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Biohydrogen production from food waste offers a sustainable and carbon-neutral alternative to fossil fuels.

However, its large-scale application is limited by the rapid hydrolysis of biodegradable organics, resulting in

the accumulation of inhibitory byproducts such as ammonia and volatile fatty acids (VFAs), especially lactic

acid. These compounds suppress hydrogen-producing bacteria and reduce system efficiency. Integrating

dark fermentation (DF) with microbial electrolysis cells (MECs) has emerged as a promising approach to

overcome these limitations by converting residual organics into additional hydrogen via

electrohydrogenesis. Optimization of operational parameters such as pH, hydraulic retention time (HRT),

and organic loading rate (OLR) further enhances hydrogen yield by minimizing VFA accumulation and

improving system stability. Integrated DF–MEC systems have achieved hydrogen yields of up to 1608.6 ±

266.2 mL H2 per g COD consumed and COD removal efficiencies of 78.5 ± 5.7%. Heat pretreatment and

the use of genetically engineered microbial strains have been shown to further enhance hydrogen

production. Engineered strains have delivered hydrogen yields ranging from 0.47 to 1.88 mol H2 per mol

glucose. MEC integration has also demonstrated a 30–40% increase in hydrogen production compared

to standalone DF systems. The digestate from lactate-driven DF, enriched with VFAs such as acetate and

lactate, provides an excellent substrate for MECs, thereby enhancing electrohydrogenesis. Despite high

initial capital costs, the long-term benefits, such as waste valorization, greenhouse gas reduction, and

renewable energy recovery, make the DF–MEC system a viable and scalable solution for sustainable

hydrogen production from food waste.
1. Introduction

The global energy crisis and increasing environmental degra-
dation have intensied the need for clean, affordable, and
sustainable energy systems. Achieving Sustainable Develop-
ment Goal 7 (SDG 7) requires transitioning from fossil fuels to
renewable sources that are efficient and environmentally
friendly.1,2 Fossil fuels, while still the dominant global energy
source, contribute signicantly to greenhouse gas (GHG)
emissions and resource depletion. In this context, biowaste has
emerged as a promising renewable energy feedstock due to its
high organic content, availability, and biodegradability. It
currently accounts for approximately 70% of global renewable
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energy generation.3–6 Among emerging alternatives, hydrogen
(H2) has gained signicant attention due to its high energy
content almost three times that of hydrocarbon fuels and its
clean combustion prole, generating only water as a byprod-
uct.7 Hydrogen plays a critical role in sectors such as petroleum
rening, ammonia synthesis, metal processing, and food
manufacturing.8,9 However, traditional hydrogen production
methods, including steam methane reforming (SMR), coal
gasication, and electrolysis, are oen energy-intensive, costly,
and associated with CO2 emissions. Biological hydrogen
production offers a more sustainable alternative, but is still
constrained by low yields and slow kinetics.10–12

Food waste has been known as an ideal substrate for bi-
ohydrogen production due to its high carbohydrate content,
biodegradability, and global abundance.13,14 According to the
Food and Agriculture Organization (FAO), food waste is pre-
dicted to reach 138 million tonnes annually by 2025, repre-
senting a signicant and underutilized bioresource.4,15

Anaerobic digestion (AD) is widely used to convert food waste
into biogas; however, it suffers from limitations such as
ammonia inhibition and suboptimal methane yield.16,17

Enhancing biohydrogen production from food waste requires
This journal is © The Royal Society of Chemistry 2025
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optimizing feedstock characteristics, reactor design, and
process parameters.18

Dark fermentation (DF) is a promising anaerobic process for
hydrogen production that operates without the need for light
and can utilize diverse substrates, including vegetable peels,
dairy residues, and brewery waste.19–21 However, DF is limited by
several factors, including substrate complexity, microbial
community dynamics, pH, temperature, and the accumulation
of inhibitory metabolites such as volatile fatty acids (VFAs).22

Recent advances, such as lactate-driven dark fermentation (LD-
DF) have shown potential to increase hydrogen yields by
enabling cross-feeding interactions between lactic acid bacteria
(LAB) and hydrogen-producing bacteria.23–27 Although progress
has been made using pure cultures, metabolic engineering, and
nanoparticle supplementation, large-scale LD-DF systems
remain under development.28–31

Typically, DF achieves only 20–30% of the theoretical
hydrogen yield.32 Integrating it into a two-stage process with
anaerobic digestion (DF–AD) has been proposed to improve
energy recovery by converting DF effluent into methane.33 Until
now, food waste's complex composition and thermodynamic
barriers have oen limited the complete conversion of VFAs.
Pretreatment strategies such as hydrothermal processing
improve substrate solubilization and microbial accessibility.
More recently, the integration of microbial electrolysis cells
(MECs) with DF has shown promise in overcoming these limi-
tations. MECs use electroactive bacteria to oxidize VFAs and
organic acids into protons, electrons, and CO2, producing
additional hydrogen through electrohydrogenesis at a low
applied voltage.33,34 Despite these advancements, the combined
application of DF, LD-DF, and MECs remains at a conceptual or
pilot scale. Further research is needed to evaluate system
performance, microbial interactions, and process stability
under realistic operating conditions.
Fig. 1 Progression of keywords and titles in related references. (a) Keywo
keyword with the highest weight indicating the highest frequency of o
research and review article keywords from 2016–2024.

