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Abstract

The growing demand for sustainable energy carriers has intensified interest in hydrogen
production from renewable resources and waste-derived substrates. In this context, mi-
crobial electrolysis cells (MECs) have emerged as a promising technology for the simulta-
neous treatment of organic waste and biohydrogen generation. This review provides an
overview of recent advances in MEC systems, focusing on reactor configurations, perfor-
mance indicators such as hydrogen production rate, coulombic efficiency, and chemical
oxygen demand removal. Attention is given to the valorization of real waste streams, in-
cluding municipal and agro-industrial effluents, highlighting the differences between la-
boratory- and pilot-scale applications. While numerous studies have demonstrated the
technical feasibility of MECs, several bottlenecks still limit their large-scale implementa-
tion, including challenges associated with the use of complex substrates. In particular,
untreated wastewater often leads to reduced process efficiency due to its variable compo-
sition and the occurrence of competing microbial pathways. To overcome these limita-
tions, integrated approaches are also discussed, with emphasis on the coupling of dark
fermentation, capable of enhancing substrate biodegradability through the production of
volatile fatty acids, with MEC systems. Overall, MEC technology represents a promising
pathway for sustainable hydrogen production within circular waste management frame-
works, although further advancements are required to enable its practical application.

Keywords: microbial electrolysis cells (MECs); biohydrogen production; waste
valorization; wastewater treatment; dark fermentation (DF)-MEC integrated system

1. Hydrogen Production Overview

Global energy demand in the twenty-first century is still largely satisfied by fossil
fuels, resulting in significant environmental impacts and the progressive depletion of nat-
ural resources. The extensive use of fossil-based energy sources, together with polluting
industrial activities and unsustainable waste management practices, has led to a critical
environmental and climatic situation. In recent decades, the increasing concentration of
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greenhouse gases (GHGs) in the atmosphere has intensified global warming, causing ris-
ing temperatures, altered weather patterns, and a growing frequency of extreme climatic
events [1,2]. In response to this scenario, the international community has established am-
bitious targets to mitigate GHG emissions and promote the transition toward a more sus-
tainable and low-carbon future with a comprehensive political and economic strategy,
summarized in the European Green Deal 2019, aiming to achieve climate neutrality by
2050 through substantial reductions in greenhouse gas emissions and the promotion of
renewable energy sources in a circular economy view [3-5].

In this context, hydrogen has emerged as a promising energy carrier for the transition
toward low-carbon energy systems; it is widely considered a promising energy vector
owing to its high gravimetric energy density and its emission-free utilization, becoming a
key component of future sustainable energy infrastructures [6]. However, despite its po-
tential, the need for the European Union for oil and gas remains high, accounting for ap-
proximately 58% of total energy consumption, while hydrogen currently supplies only
about 2% of the overall energy demand [7]. Nevertheless, the environmental sustainability
of hydrogen strongly depends on the pathway used for its production.

Hydrogen is commonly classified according to the production process into different
categories [8]. Gray hydrogen is produced from fossil fuels, mainly through steam me-
thane reforming, and is associated with significant carbon dioxide emissions. Blue hydro-
gen is also derived from fossil resources but incorporates carbon capture and storage tech-
nologies to reduce CO:z emissions. In contrast, green hydrogen is produced through low-
carbon processes, such as water electrolysis powered by renewable energy sources or bi-
ohydrogen, a subcategory based on biomass and organic waste conversion through bio-
logical and bio-electrochemical systems (BES) with potentially net-zero emissions biolog-
ical pathways [9-11].

A schematic representation of this classification is reported in Figure 1.
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Figure 1. Classification of hydrogen production pathways is defined on the color-based hydrogen
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taxonomy.

Among biological routes, dark fermentation (DF) has attracted considerable attention
as a sustainable approach for biohydrogen production from biomass and organic waste
streams [12]. In this process, anaerobic microorganisms convert carbohydrates and other
organic substrates into hydrogen and fermentation by-products [13]. DF offers several ad-
vantages, including the ability to utilize a wide range of waste-derived substrates and
operation under relatively mild conditions [14]. However, this process is inherently
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limited by relatively low hydrogen yields. During fermentation, only a fraction of elec-
trons, contained in organic substrates, is recovered as hydrogen, while, depending also on
the acidogenic fermentation degree of the substrate typology, a significant portion re-
mains stored in intermediate metabolites such as volatile fatty acids (VFAs) [15,16].

To overcome these limitations, integrated bioelectrochemical systems have been pro-
posed as an effective strategy to further recover the residual energy contained in fermen-
tation effluents [17]. In particular, microbial electrolysis cells (MECs) have emerged as a
promising technology for enhancing hydrogen production from organic substrates and
fermentation by-products [18,19]. In MEC systems, electroactive microorganisms oxidize
organic compounds at the anode, releasing electrons that are subsequently used to drive
hydrogen evolution at the cathode with the assistance of a small external voltage [20].
When coupled with dark fermentation, MECs can convert residual organic acids into ad-
ditional hydrogen, significantly improving the overall energy recovery from biomass and
waste streams.

Thanks to their ability to simultaneously treat waste and produce valuable energy
carriers, MECs are increasingly being investigated as a key technology for sustainable bi-
ohydrogen production. Nevertheless, several factors, including substrate type, reactor
configuration, operational parameters, and electrode materials, strongly influence the ef-
ficiency and stability of hydrogen generation in these systems [21,22].

