-
terials for adhesion. Findings from the literature suggest the need for favorable conditions
for fast catalysis, stable output, durable cathodes and fast biofilm formation. Nickel alloys
are also a low-cost material used as cathode. Both nickel alloys and biocatalysts have been
found to match the platinum-based counterpart in their performance and can potentially
be expanded with further research.

Methanogens can be inhibited by utilizing a two-chamber configuration, but this does
impose larger overpotential in the system and does make the configuration more costly,
which is not preferred for upscaling. One-chamber configurations were reviewed to be the
most viable configuration for industrial applications; however, they have the drawback
of less customizability and the chance of cultivating methanogens, thus contaminating
biohydrogen with methane.

Microbial species also affect the overall success of the MEC. Many studies could benefit
from better control of microbial species, especially when using mixed cultures originating
from, e.g., wastewater or similar sources. Most studies reported preferring mixed cultures
found naturally occurring in the chosen substrate. They resulted in similar or higher HPR,
but it could also lead to methanogen production in one-chamber MECs. Some studies
reported decreasing the initial waiting period by acclimatizing the electrodes with a known
electrogenic bacteria, which improved suitability for large-scale MECs.

Some problems associated with upscaling include biohydrogen loss, the presence
of methanogens, operation and design cost, microbial constraints, electrode distances,
optimal architecture and low-cost feedstock. The one-chamber configuration was the most
viable larger-scale MEC with the potential for further expansion. However, some design
features, such as optimal electrode spacing, electrode surface-area-to-reactor-volume ratio
and the cultures’ adaption towards an industrial feedstock, such as OFMSW or wastewater,
need to be optimized before MEC can gain a foothold. Furthermore, reliable tools for the
predictive modeling of MEC can provide the intermediate step between laboratory-scale
and industrial-scale designs.

Hydrogen as an energy carrier has gained impetus driven by sustainable ambitions
and directives from policymakers. MEC could become a key player in the green energy
transition and has the potential to change the way the transportation industry operates.
As things stand, MEC technology is expensive compared to other types of hydrogen pro-
duction, such as conventional water hydrolysis. Focused research is needed to understand
the ever-changing dynamics of mixed microbial cultures and their interactions with sur-
faces, along with the search for novel materials for anode/cathode driven by the intent
to commercialize and upscale. Addressing the discussed limitations could be the key to
implementing viable MEC technology in industrial settings.

In summary, MEC holds potential as a wastewater treatment process while simultane-
ously producing sustainable biohydrogen. MEC can utilize differing feedstock only limited
by complex substrates, such as starch, which may need further research. MEC has been
operated successfully both on a laboratory scale and pilot scale and needs to advance.
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Furthermore, for its technological evolution, the design and architecture of the an-
ode/cathode materials in the MEC and their placement in the MEC chamber remain critical
for obtaining optimal biohydrogen production.
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