This journal is © The Royal Society of Chemistry 2025
This review examines the integration of dark fermentation
and microbial electrolysis cells (DF–MECs) as a sustainable
method for hydrogen production from food waste. It critically
examines pretreatment strategies, the role of lactic acid bacteria
(LAB), key operational parameters, andmetabolic intermediates
that inuence system performance. In addition, we highlight
the current technological bottlenecks, microbial limitations,
and optimization strategies necessary to improve the industrial
scalability of DF–MEC systems. While previous reviews have
addressed DF or MEC technologies separately, very few have
provided a mechanistic and integrated perspective on how
microbial communities, electron ow, metabolic shis (e.g.,
lactate/acetate dynamics), and electrode performance interact
across DF–MEC systems, particularly under food waste condi-
tions. This includes an evaluation of electrode materials and
their role in enhancing bioelectrochemical interactions,
hydrogen recovery, and system robustness. This review lls that
gap by offering a multi-dimensional analysis that links micro-
bial ecology, process engineering, and electrochemical
dynamics. We aim to provide a conceptual framework and
forward-looking roadmap that will support the scaling up and
integration of circular bioeconomy technologies in DF–MEC.
1.1 Literature search strategy

To ensure a comprehensive and unbiased review of the inte-
gration between dark fermentation (DF) and microbial elec-
trolysis cells (MECs) for hydrogen production from food waste,
a systematic literature search was conducted across major
scientic databases including Web of Science, Scopus, Scien-
ceDirect, and SpringerLink. The search focused on peer-
reviewed journal articles published between 2016 and 2024,
using Boolean combinations such as:
rd clustering analysis displays all keywords in a grouped trend, with the
ccurrence within each category. (b) Temporal evolution sequence of

Sustainable Energy Fuels, 2025, 9, 5432–5457 | 5433
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Fig. 2 Meta-analysis of the data related to biohydrogen production from food waste using dark fermentation and microbial electrolysis cells: (a)
country-based analysis and (b) most popular SCI Journals that published the data on the current topic.
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� “Dark fermentation” AND “microbial electrolysis”
� “DF–MEC” AND “biohydrogen” AND “food waste”
� “Volatile fatty acids” OR “lactate” AND “bioelectrochemical

systems”
Articles were included if they:
(1) Involved laboratory or pilot-scale experimentation on DF,

MECs, or integrated DF–MEC systems using food waste or
organic-rich substrates;

(2) Addressed microbial community dynamics, metabolic
pathways, or system performance metrics (e.g., H2 yield).

Exclusion criteria:
(1) Conference proceedings or non-peer-reviewed literature
(2) Studies focused solely on methane production or unre-

lated bioproducts
(3) Reviews lacking original experimental insights
Approximately 130 articles were initially identied, out of

which 76 were selected for detailed review aer full-text
screening. The keyword network and temporal evolution of the
DF–MEC literature were visualized using VOS viewer (version
1.6.20) to extract thematic clusters and identify publication
trends (Fig. 1). Additionally, a meta-analysis of journal distri-
bution and country-wise research activity was performed to
contextualize the scope of contributions (Fig. 2).
2. Dark fermentation for hydrogen
production from FW

Dark fermentation (DF) is an anaerobic biological process that
converts organic matter into hydrogen (H2), carbon dioxide
(CO2), and short-chain organic acids, without the need for light,
as shown in Fig. 3. It has received signicant attention as
a sustainable method for hydrogen production, particularly
from organic wastes such as food waste (FW).35 Food waste is
a desirable feedstock due to its high biodegradability, rich
5434 | Sustainable Energy Fuels, 2025, 9, 5432–5457
composition of carbohydrates, proteins, and lipids, and high
moisture content (72–85%), as shown in Table 1. It also
contains elevated levels of volatile solids and chemical oxygen
demand, ranging from 19.3g L−1 to 346 g L−1, depending on the
source and season. The favorable carbon-to-nitrogen (C/N) ratio
(typically 9–12) further supports microbial fermentation, while
its cellulose and hemicellulose contents provide fermentable
sugars aer hydrolysis.36,37 Food waste has demonstrated
remarkable potential across various hydrogen production
strategies. A two-stage system combining dark fermentation
and photo-fermentation achieved cumulative yields of 671 mL
H2 per g food waste with an 80.2% COD removal efficiency,
showcasing its suitability for scalable hydrogen
bioconversion.14

During DF, fermentative and acidogenic bacteria metabolize
simple sugars into hydrogen and various byproducts such as
metabolites (VFAs) and alcohols. This process commonly
involves three stages (i) hydrolysis, (ii) acidogenesis, and (iii)
acetogenesis, facilitated by microbial consortia dominated by
Clostridium, Enterobacter, Bacillus, and Thermoanaerobacterium
species.44 The theoretical hydrogen yield from glucose fermen-
tation can reach up to 12 mol H2 per mol glucose, but practical
yields are much lower, typically around 3.67 to 3.8 mol H2 per
mol due to the diversion of electrons toward acetate and buty-
rate formation, which serve as electron sinks.45–47 Proton-
releasing pathways (e.g., acetate production) favor hydrogen
generation, while alternative pathways (e.g., ethanol and lactate)
reduce hydrogen yields. The following representative equations
illustrate the metabolic routes during DF.48,49 Despite its
simplicity and scalability, DF is constrained by several limita-
tions, including low hydrogen yield, accumulation of inhibitory
byproducts (e.g., VFAs, ethanol, and lactic acid), and incomplete
substrate utilization. To address these challenges, researchers
have explored various pretreatment strategies, codigestion
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Illustration of the primary steps in dark fermentation-assisted microbial electrolysis cells for hydrogen production and the key physi-
cochemical properties of food waste. (VS = Volatile Solids, TS = Total Solids, COD = Chemical Oxygen Demand, C/N = Carbon-to-Nitrogen
Ratio, VFAs = Volatile Fatty Acids, and g L−1 = Gram per Liter).