However, the performance of MECs fed with real wastewaters remains difficult to
compare across studies because substrate composition, reactor scale, and reporting meth-
ods strongly influence the reported outcomes.

For this reason, although MECs have been investigated using a wide variety of or-
ganic substrates, this review intentionally focuses on real wastewaters and wastewater-
derived streams, in accordance with its scope and objectives.

In addition, to strengthen how MEC evidence translates to practice, we restrict the
synthesis to MEC studies fed exclusively with real wastewater-derived substrates (i.e.,
excluding synthetic media). Moreover, a cross-scale, quantitative comparison of labora-
tory and pilot systems using consistent indicators (including hydrogen production rate,
COD removal, coulombic efficiencies, current density, and energy consumption) was per-
formed to expose how engineering and economic constraints emerge at pilot scale (e.g.,
internal resistance, gas recovery, and materials/capital-cost dominance). Within this
framework, the review evaluates DF-MEC integration as a targeted strategy to improve
substrate biodegradability and hydrogen production from complex waste streams.

2. Principles of Hydrogen Production in MEC Systems
2.1. Fundamentals of Microbial Electrolysis Cells

MECs are bioelectrochemical systems that exploit the metabolic activity of electroac-
tive microorganisms to convert organic substrates into biofuels [23]. In these systems, mi-
croorganisms growing on the anode oxidize biodegradable organic compounds, releasing
electrons and protons as metabolic products. The electrons generated during substrate
oxidation are transferred to the anode either directly through conductive biofilms, direct
electron transfer (DET), or via soluble redox mediators, indirect electron transfer (IET),
and subsequently flow through an external circuit toward the cathode [24]. In DET, mi-
croorganisms transfer electrons through outer-membrane redox-active proteins, such as
multiheme c-type cytochromes, which bridge the insulating cell envelope to establish elec-
trical contact with the electrode surface. In certain species, including Geobacter sulfurre-
ducens and Shewanella oneidensis, DET is further enhanced by conductive pili or “nan-
owires,” which extend several microns and allow electron transport beyond the immedi-
ate cell surface [25,26]. This mechanism enables efficient and rapid electron transfer, often
resulting in higher current densities and improved system performance. In contrast, IET
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relies on soluble redox mediators, either endogenously produced by microorganisms or
externally added, which shuttle electrons between the cells and the electrode. While IET
expands the effective surface area available for electron transfer, its efficiency can be lim-
ited by mediator stability, irreversibility of the shuttle reaction, and the potential loss of
compounds to the bulk solution [27,28].

While at the cathode, with the goal of producing hydrogen, ions migrate through the
electrolyte and combine with the electrons supplied through the external circuit.

Unlike microbial fuel cells (MFCs), hydrogen evolution in MECs is not thermody-
namically spontaneous, thus requiring the application of an external voltage, typically in
the range of 0.2-1.0 V, to overcome the activation and thermodynamic barriers associated
with the hydrogen evolution reaction (HER) [29,30].

In MEC systems, however, the anodic oxidation of organic substrates occurs at a sig-
nificantly lower potential than water oxidation. This result reduces overall cell potential
difference compared to conventional water electrolysis, thereby lowering the external en-
ergy input required for hydrogen production. Consequently, MECs operate at applied
voltages substantially lower than those of conventional electrolysis systems (typically 1.8—
2.0 V). In many cases, MECs can achieve hydrogen production at applied voltages in the
range of 0.2-1.0 V, depending on reactor configuration and operating conditions [31].

From an energy efficiency perspective, this difference translates into a significantly
lower electrical energy demand per unit of hydrogen produced. While conventional water
electrolysis typically requires around 4-5 kWh per Nm? of Hz, MEC systems can reduce
the electrical energy input to values as low as 1-2 kWh per Nm? of Hy, as part of the energy
is derived from the oxidation of organic substrates [32,33]. However, the overall efficiency
of MEC:s is strongly influenced by factors such as hydrogen recovery and internal losses,
which can limit the effective energy conversion. Therefore, despite their lower external
energy demand, further optimization is required to fully realize the energetic advantages
of MEC technology.

Nevertheless, one of the main advantages of MEC systems is their ability to utilize a
wide range of organic substrates, including wastewater and fermentation by-products,
enabling the simultaneous treatment of organic waste and the recovery of energy in the
form of hydrogen [23,34,35]. For this reason, MECs have attracted increasing interest as a
sustainable technology for biohydrogen production within waste valorization strategies.

2.2. Reactor Configuration

The performance of microbial electrolysis cells is strongly influenced by reactor de-
sign, electrode materials, and configuration [36-39]. MEC systems are generally classified
into two main configurations: single-chamber and dual-chamber reactors.

Single-chamber MECs consist of a single compartment in which both the anode and
cathode are immersed in the same electrolyte without the use of a membrane separator
[40]. This configuration offers several advantages, including simpler reactor design, lower
internal resistance, and reduced construction cost [41], but may suffer from gas crossover
and reduced hydrogen purity. Indeed, the absence of a membrane may lead to hydrogen
loss due to diffusion or microbial consumption [42].