Review Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/1

9/
20

26
 1

0:
06

:5
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
approaches, and hybrid integrations with systems such as
microbial electrolysis cells and photofermentation.50–52
2.1 Fermentation pathways and microbial roles

Hydrogen production in DF systems is determined based on the
balance between hydrogen-producing and hydrogen-
consuming metabolic routes.53,54 Among the various pathways,
the acetate and butyrate pathways are the most favourable for
hydrogen generation due to their higher theoretical H2 yields.
In contrast, the lactate and propionate pathways typically result
in little or no hydrogen production due to reduced electron ow
toward H2 evolution.55,56

Acetate pathway (high H2 yield – 4 mol per mol glucose):

C6H12O6 + 2H2O / 4H2 + 2CH3COOH + 2CO2 (1)

This pathway is the most thermodynamically favourable and
is commonly observed in Clostridium acetobutylicum and C.
butyricum. It represents the optimal route for biohydrogen
production in DF systems.

Butyrate pathway (moderate H2 yield – 2 mol per mol
glucose):

C6H12O6 + 2H2O / 2H2 + CH3CH2CH2COOH + 2CO2 (2)

This pathway predominates under slightly acidic conditions
and is prevalent in real-world waste applications with moderate
hydrogen partial pressures.

Ethanol pathway (no net H2 – stress conditions):

C6H12O6 / 2CH3CH2OH + 2CO2 (3)
This journal is © The Royal Society of Chemistry 2025
Ethanol fermentation yields no net hydrogen and occurs
under elevated hydrogen partial pressure or nutrient
limitations.

Lactate pathway (zero H2 balance):

C6H12O6 / 2CH3CHOHCOOH (4)

Lactate is a metabolic dead-end for hydrogen production,
contributing to electron diversion under suboptimal redox
conditions.

Propionate pathway (H2-consuming – inhibitory):

C6H12O6 + 2H2 / 2CH3CH2COOH + 2H2O (5)

This pathway actively consumes hydrogen and is a signi-
cant inhibitor of the net hydrogen yield. It is favoured under
conditions of low pH and high hydrogen partial pressure. These
symmetrical representations clarify the energetic and microbial
implications of each pathway and serve as the biochemical
foundation for optimising DF–MEC systems.

The microbial community plays a pivotal role in directing
these pathways. Species from the Firmicutes phylum, particu-
larly Clostridium, dominate hydrogenogenic reactions, while
Bacteroidetes and Proteobacteria contribute to hydrolysis and
acidogenesis (Table 2). Methanogens such asMethanosaeta and
Methanosarcina consume hydrogen and must be suppressed
through pretreatment or selective inhibition.57,58 Effective
hydrogen production requires managing microbial dynamics to
favor acetate–butyrate fermentation over lactate and ethanol
pathways, which produce little or no hydrogen. Unlike
conventional anaerobic systems, the integrated DF–MEC
Sustainable Energy Fuels, 2025, 9, 5432–5457 | 5435
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platform enables real-time control of metabolic bottlenecks by
continuously lowering hydrogen partial pressure via electro-
hydrogenesis. This electrochemical removal of H2 thermody-
namically favours hydrogenogenic pathways and reduces
feedback inhibition.59,60 Additionally, the MEC environment
enriches electroactive and hydrogen-producing bacteria while
selectively inhibitingmethanogens and lactate producers due to
altered redox conditions and competitive substrate utilization.61

Pretreatment strategies, such as thermal shock or antibiotic
application, further skew the microbial composition toward
fermentative and electroactive species. Together, substrate
characteristics, pH, temperature, and system conguration
shape a metabolic landscape that enhances the overall
hydrogen yield in DF–MEC systems by suppressing hydrogen-
consuming organisms and optimizing electron ow.
2.2 Role of lactic acid bacteria (LAB) and challenges in
lactate-driven dark fermentation

Lactic acid bacteria (LAB), including species from the Lactoba-
cillus, Streptococcus, and Pediococcus genera, play an essential
role in food waste fermentation due to their ability to convert
Fig. 4 Bacteriological processes are shown schematically: (a) homo- an
acid bacteria (AAB) oxidizing glucose and ethanol, and (c) hydrogen syn
Based on lactate and acetate within the dotted rectangle, we can see the
Acid Bacteria, HPB = Hydrogen-Producing Bacteria, and AAB = Acetic A
2023).

This journal is © The Royal Society of Chemistry 2025
carbohydrates into lactic acid under anaerobic conditions
rapidly.64,69 LAB is prevalent in bioreactors processing food
waste because of the substrate's high carbohydrate and protein
contents. These bacteria typically utilize either homolactic
fermentation via the Embden–Meyerhof–Parnas (EMP) pathway
or heterolactic fermentation via the pentose phosphate
pathway.70,71 While LAB contribute to the initial stages of food
waste breakdown, their overabundance poses a challenge to the
production of hydrogen. LAB compete with hydrogen-
producing bacteria (HPB) for sugars and can secrete antimi-
crobial compounds that inhibit key hydrogenogenic species
such as Clostridium and Thermoanaerobacterium.68,72,73 More-
over, lactic acid, as a fermentation end-product, has a zero-
hydrogen yield and can lower the reactor pH, further sup-
pressing hydrogen production efficiency.

Experimental studies have shown that LAB dominance oen
corresponds with low hydrogen yields. For example, in DF
systems operated at pH 4.0, hydrogen production dropped
signicantly, with Lactobacillus and Streptococcus dominating
the microbial population.74,75 Conversely, when pH levels were
reduced to between 1.0 and 3.0 during pretreatment, Clos-
tridium species became the dominant species, resulting in
d heterolactic fermentation by lactic acid bacteria (LAB) and (b) acetic
thesis from lactate oxidation by hydrogen-producing bacteria (HPB).
putative cross-feeding interactions of LAB, AAB, and HPB. (LAB= Lactic
cid Bacteria) (Adapted from ref. 69 with permission of MDPI. Copyright
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increased hydrogen production. At pH 2.0, hydrogen yields
reached up to 158 mL H2 per g VS, compared to only 54 mL H2

per g VS in the control.74,76 To mitigate LAB-related inhibition,
several control strategies have been explored. These include pH
control and shock treatments, which selectively inhibit LAB
while maintaining hydrogen-producing populations; thermal or
acid pretreatments, which target LAB and methanogens by di-
srupting cell membranes and enzyme activity;77,78 cold storage
(e.g., at 4 °C) of feedstock to reduce LAB proliferation before
fermentation.75,79

Despite their drawbacks, LAB can also be harnessed for
positive contributions in a process known as lactate-driven dark
fermentation (LD-DF). In LD-DF, lactate produced by LAB is
subsequently metabolized by acidogenic bacteria, such as
Clostridium butyricum, into hydrogen and butyrate.64 The
microbial roles and syntrophic interactions of LAB, acetic acid
bacteria (AAB), and HPB involved in this pathway are sche-
matically represented in Fig. 4.75 This two-step fermentation
process allows for indirect hydrogen production and has been
explored using food waste, sludge, and agricultural resi-
dues.25,27,80,81 LD-DF offers benets such as enhanced substrate
utilization, tolerance to mixed feedstocks, and potential for
integration with bioreneries and waste valorization plat-
forms.82,83 However, LD-DF systems are sensitive to operational
factors such as pH, temperature, and organic loading rate. One
major challenge is the reduction in the carbon-to-nitrogen (C/N)
ratio due to lactic acid accumulation, which can limit microbial
diversity and reduce hydrogen generation.80,84 In addition, large-
scale control of LAB populations remains economically and
technically difficult, making reactor stability a concern. Thus,
while LAB poses challenges in conventional DF, they may also
Fig. 5 Bioaugmentation with different strains (a) andmetabolic engineeri
using lactate driven dark fermentation. (Data extracted from ref. 93 and

5438 | Sustainable Energy Fuels, 2025, 9, 5432–5457
offer an opportunity through LD-DF strategies if effectively
managed. Future work should focus on balancing LAB pop-
ulations, optimizing lactate conversion, and engineering
microbial consortia that synergistically integrate LAB and
hydrogen producers.
2.3 Strategies to enhance lactate-driven dark fermentation
(LD-DF)

Lactate-driven dark fermentation (LD-DF) is a promising
extension of conventional dark fermentation that leverages
lactic acid as an intermediate for hydrogen production.85 While
LD-DF presents challenges related to microbial competition
and pathway efficiency, several strategies have been developed
to enhance its hydrogen-generating potential. These include
bioaugmentation, metabolic engineering, and the use of
synthetic microbiomes. Bioaugmentation involves introducing
specic microbial strains to improve the overall performance of
the fermentation system. In LD-DF, adding facultative anaer-
obes or hydrogen-producing bacteria (HPB) such as Bacillus,
Paenibacillus, Enterobacter, and Escherichia has been shown to
enhance hydrolysis and increase hydrogen yields.86–89 These
bacteria can outcompete lactic acid bacteria (LAB) for available
substrates, shiing the microbial balance in favor of
hydrogenogenesis. For example, hydrogen yields in mixed
cultures have been signicantly improved when bi-
oaugmentation was combined with sludge or food waste
substrates under optimized conditions. Facultative anaerobes
typically achieve hydrogen yields of 1.0–2.0 mol H2 per mol
glucose, while obligate (strict) anaerobes like Clostridium can
theoretically reach up to 4 mol H2 per mol glucose.90 This
ng of recombinant and wild-type bacterial strains (b) for hydrogen yield
94 with permission from Elsevier and Wiley Copyright 2023; 2008).

This journal is © The Royal Society of Chemistry 2025
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highlights the importance of microbial selection and rein-
forcement for high-yield LD-DF operations.