In contrast, dual-chamber MECs employ a membrane or ion exchange separator that
physically divides the anodic and cathodic compartments [33]. This design allows better
control of the electrochemical environment at each electrode and reduces hydrogen losses
caused by microbial activity in the anode chamber [20,43]. However, the presence of a
membrane and its related issues due to aging and fouling [44] may increase internal re-
sistance, system complexity and operational costs, potentially affecting the overall energy
efficiency of the system. A schematic representation of these two reactor configurations is
reported in Figure 2.

https://doi.org/10.3390/hydrogen7020085


https://doi.org/10.3390/hydrogen7020085

Hydrogen 2026, 7, 85

5 of 20

&I & & e
N TG =

Anode Cathode S A

Chamber | __ Chamber I }
| ,,

Organic ; Organic o
Waste Ions ----2 S X Waste H
.
Anode ‘ [ Cathode Anode Cathode
(Biofilm) 3 (Biofilm)
lon Extl:hange
Membrane
i_» Microbial Biofilm  ---> Proton (H*) Flow Electron Flow () Hydrogen (H,)

Figure 2. Schematic representation of the main MEC configurations with a bioanode and an abiotic
cathode. (a) Dual-chamber MEC, in which anodic and cathodic compartments are separated by an
ion exchange membrane (b) Single-chamber MEC, where both electrodes are immersed in the same

electrolyte.

Beyond these conventional configurations, several alternative reactor designs have
been proposed in recent years, including stacked and integrated systems, or even contin-
uous-flow reactors, aimed at improving scalability and practical applicability for waste
treatment and biohydrogen production [45-47]. Stacked configurations improve volumet-
ric productivity but may suffer from uneven current distribution and higher internal re-
sistance [48]. Continuous-flow reactors allow stable operation under realistic conditions,
although biomass washout and operational complexity remain critical challenges [49]. In-
tegrated systems enhance substrate utilization and overall efficiency, but they often re-
quire more complex designs, higher capital costs and advanced process control [50].

2.3. Key Operational Parameters Affecting Hydrogen Production

The efficiency of hydrogen production in MEC systems is governed by several oper-
ational parameters that influence microbial activity, electron transfer processes, and elec-
trochemical reactions.

One of the most critical parameters is the applied voltage. Since hydrogen evolution
in MECs requires an external energy input, the applied potential directly affects hydrogen
production rates and overall system efficiency. However, excessively high voltages may
increase energy consumption and reduce the sustainability of the process [51,52].

Substrate type and concentration also play a crucial role in determining system per-
formance. Easily biodegradable substrates such as acetate or glucose generally support
higher hydrogen production rates, whereas complex waste streams may require microbial
adaptation or pre-treatment steps to enhance their biodegradability [53].

Other important parameters include pH, temperature, hydraulic retention time
(HRT), and organic loading rate (OLR), which can significantly influence microbial com-
munity structure and electrochemical activity [54-57]. Additionally, electrode materials
and surface properties strongly affect biofilm development and the prevalence of DET or
IET pathways [58]. These pathways also depend on microbial community composition
and operating conditions, impacting the overall hydrogen production performance of
MEC systems.

2.4. Experimental Parameters
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The performance of MECs is typically assessed using a set of key electrochemical and
process indicators [31]. COD removal efficiency (ncop), anodic and cathodic coulombic ef-
ficiencies, and hydrogen production rate are commonly employed to quantify substrate
conversion, electron recovery, and hydrogen generation.

Hence, to better understand the obtained performance of the different selected stud-
ies reported in the next sections, the equations used to calculate these parameters are re-
ported below.

To define the ncop, the following equation was employed, where CODin and CODout
(mg/L) represent the influent and effluent COD concentrations:
(CODin — CODout) * 100

- 1)
CODin
The bioanode coulombic efficiency (CE), in which meqi represents the cumulative

Ncop (%) =

charge that has passed in the circuit and meqCOD represents the theoretical cumulative
charge which could have been generated by the oxidation of the removed COD, was de-
termined according to the equation:

meqi
meqCOD @)
The cathodic coulombic efficiency (CCE) was determined as the ratio between the

CE(%) = 100 *

cumulative Hz produced, expressed in meq and the meqi:
meqH,

CCE(%) = 100 * : ©)
meqi

The hydrogen production rate (rHz) was determined by the ratio between the pro-
duced volume of hydrogen (VHz) to the reactor volume (V) during the working period (t),

. m*\ VH, .
Tz m3d)  Vxt )

These parameters are commonly used to evaluate and compare MEC performance

as follows:

across different studies and operational conditions, as illustrated in the laboratory- and
pilot-scale systems discussed in the following sections.

3. Wastewater and Derived Substrates for Hydrogen Production in
MEC Systems

While several studies have investigated MEC performance using synthetic sub-
strates, increasing attention has been directed toward the utilization of wastewaters, bio-
mass-derived and waste-based feedstocks. These substrates represent a sustainable alter-
native for hydrogen production while simultaneously enabling waste valorization.

The following sections present and discuss a selection of laboratory- and pilot-scale
studies in which the system was fed exclusively with real wastewater.

3.1. Laboratory-Scale MEC Studies: Influence of Reactor Configuration

Among laboratory-scale studies, reactor configuration plays a critical role in deter-
mining hydrogen production efficiency, coulombic efficiency, and system stability. Table
1 summarizes representative laboratory-scale studies investigating hydrogen production
in microbial electrolysis cells (MECs) fed with waste-derived substrates under different
operational configurations. Here, a quantitative synthesis of key performance indicators,
along with system configurations, is provided, enabling a systematic comparison across
different reactor designs and operating conditions. Most of the reported systems were
evaluated under varying applied voltages (VarrLiep) to identify the optimal electrochemi-
cal conditions for hydrogen generation. Xu et al. (2014) [59] investigated a cylindrical MEC
treating municipal wastewater in batch mode and reported the best performance at an
applied voltage of 0.9 V. The authors also compared two cathodic configurations, namely
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a platinum catalyst (Pt) and a biocathode. The Pt-based cathode achieved the highest hy-
drogen production rate (1.4 m?® m=d-"), CE of 95%, and a CCE of 68%, the latter being 80%
higher than that achieved using the biocathode (i.e., 37%). Such results highlighted a clear
trade-off between catalytic performance and economic sustainability.

Similarly, Zhang et al. (2022) [60] evaluated a single-chamber MEC fed with fer-
mented corn stalk effluent, showing a favorable increase in CCE values with the increase
in applied voltage, from 73 + 3% at 0.5 V to 81 + 2% at 0.8 V, identifying this latter as the
optimal applied potential. The study also demonstrated effective degradation of the main
VFAs (e.g., acetate and butyrate), highlighting the ability of the system to treat complex
fermentation effluents. Comparable operating conditions were reported by Gautam et al.
(2024) [61], who employed heat-pretreated sugarcane bagasse as a substrate in a round
single-chamber MEC, also operating at 0.8 V and reaching a CCE of 67.1%. Compared with
the Pt-based cathodes employed by Xu et al. [59] and Zhang et al. [60], this performance
was obtained using non-noble electrode materials, indicating the potential of lower-cost
configurations, although differences in substrate prevent a direct comparison.

While single-chamber systems generally exhibit higher hydrogen production rates
due to reduced internal resistance, as already discussed, they are also more susceptible to
hydrogen losses, which can negatively affect CCE. Dual-chamber configurations have
been investigated to improve process control and overcome this limit. Baia et al. (2025)
[62] operated an H-type MEC treating winery wastewater at an applied potential of 0.2 V
vs. standard hydrogen electrode (SHE), achieving hydrogen production rates of 0.7 m3 m-3
d-! with a COD removal of approximately 55%. Although hydrogen production was lower
compared to the single-chamber systems reported here, the dual-chamber configuration
offers advantages in terms of product separation and reduced hydrogen consumption by
hydrogenotrophic microorganisms, obtaining a high CCE equal to 87 + 5%, close to values
typically obtained with a synthetic acetate medium.

A further distinction emerges when considering the continuous operation mode. In
contrast to batch-operated systems, Kim et al. (2024) [63] evaluated a continuously oper-
ated dual-chamber MEC fed with different mixtures of livestock wastewater (LW) and
food wastewater (FW). Variations in substrate composition significantly affected the elec-
trochemical performance of the system, resulting in hydrogen production rates ranging
from 2.9 to 4.6 m? m= d-. However, CE values decreased significantly from >87% (acetate)
to 25-42% when real substrates were used, indicating reduced electron recovery efficiency
under complex feeding conditions. Although CCE remained relatively high (around 90%
for all cases), the overall hydrogen yield was affected by competing metabolic pathways
and substrate heterogeneity.

Another recent laboratory-scale study in a continuous-flow mode, Marchetti et al.
(2026) [64], investigated the direct treatment of real brewery wastewater without any sub-
strate pre-treatment. The system achieved stable hydrogen production throughout the op-
erational period, with an average hydrogen purity of 65.5% and a cathodic coulombic ef-
ficiency of approximately 50%. COD mass balance revealed that most of the removed or-
ganic matter was recovered as electrical current and subsequently converted into hydro-
gen, while methane formation remained negligible. These results highlight the feasibility
of coupling the valorization and treatment of high-strength agro-industrial wastewaters
with biohydrogen production. Although the overall energy efficiency reached 43%, fur-
ther improvements could still be achieved through strategies aimed at enhancing sub-
strate biodegradability and energy recovery.

Table 1. Overview of laboratory-scale MEC studies and reactor performance using waste-derived

substrates for hydrogen production.
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Ref Stud System Feeding Current rH> fjcop CE; CCE
y Configuration Substrate Density (m3m3d-1) (%) (%)
S >
' Cylindrical 184 Am 14 g8 95; 68
single chamber . 49 Am=2*
Municipal
[59]1 anode carbon cloth Wastewater 134 Am3
Varriep0.9 V 26 Ammar 039 90 63; 37
Volume 0.08 L O Am
Cylindrical
single chamber
Corn stalk
anode graphite felt 36.8 Am= 78x1;
[60] cathode Pt-coated Ti mesh fernf11e ntef ef 2.9 Am=2 6.26 69 +2 81+2
VaprLiep 0.5-0.8 V uen
Volume 1L
Round single-chamber
Heat-pre-
anode and cathode treated 64 Am=*
[61] carbon cloth suearcane ba- 48 Am- 2.1 69 +2 57.6; 67.1
VarrLiep 0.8 V & asse
Volume 0.75 L &
H-type reactor
dual-chamber
CEM membrane Winery  60+4 Am? 75 + 4;
[62] anode carbon felt 0.7 55
wastewater 16.8 Am=2* 87+5
cathode SS
VarrLiep 0.2 V vs. SHE
Volume 0.70 L
Planar reactor
dual-chamber from
AEM membrane Livestock and 431 to 299 from 42.5
] from 4.6 from 42.3
[63] 2 anode graphite felt food Am3* t0 2.9 to 62.2 to 25.4; from
cathode Pt/C ink c-cloth wastewaters  from 8.8 ) ’ 98.6 to 89.7
VarrLiep 0.9 V to 6.1 Am=2
Volume 0.04 L
Planar reactor
dual-chamber
CEM membrane - Brewery 174 Am=® 2.0+0.1 mmol H: 47+ 3;
[64] anode granular graphite 691
wastewater 0.43 Am=2* dt 50+2
cathode SS sheets
VarrLiep 0.2 V vs. SHE
Volume 0.04 L