Metabolic engineering focuses on modifying microbial
metabolic pathways to enhance hydrogen production efficiency,
as shown in Fig. 5. This can include redirecting carbon ux away
from lactic acid and ethanol pathways, overexpressing key
hydrogenase enzymes, and knocking out genes responsible for
inhibitory byproducts. Metabolically engineered strains of
Clostridium and Enterobacter have demonstrated improved
hydrogen yields (0.47–1.88 mol H2 per mol glucose) under LD-
DF conditions compared to wild-type strains.90 Synthetic
microbiomes offer another promising avenue to improve LD-
DF. These are deliberately constructed microbial communities
composed of axenic or enriched cultures, either native or
genetically engineered, that work synergistically to degrade
complex substrates and produce hydrogen. By carefully
designing these consortia, researchers can reduce microbial
competition, enhance lactate-to-hydrogen conversion rates, and
improve process stability at high organic loading rates. Initial
studies combining metabolic engineering with synthetic
microbiomes have shown signicant improvements in
hydrogen yield, particularly under stress conditions such as
elevated organic loads or acidic pH.91,92

2.3.1 Outlook for LD-DF integration. LD-DF also shows
strong potential for integration into biorenery and waste-to-
Fig. 6 Enhancement strategies targeting lactic acid bacteria (LAB) in
electrolysis cells (MECs). Bioaugmentation, metabolic engineering, and
hydrogenogenic pathways, improving VFA utilization, hydrogen yield, an

This journal is © The Royal Society of Chemistry 2025
energy platforms, especially when paired with microbial
electrochemical technologies. Previous studies have demon-
strated enhanced hydrogen production when LD-DF is followed
by microbial electrolysis, enabling more complete utilization of
fermentation byproducts such as lactate and VFAs.76,93 To
further improve system efficiency, several targeted techniques
have been explored including bioaugmentation with lactate-
utilizing hydrogenogenic strains, metabolic engineering of LAB,
and development of synthetic microbiomes that redirect lactate
metabolism toward increased hydrogen production and energy
recovery (Fig. 6). Although LD-DF still faces challenges, such as
sensitivity to pH, reduced C/N ratios, and microbial instability,
these enhancement strategies represent viable pathways for its
scale-up and optimization. Continued research into microbial
selection, reactor design, and genetic manipulation will be
critical for unlocking the full potential of LD-DF for sustainable
hydrogen production.
2.4 Integration with microbial electrolysis cells (MECs) for
bioelectrochemical enhancement

While dark fermentation (DF) is a promising biological process
for hydrogen production from food waste, it is inherently
limited by low hydrogen yields and the accumulation of inhib-
itory intermediates such as VFAs and ethanol. To overcome
lactate-driven dark fermentation (LD-DF) integrated with microbial
synthetic microbiomes are applied to shift lactate metabolism toward
d energy efficiency in DF–MEC systems.

Sustainable Energy Fuels, 2025, 9, 5432–5457 | 5439
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these constraints, microbial electrolysis cells (MECs) have been
integrated with DF systems to improve substrate utilization and
recover additional hydrogen through electrochemical
means.33,34,95

2.4.1 Principle of MEC operation. MECs are bi-
oelectrochemical systems in which electroactive bacteria
oxidize organic matter at the anode, releasing electrons and
protons. With a small external voltage (typically $0.114 V),
these electrons are driven to the cathode, where they associate
with protons to form H2 gas.96 The key anodic and cathodic
reactions using acetate as the substrate are:

Anode: CH3COOH + 2H2O / 2CO2 + 8e− + 8H+ (6)

Cathode: 8H+ + 8e− / 4H2 (7)

CH3COO− + 4H2O / 2HCO3 + 9H+ + 8e− (8)

This process achieves greater feedstock conversion than DF
alone. While DF is thermodynamically constrained to produce
only 2–4 mol H2 per mol glucose, MECs can recover residual
energy from fermentation byproducts, potentially converting up
to 90–95% of the organic matter into hydrogen.34,97 A visual
comparison between microbial electrolysis cells, microbial fuel
cells, and microbial electrosynthesis cells highlighting
Fig. 7 Comparative schematic of microbial electrochemical systems: a
a microbial electrolysis cell (MEC) requires applied voltage (typically 0.
electrosynthesis cell (MES) requires higher voltages (>1.0 V) for synthesis
dark fermentation effluent due to their ability to convert VFAs into hydro

5440 | Sustainable Energy Fuels, 2025, 9, 5432–5457
differences in energy input, product generation, and applica-
tion scope is presented in Fig. 7. This schematic claries how
MECs, unlike MFCs and MESs, require an applied voltage and
are primarily designed for hydrogen recovery from waste
streams. Beyond hydrogen production, MECs have been
successfully applied for downstream valorization of fermenta-
tion effluents. Recent studies have demonstrated that microbial
electrolysis cells, when optimized for feed conductivity and
COD concentration, can achieve over 95% organic removal and
methane yields of up to 1.1 mmol per g COD consumed. These
systems not only improve hydrogen or methane yield but can
also achieve net positive energy balances, making them prom-
ising waste-to-energy platforms.98

2.4.2 Thermodynamics of electrohydrogenesis. The theo-
retical minimum voltage required for electrohydrogenesis
under standard conditions (25 °C, pH 7, 1 atm H2 pressure) is
calculated using the Nernst equation:

Ean ¼ E
�
an �

RT :

8F
ln

½CH3CO$O��
½HCO3

��2½Hþ�9
40:187

� 8:31 � 298:15

8� �
9:65� 104

� ln
½0:0169�

½0:005�2�10�7�2

¼ �0:3 V (9)
microbial fuel cell (MFC) produces electricity without external voltage;
2–0.8 V) to generate hydrogen from organic waste; and a microbial
of chemicals like methane or acetate. MECs are particularly suited for
gen.