1 The first row shows the results obtained using an abiotic Pt cathode, while the second row shows
the results obtained using a carbon cloth biocathode. 2 Results obtained by varying the composition
of the substrate from complex wastewater 1 (1 Ac:1 LW) to complex wastewater 3 (0.5 LW: 1.5 FW).

* Current densities were normalized to improve comparability, calculated based on available data.

However, direct comparison among studies remains challenging due to the variabil-
ity in reactor configurations, substrates, and operating conditions. Nevertheless, the wide
range of MEC setups and wastewaters investigated highlights the growing interest and
versatility of this technology, demonstrating that MECs can effectively convert a variety
of organic wastes into hydrogen. Hence, to summarize, single-chamber systems may fa-
vor higher hydrogen production rates but are more prone to hydrogen losses, leading to
lower CCE under certain conditions. Dual-chamber systems provide improved hydrogen
recovery and stability, reflected in higher CCE values, but at the expense of increased
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internal resistance and reduced productivity. Real waste-derived substrates often intro-
duce metabolic pathways competing with hydrogen evolution, thereby affecting cou-
lombic efficiency and hydrogen recovery, confirming that substrate complexity remains a
key limiting factor for practical MEC applications.

3.2. Pilot-Scale MEC Applications

While laboratory-scale studies demonstrate the technical feasibility of hydrogen pro-
duction from waste-derived substrates, pilot-scale applications are essential to assess pro-
cess stability, scalability, and operational performance under realistic conditions.

In this context, Table 2 summarizes representative MEC pilot-scale studies on hydro-
gen production treating real wastewater, reporting key performance indicators and sys-
tem configurations. Compared with laboratory-scale experiments, pilot-scale MECs more
clearly reveal the engineering constraints associated with reactor design, mass transfer,
gas recovery, internal resistance, and capital cost.

Among the earliest demonstrations of MEC scale-up, Gil-Carrera et al. (2013) [65]
evaluated the transition from small laboratory reactors (50 mL) to a pilot configuration
consisting of two cylindrical MEC units connected in series with a total working volume
of 10 L. The pilot-scale system was fed with real municipal wastewater and operated un-
der different HRTs equal to 32, 24, 16 and 10 h, corresponding to OLRs of 0.13, 0.10, 0.23
and 0.66 g COD L1 d. A staged reactor-in-series approach was proposed to maintain
higher organic loading in the first compartments while allowing downstream polishing
of the effluent. This design was intended to mitigate the decline in hydrogen production
typically observed under low-substrate conditions during scale-up.

In this configuration, the electrodes were separated using a polyester cloth, while the
cathode was positioned between the anodic chamber and the gas collection compartment.
A key aspect of the study was the optimization of the applied potential in each anodic
chamber using an online perturbation and observation algorithm, allowing the voltage to
vary between 0.51 and 0.94 V depending on the applied OLR. Under optimized condi-
tions, the 10 L reactor treating municipal wastewater showed substantially lower hydro-
gen production but acceptable ncoo (60-76%) and low specific energy consumption (0.9
Wh g COD removed), compared to smaller scale reactors. This adaptive control strategy
enabled the reduction of overall energy consumption while maintaining stable hydrogen
production rates, demonstrating the feasibility of coupling wastewater treatment with bi-
oelectrochemical hydrogen recovery at a pilot scale.

However, process performance is strongly constrained by wastewater strength. Low-
COD municipal wastewater leads to low volumetric hydrogen production and promotes
a hydrogenotrophic methanogenesis trigger. Therefore, systems designed to meet
wastewater treatment targets at low effluent COD may operate under conditions that are
suboptimal for hydrogen recovery.

In Leicester et al. (2020) [66], a pilot-scale MEC treating return sludge liquor (RSL), a
concentrated liquid stream derived from anaerobically digested sludge in wastewater
treatment plants, was operated for six months to evaluate the influence of HRT on organic
matter removal and hydrogen production. HRTs ranging from 0.015 to 18 days were in-
vestigated, and an optimum value of 0.5 d was identified, providing the best balance be-
tween treatment performance and energy consumption. Although higher current densi-
ties were observed at shorter HRTs, COD removal became negligible under these condi-
tions, highlighting the need to optimize operational parameters beyond electrochemical per-
formance alone. The study also demonstrated that energy demand strongly depended on
both HRT and influent COD concentration, decreasing at lower influent COD concentra-
tions and at HRT values above 2 d, indicating that MEC feasibility is closely linked to
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wastewater strength and operating conditions. These findings provide valuable guidance
for the design and scale-up of MEC systems treating high-strength wastewater streams.

More recently, Guerrero-Sodric et al. (2025) [67] investigated a larger MEC pilot plant
with a working volume of approximately 1 m? integrated within a wastewater treatment
facility and fed with real urban primary effluent. This study is particularly relevant because
it moved beyond proof-of-concept scale and addressed long-term operation, reactor modu-
larity, and techno-economic evaluation under real conditions. The anode pair and the cath-
ode were separated with functionalized polystyrene anion exchange membranes (AEMs).

The study was conducted in two experimental stages, initially operating the system
with three electrochemical cells and subsequently increasing the configuration to ten cells
to further evaluate performance and operational stability. The results reported in Table 2
refer to the second experimental stage, during which the current density reached a maxi-
mum of 1.06 A m= and hydrogen production rates up to 0.042 m* m= d-! were observed.
While CCE remained relatively stable between the two stages (around 65% for both), over-
all CE increased significantly during the second phase, suggesting improved microbial
stability and electrochemical performance of the system. Although these values are lower
than those commonly reported at laboratory scale, they are comparable to those obtained
in previous pilot-scale MEC studies, indicating that the proposed configuration achieved
a reasonable degree of scalability. However, the low organic strength and conductivity of
urban primary effluent constrained electron transfer and current generation, thereby lim-
iting hydrogen production. The internal resistance remained a major issue, while reducing
the inter-electrode distance significantly improved current density and hydrogen produc-
tion. Moreover, hydrogen recovery was affected by gas leakages, despite the use of a dou-
ble-chamber configuration and high cathodic pH, which effectively minimized biological
hydrogen consumption in the cathodic chamber. These results show that, at pilot scale,
both electrochemical and engineering factors, including reactor design and gas manage-
ment, play a key role in determining overall system performance.

In addition to the technical assessment, Guerrero-Sodric et al. also performed a pre-
liminary techno-economic evaluation of the pilot plant. The analysis indicated that, de-
spite the potential revenues associated with hydrogen production and reduced electricity
consumption, the system would only be economically viable under very specific condi-
tions. Capital costs associated with MEC components accounted for nearly 99% of the net
present value of the prototype, largely outweighing the economic benefits derived from
hydrogen recovery. These findings highlight that the high cost of materials and reactor
components remains a major barrier to large-scale commercialization. In this sense, im-
proving hydrogen yield alone may be insufficient to make MECs commercially viable un-
less accompanied by a substantial reduction in material and manufacturing costs.

Table 2. Overview of pilot-scale MEC studies and pilot-plant performance using waste-derived sub-

strates for hydrogen production.

Ref Stud System Feeding Current rH: fcop CE; CCE
y Configuration Substrate Density (m3m-=3d-7) (%) (%)
Cylindrical pilot
nodelzlarnl:on felt from 109
63] Caatho o acoate in; Municipal  t0186mA  from0.04  from46  from 129
wastewater from 0.21 to 0.62 to 0.5 to 76 to 23
carbon paper )
Am=2*
VarrLiep 0.5-0.9 V
Volume 10L (5L x 2)
Cassette-style pilot from 1.36 to 1.12 Max 0.0155 * from 2.9 +4
2
[66] plant RSL Am- 00076 omOtO8 sy,
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[67]°

anode carbon felt Max 1.22 +
cathode SS mesh 0.2
Rhinohide membrane
VarrLiep 0.9 V
Volume 72 L
Cassette-style pilot
plant
anode carbon felt  Real urban 45 31+7and
cathode SS-Ni mesh primary ef- max 1.06 Am2  max 0.042 51 - 4' 28 +4;
AEM membrane fluent B 65+2

VapeLiep 1.0 V
Volume 1 m?3

1Results by varying the applied HRTs, ranging from 32 h to 10 h. 2 Achieved by changing the HRT
from 0.015 to 18 days. ®Results obtained by working with an HRT of 1 day or 2 days, respectively. *

Current densities were normalized to improve comparability, calculated based on available data.

These pilot-scale demonstrations represent important steps toward the practical im-
plementation of MEC technology, confirming the scalability potential of this technology;
however, several technical and economic challenges and comparison with established
wastewater-to-energy technologies still need to be addressed before large-scale deploy-
ment can be achieved and are critically discussed in Section 4.2.

4. Limitations and Research Directions
4.1. Bottlenecks Overview in MEC Systems

Despite the promising potential of MECs for simultaneous wastewater treatment and
hydrogen production, several technical and operational limitations still hinder their large-
scale implementation. These span from material-related constraints to process inefficien-
cies and performance variability associated with the composition of real wastewater.

One of the primary constraints is associated with the cost and durability of electrode
materials and catalysts [38,45]. While carbon-based materials such as carbon felt and car-
bon cloth are widely used as anodes due to their high surface area and biocompatibility,
their long-term stability and susceptibility to fouling can affect system performance. On
the cathode side, alternative economically sustainable catalysts based on nickel or stain-
less steel have been proposed, even if they generally exhibit lower catalytic activity or
reduced durability compared with noble metal catalysts. This trade-off between cost and
performance remains unresolved and represents a key barrier to large-scale deployment.

Another critical issue is related to reactor design and internal resistance. The distance
between electrodes, the presence of separators or membranes, and the overall reactor ar-
chitecture significantly influence ohmic losses and energy efficiency [68].

Hydrogen losses also represent an additional major bottleneck in MEC operation.
Hydrogen produced at the cathode can be partially lost due to diffusion toward the anode,
where it may be oxidized again, or consumed by hydrogenotrophic methanogens, leading
to methane formation instead of hydrogen recovery [69]. This phenomenon not only de-
creases the overall hydrogen yield but may also negatively impact coulombic efficiency
and process selectivity.