This journal is © The Royal Society of Chemistry 2025
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Standard ideal gas constant = 8.31 J mol−1 K−1, Faraday’s
constant = 9.65 × 10⁴ C mol−1, and standard electrode poten-
tial, E0 = 0.187 V, were used in the calculations. The tempera-
ture was taken as 298.15 K (25 °C, standard condition). H2 was
produced at the cathode electrode. Because Eeq is negative,
there is no inherent tendency for the leover acetate quantity to
be spontaneously converted to biohydrogen using eqn (10), and
the hypothetical cathode potential at temperature = 298.15 K,
pH= 7.0, and hydrogen partial pressure = 1 atm was calculated
using eqn (11).97

2H+ + 2e− / H2 (g) (10)

Ecat ¼ E
�
cat �

RT :

8F
ln

PH2

½Hþ�2
40� 8:31 � 298:15

8� �
9:65� 104

� ln
1

�
10�7

�2

¼ �0:414 V

(11)

However, the standard cathode potential ðE�
catÞ is dened as

0 V under standard conditions (H2 partial pressure= 1 atm, [H+]
= 1 M, T = 298.15 K). Thus, eqn (12) for the equilibrium voltage
is as follows:97

Eeq ¼ E
�
cat � Ean ¼ ð�0:414Þ � ð�0:300Þ ¼ �0:114 V (12)

Due to practical energy losses (e.g., ohmic resistance and
activation energy), an applied voltage (Eap) between 0.2 and 0.8
V is generally required.97 Compared to traditional water elec-
trolysis (1.23 V), MECs operate at much lower energy inputs
while producing biohydrogen from complex organic waste
streams.

2.4.3 DF–MEC system synergy. Coupling DF with MECs
creates a two-stage system where DF converts carbohydrates
into hydrogen, CO2, and VFAs, and a MEC uses residual VFAs
(especially acetate and butyrate) to produce additional
hydrogen through bioelectrochemical conversion. This inte-
gration mitigates hydrogen inhibition by removing H2 more
efficiently and enables the recovery of energy from otherwise
recalcitrant byproducts.96,99 Studies show that MECs fed with DF
effluent containing acetate can achieve higher current densities
and coulombic efficiencies compared to butyrate or propio-
nate.100 Moreover, recent applications of dual-chamber MECs
have shown that such systems can effectively reduce the COD
content of DF effluents while instantaneously recovering energy
through the production of value-added biofuels such as CH4,
indicating broader potential for DF–MEC congurations in
waste valorization.98

Moreover, coupling MECs with LD-DF systems offers addi-
tional advantages by targeting lactate as a precursor. Lactate
produced during DF can be metabolized into acetate by
electroactive bacteria such as Geobacter sulfurreducens and De-
sulfovibrio, further contributing to hydrogen generation at an
applied voltage.24,99 Although DF–MEC systems offer improved
hydrogen recovery and effluent quality, their performance
depends heavily on operational parameters such as pH and
temperature stability (optimal: 6.5–7.5, 35–55 °C), electrode
This journal is © The Royal Society of Chemistry 2025
material and surface area (e.g., carbon felt and graphite
brushes), substrate composition and VFA prole (acetate-rich
streams preferred), reactor conguration and applied
voltage.34,97 Rozendal et al. reported an anode voltage loss of
0.04 V due to internal resistance in aMEC system operating with
sodium acetate, yielding a daily hydrogen recovery of 0.02m3 H2

per m3 reactor volume.101 These ndings highlight the impor-
tance of system design and energy input efficiency in maxi-
mizing biohydrogen production.
3. Boosting bio-H2 from FW through
DF–MEC coupling

Dark fermentation (DF) has been widely studied for hydrogen
production from food waste (FW) due to its low energy input,
simple reactor design, and compatibility with various
substrates. However, DF alone suffers from limited hydrogen
yield because of the accumulation of inhibitory metabolites
such as lactate and alcohols.102 To address these limitations,
integrating DF with MECs has emerged as a promising hybrid
approach for enhancing hydrogen yield and waste valorization.
MECs use electroactive bacteria at the anode to oxidize organic
intermediates, while a small external voltage drives proton
reduction at the cathode, thereby producing additional
hydrogen. Compared to microbial fuel cells (MFCs), MECs can
achieve up to 100% higher hydrogen production under opti-
mized conditions.103 When coupled with DF, MECs can utilize
the effluent containing residual VFAs and organic acids,
signicantly improving overall substrate utilization and bi-
ohydrogen recovery.

Unlike traditional anaerobic digestion or photofermentation
systems, DF–MEC integration offers dual advantages: rapid
hydrogen generation in the DF stage and prolonged hydrogen
recovery from leover substrates in the MEC stage.104 For
example, in a two-stage system using palm oil mill effluent,
Thermoanaerobacterium species dominated the DF stage, while
Geobacter and Desulfovibrio were prevalent in the MEC stage,
yielding 73 mL-H2 per g COD and 236 mL-H2 per g COD,
respectively (Table 3).105,106 Pretreatment methods also play
a crucial role in improving the performance and energy effi-
ciency of DF–MEC systems. Alkaline-ultrasonic pretreatment
has been reported to enhance hydrogen production by 350% in
DF and 400% in MEC,103 while microbial enrichment (e.g.,
Acetobacterium, Geobacter, and Desulfovibrio) can improve COD
reduction and microbial stability.107 However, co-produced
metabolites and suspended particles in DF effluent can reduce
MEC efficiency, which highlights the importance of pretreat-
ment and biolm engineering.