Furthermore, hydrogen recycling phenomena (i.e., the re-oxidation or biological con-
sumption of produced hydrogen) may artificially sustain current generation without con-
tributing to net hydrogen recovery, thus masking the actual performance of the system [70].
This effect is particularly relevant in single-chamber configurations, where the lack of phys-
ical separation between anodic and cathodic compartments enhances hydrogen crossover.
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In addition, mass transfer limitations play a crucial role in hydrogen losses. The low
solubility of hydrogen in aqueous solutions can promote its accumulation near the cath-
ode surface, while insufficient mixing or suboptimal reactor design may limit its effective
removal, thereby increasing the likelihood of microbial consumption or back-diffusion.

Inefficient gas collection and recovery further aggravate this issue, especially at larger
scales, where reactor design, gas-liquid separation efficiency, and system sealing become
critical factors [67]. Dissolved hydrogen losses may also be significant and are often un-
derestimated, contributing to discrepancies between measured current generation and ac-
tual hydrogen recovery.

Due to the combination of these limitations, hydrogen recovery efficiencies in MEC
systems are often significantly lower than theoretical values, with reported Hz recovery
frequently below 60-70% [69]. Finally, the use of real waste-derived substrates introduces
further complexity. Unlike synthetic media, real wastewaters are characterized by varia-
ble and heterogeneous composition. In addition, the presence of recalcitrant compounds
and complex microbial interactions can hinder electroactive bacteria, triggering compet-
ing pathways such as methanogenesis [71,72]. Moreover, it is important to distinguish
between total organic load and biodegradable organic fraction, as real wastewaters may
exhibit high COD values that are not necessarily associated with a high content of readily
biodegradable compounds, thereby affecting system performance significantly. As a re-
sult, MECs fed with untreated real substrates often exhibit lower hydrogen production
rates, reduced coulombic efficiencies, and decreased operational stability when compared
with the same systems but fed with synthetic media. Low-strength wastewaters may not
provide sufficient organic load to sustain effective current generation, representing a fun-
damental limitation of MEC application in conventional urban wastewater treatment [65].
More broadly, these bottlenecks indicate that MEC performance is governed by the cou-
pled interaction of biological, electrochemical, and engineering factors, and that improve-
ments targeting a single aspect are unlikely to ensure successful scale-up without a sys-
temic optimization approach.

4.2. Scale-Up Challenges

Scaling up MEC systems further amplifies these challenges. Issues such as non-uni-
form substrate distribution and operational instability can significantly reduce system
performance when transitioning from lab-scale to pilot-scale reactors [70,73]. Internal re-
sistance may be further aggravated by limitations in ionic transport across membranes or
separator layers, particularly when their conductivity is low and their thickness increases,
thereby reducing overall electrochemical efficiency

Variations in microbial community development can significantly influence MEC
performance, potentially leading to variability even under similar operating conditions
[73], thus highlighting limitations in process reproducibility and control at larger scales.
Operational factors such as insufficient mixing and suboptimal anodic configuration have
also been directly linked to performance deterioration under continuous operation [70].
Furthermore, gas management becomes increasingly critical during scale-up, as inefficient
hydrogen removal may exacerbate mass transfer limitations and promote hydrogen losses
through diffusion or microbial consumption.

In addition to these technical challenges, economic feasibility remains a major barrier
to large-scale implementation. The high capital costs associated with electrode materials,
reactor construction, and auxiliary components may outweigh the economic benefits de-
rived from hydrogen production and wastewater treatment [74]. Techno-economic anal-
yses indicate that capital expenditure can represent the dominant cost contribution, while
revenues from hydrogen recovery remain insufficient under current performance levels
[67], making cost reduction a priority over marginal efficiency improvements.

https://doi.org/10.3390/hydrogen7020085


https://doi.org/10.3390/hydrogen7020085

Hydrogen 2026, 7, 85

13 of 20

When compared to established waste-to-energy technologies, such as anaerobic di-
gestion (AD), MEC systems still face significant limitations in terms of technological ma-
turity, scalability, and economic competitiveness. AD is a well-established and robust
technology, widely implemented at full scale, capable of efficiently converting organic
waste into biogas with relatively low operational complexity. From a quantitative per-
spective, anaerobic digestion typically achieves methane yields in the range of 0.20-0.35
m? CHa per kg COD removed, with well-established full-scale applications and relatively
low specific treatment costs [75,76].

In contrast, MECs, while offering the potential to produce higher-value energy carri-
ers such as hydrogen, typically require an electrical energy input of 2.0-3.2 kWh per Nm?
of H2 [77]. Moreover, the practical implementation of MECs is still constrained by complex
reactor configurations, the need for external energy input, and stricter operational control
requirements. Although several studies have reported promising energy performances,
the limited availability of pilot-scale economic data currently hinders robust comparisons
of operating and capital expenditures across different MEC configurations. Nevertheless,
recent pilot-scale investigations have provided preliminary insights into the economic im-
plications of MEC implementation. For example, Leicester et al. [66] reported a specific
energy consumption of 0.59 k] gCOD-! at an HRT of 0.5 d, lower than the reference value
commonly associated with conventional activated sludge treatment, from 0.7 to 2 k]
gCOD! [78]. However, the economic competitiveness of MECs remains strongly depend-
ent on wastewater characteristics, reactor design, electrode materials, and system scale,
highlighting the need for more comprehensive techno-economic assessments before large-
scale deployment.

However, to mitigate the net energy demand, integrated MFC-MEC systems have
been proposed, as they can maintain comparable hydrogen production rates (1.0-3.8 m3
H2/m?3-day) while reducing external energy requirements, since the MFC can partially off-
set the applied voltage [77]. Biohydrogen production in these integrated systems has been
projected to reach costs in the range of $2.5-3.5 per kg of Ha, potentially offering a more
cost-effective alternative compared to conventional grid-powered electrolysis, which typ-
ically falls within $4—6 per kg of Hz [26].

Among these limitations, the direct use of real waste-derived substrates without pre-
treatment emerges as a key challenge, further emphasizing the need for integrated strate-
gies aimed at improving substrate biodegradability, COD quality, and overall process per-
formance. In this context, integrated process configurations have been increasingly pro-
posed as a promising strategy to overcome these limitations. Coupling dark fermentation
with MEC systems might offer the potential to enhance overall energy recovery, improve
substrate utilization, and mitigate some of the scale-up and efficiency constraints dis-
cussed above.

4.3. Future Perspectives—DF-MEC Integrated System Case Study

Addressing the challenges highlighted in the previous section requires the develop-
ment of integrated and cost-effective strategies capable of enhancing both the technical per-
formance and the economic feasibility of microbial electrolysis cells. Among the various ap-
proaches proposed in the literature, process integration with upstream biological treat-
ments, particularly dark fermentation (DF), represents one of the most promising solutions.

The integration of DF with MEC systems allows the conversion of complex organic
substrates into VFAs, which are more readily biodegradable and serve as optimal electron
donors for electroactive microorganisms. This approach can directly improve the perfor-
mance of MEC technology when real waste-derived substrates are used without pre-treat-
ment.
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A clear demonstration of this strategy has been recently provided by Hussien et al.
(2025) [79], who investigated the performance of a lab-scale dual-chamber MEC fed with
untreated swine manure and food waste, comparing it with a DF-MEC integrated system;
in the absence of pre-treatment, the MEC exhibited limited electrochemical performance,
even at higher applied voltages. In contrast, the integration with a DF step significantly en-
hanced substrate quality, producing an effluent rich in VFAs, with acetic acid accounting
for approximately 56% of the total composition, widely recognized as a preferred substrate
for electroactive and hydrogen-producing microorganisms in MEC systems, as Clostridium,
thereby promoting more efficient electron transfer and hydrogen generation [80,81].

When this VFA-rich effluent was used as feedstock, the MEC system showed a sub-
stantial improvement in performance, achieving higher current densities (up to 13.5 A
m~?) at lower applied voltages (0.8 V) compared to the untreated substrate, which required
higher potentials (1.2 V) to reach significantly lower current densities (5.5 A m2). These
results indicate that substrate composition plays a more critical role than the applied volt-
age in governing electron transfer and hydrogen production under such conditions.

Moreover, the integrated DF-MEC system enabled significantly higher hydrogen re-
covery at the cathode (111.5 mL) with high hydrogen purity (96%), alongside improved
ncop (67%) and CE (81.1%) already at 0.8 V. In contrast, the MEC fed with untreated waste
exhibited markedly lower efficiencies (12% and 39.8%, respectively) under comparable
applied working potential. These findings highlight the enhanced biodegradability of DF
effluents, which promote faster microbial metabolism and more efficient electron transfer.

Overall, by converting recalcitrant organic matter into readily utilizable intermedi-
ates, such as VFAs, DF not only boosts MEC performance but also enables operation at
lower applied voltages, with an energy recovery efficiency of up to 30%, as reported in
[79]. Although significant improvements in energy recovery were observed, no techno-
economic assessment was provided in this study, and therefore, the economic feasibility
of the integrated system remains to be demonstrated.

Furthermore, from a techno-economic standpoint, the use of alternative low-cost ma-
terials, including biochar-modified electrodes and porous carbon-based structures, and
alternative catalysts to replace noble metals, as well as simplified reactor configurations,
has been investigated in pilot-scale systems as a strategy to reduce capital costs [82]. Re-
ported estimates suggest CAPEX values in the range of $250-500 per cubic meter of reac-
tor volume, although these figures remain highly dependent on system configuration and
operational conditions [82]. While these approaches may help lower upfront costs and
improve component durability, further validation at larger scales is still required to ensure
stable and efficient performance under real conditions.

5. Conclusions

Microbial electrolysis cells represent a promising technology for the simultaneous
treatment and valorization of waste-derived substrates and sustainable hydrogen produc-
tion. Laboratory- and pilot-scale studies have demonstrated the technical feasibility of
MEC systems; however, their performance is strongly influenced by reactor configuration,
operational parameters, and, most importantly, substrate composition.

Real waste streams still require improved management to avoid reduced hydrogen
yields and process instability. In this context, the integration of MECs with upstream pro-
cesses, such as dark fermentation, emerges as a key strategy to enhance the quality of the
real substrate, thus improving electron recovery and increasing overall energy efficiency.

Future developments should focus on process integration, cost-effective materials,
and optimized reactor designs to enable the transition of MEC technology from experi-
mental systems to practical applications on a large scale within circular and sustainable
waste management frameworks.
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