Temperature, pH, and hydraulic retention time are also
critical factors. Thermophilic conditions tend to enhance
microbial diversity and reactor kinetics, but must be carefully
controlled to prevent the formation of inhibitory byproducts.
Some systems have incorporated pH-resistant methanogens or
applied selective inhibition (e.g., chloroform) to suppress
methane and increase biohydrogen selectivity.55,112 Further-
more, integrating DF–MECs with other waste-to-energy
Sustainable Energy Fuels, 2025, 9, 5432–5457 | 5441
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platforms such as hydrothermal gasication can further
enhance hydrogen yield from wet biomass. Potassium-based
catalysts in hydrothermal processes have yielded up to 1.88 mol
H2 per kg with a 35% H2 mole fraction at 360–450 °C, providing
a downstream valorization option for excess moisture in FW.113

Despite these advances, challenges persist, particularly in
maintaining microbial synergy, ensuring reactor stability, and
achieving cost-effective scale-up. Nevertheless, the DF–MEC
conguration offers signicant promise as a exible, modular
platform for high-yield H2 production from food waste and
other organic residues. Further investigation into microbial–
electrochemical interactions, reactor congurations, and
techno-economic assessments will be crucial for real-world
implementation.
4. Operational parameters driving
DF–MEC biohydrogenation

Stable environmental conditions are critical for sustained
hydrogen production in integrated DF–MEC systems, as they
help suppress hydrogen-consuming microorganisms and
promote the selective growth of electroactive, hydrogen-
producing bacteria. Compared to standalone DF or MEC oper-
ations, DF–MEC integration introduces complex interactions
between biological and electrochemical processes, making
operational parameter control even more critical. Factors such
as pH, temperature, hydrogen partial pressure (HPP), hydraulic
retention time (HRT), organic loading rate (OLR), and oxida-
tion–reduction potential (ORP) not only inuence microbial
metabolism but also affect electrode performance, electron
ow, and gas recovery. This section explores how these critical
parameters govern hydrogen yield and system stability in DF–
MEC congurations. Table 4 summarizes inuential DF
studies, while Fig. 8 compares trends between DF, MECs, and
their integration. The following subsections evaluate the role of
each parameter, with an emphasis on the synergistic or antag-
onistic effects they have on the coupled DF–MEC performance.
4.1 pH

pH is a critical operational parameter that inuences enzymatic
activity, microbial metabolic pathways, and hydrogen yield in
dark fermentation (DF) and MEC systems.125,126 Hydrogen-
producing bacteria typically thrive in a slightly acidic to neutral
pH range (5.5–7.0), while methanogens and hydrogen-
consuming microbes are favoured under near-neutral to alka-
line conditions (6.3–7.8).127,128 In DF–MEC systems, maintaining
an optimal pH range (6.5–7.0) becomes even more crucial, as
proton availability signicantly affects cathodic hydrogen
evolution and electrochemical efficiency.22,129 Maintaining an
initial pH between 6.0 and 7.0 has consistently been shown to
optimize hydrogen production. At lower pH values (<6.0), the
activity of hydrogen-producing microbes is inhibited, reducing
both substrate conversion and gas yields.22 For example,
fermentation of coconut milk wastewater at pH 6.5 produced
a maximum of 0.28 L H2 per L.130 In contrast, acidic conditions
This journal is © The Royal Society of Chemistry 2025
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below pH 5.5 tend to favor lactic acid production and suppress
hydrogen yield.131

During DF, organic acid accumulation can lead to pH drops
(e.g., from∼6.5 to∼4.5), further inhibiting hydrogen-producing
pathways. To counter this, buffering agents such as NaOH,
KOH, or CaCO3 are oen added to maintain optimal pH.128,132

Studies suggest that initiating fermentation at a slightly higher
pH (6.8–7.0) can offset this acidication and sustain microbial
activity throughout the process.76 While acid pretreatment (e.g.,
adjusting FW to pH 3) can enhance hydrolysis, it may under-
perform compared to sterilization or controlled thermal
pretreatment in supporting hydrogen production.133,134 Hence,
balancing the initial pH and pretreatment strategy is vital for
maintaining microbial membrane stability and nutrient trans-
port, ultimately improving biohydrogen yields in DF–MEC
systems.
4.2 Temperature

Temperature has a strong inuence on the microbial commu-
nity structure, substrate degradation rate, and hydrogen yield in
DF–MEC systems. The mesophilic range of 35–40 °C and ther-
mophilic range of 50–60 °C are commonly explored, with ther-
mophilic conditions (around 55 °C) oen yielding higher
biohydrogen production due to enhanced microbial metabo-
lism and suppression of hydrogen-consuming organisms like
methanogens and homoacetogens.135,136 The electrochemical
activity in MECs is also temperature sensitive.137,138 Thermo-
philic DF–MEC systems have demonstrated enhanced hydrogen
evolution due to improved electron transfer rates and microbial
resilience; however, they required tighter thermal control for
stable MEC operation. Thermophilic fermentation also
promotes the dominance of heat-tolerant hydrogen-producing
bacteria such as Thermoanaerobacterium spp., while simulta-
neously inhibiting lactate-producing microbes that dominate
under mesophilic conditions.139,140 For instance, a study re-
ported optimal yields at 55 °C, where microbial selection fav-
oured efficient hydrogenogenesis with minimal competing
pathways.136

Nevertheless, thermophilic systems are more susceptible to
operational instability. Sudden temperature shis can disturb
microbial communities and reduce hydrogen output. Bi-
oaugmentation using specialized hydrogen-producing strains
has been effective in stabilizing bioreactor performance aer
temperature disturbances.141 In one case, bioaugmentation
applied aer a return to 55 °C yielded better recovery than when
applied during the temperature shi.141 Lactate-driven dark
fermentation (LD-DF), in contrast, operates optimally under
mesophilic conditions (35–45 °C).142 While LD-DF has potential
for integration with MECs via intermediate substrates (e.g.,
lactate or VFAs), its thermophilic limitations must be consid-
ered in DF–MEC system design. In summary, thermophilic DF–
MEC systems offer higher hydrogen yields and microbial resil-
ience, but require tighter control of temperature and microbial
community stability for sustained performance.
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Major operational parameters for biohydrogen production
from food waste. pH and temperature with their dependent variable
factors.

Review Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/1

9/
20

26
 1

0:
06

:5
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4.3 Hydrogen partial pressure (HPP)

HPP is a critical thermodynamic factor that directly impacts
hydrogen production in dark fermentation (DF) systems.143

During fermentation, as hydrogen accumulates in the reactor
headspace, it creates feedback inhibition on hydrogenase
enzymes, altering the redox potential of the system. This leads
to reduced hydrogen yields and a shi in microbial metabolic
pathways toward non-hydrogenic products such as ethanol,
lactate, or propionate.138,144 Studies have shown that lowering
hydrogen partial pressure enhances biohydrogen yield and
fermentation kinetics. For example, reducing HPP under ther-
mophilic conditions (55 °C) increased the maximum hydrogen
yield to 30.69 mLH2 per g COD added, with a butyrate-to-acetate
(B/A) ratio of 1.97, indicating more favourable conditions for
hydrogen production.145 Lower HPP also improves kinetic
parameters, increasing maximum hydrogen production (Pmax)
and the production rate (Rmax), and reducing lag time (l), while
promoting ethanol-type fermentation under specic condi-
tions.146,147 MECs signicantly reduce HPP by converting accu-
mulated H2 and VFAs at the cathode, thus sustaining favorable
thermodynamics for continuous biohydrogen generation in DF
reactors.148,149 In DF–MEC systems, microbial electrolysis cells
(MECs) indirectly contribute to HPP control by consuming
hydrogen-inhibiting intermediates and maintaining low
hydrogen levels in the reactor environment.137,148 MECs
continuously remove hydrogen and utilize residual VFAs for
electrochemical conversion, further enhancing hydrogen
recovery and preventing gas accumulation that inhibits
fermentation.150
This journal is © The Royal Society of Chemistry 2025
Moreover, reduced HPP has been associated with changes in
the microbial community structure and soluble microbial
products (SMPs), favoring hydrogen-producing species while
suppressing hydrogen consumers such as methanogens.19

Thus, effective management of hydrogen partial pressure is
essential for maintaining favorable fermentation thermody-
namics, stabilizing microbial communities, and enhancing
overall system efficiency in integrated DF–MEC congurations.

4.4 Hydraulic retention time (HRT)

Hydraulic Retention Time (HRT) is a critical operational
parameter that inuences substrate conversion, microbial
population dynamics, and hydrogen yield in dark fermentation-
assisted microbial electrolysis cell (DF–MEC) systems.151 In DF–
MEC systems, HRT affects not only substrate biodegradation
but also the residence time of electroactive intermediates
available for MEC recovery, requiring ne-tuned coordination
between microbial and electrochemical processes.152,153 HRT
refers to the typical residence time of the substrate in the
bioreactor and has a direct impact on reactor performance and
stability.154,155 Short HRTs (e.g., <6 days) favour faster-growing
hydrogen-producing bacteria and enhance hydrogen produc-
tion rates. However, excessively short retention times can lead
to biomass washout, incomplete substrate degradation, and
accumulation of inhibitory compounds such as volatile fatty
acids (VFAs).156 On the other hand, longer HRTs promote
microbial diversity and more complete breakdown of complex
organics like cellulose and hemicellulose, but they can also
favour the growth of hydrogen-consuming organisms and lead
to product shis (e.g., from acetate to propionate) that lower the
net hydrogen yield.155,157

One study showed that extending HRT from 40 to 60 days
improved degradation of cellulose from 52.1% to 55.4%, and
hemicellulose from 71.4% to 76.8%.157,158 However, when HRT
exceeded 12 days, propionic acid became the dominant VFA,
while acetic acid was more prevalent at shorter HRTs, high-
lighting the need to balance retention time to maintain favor-
able metabolic conditions for hydrogen production.159 In DF–
MEC systems, optimal HRT ensures sufficient contact time for
both fermentative and electroactive microbial processes. Inad-
equate HRT may limit the availability of bioavailable VFAs for
MEC utilization, reducing hydrogen recovery at the cathode.
Conversely, too long a retention time may result in metabolite
accumulation or methanogen proliferation, decreasing
coulombic efficiency. Therefore, determining the optimal HRT
is essential for balancing substrate degradation, hydrogen yield,
microbial community stability, and reactor operating costs.
While DF alone may benet from shorter HRTs to enhance
productivity, MEC integration oen requires ne-tuning reten-
tion time to maximize energy recovery and effluent quality.

4.5 Organic loading rate (OLR)

The organic loading rate is a critical parameter inuencing the
efficiency and stability of hydrogen production in dark
fermentation-assisted microbial electrolysis cell (DF–MEC)
systems.160 High OLRs in DF–MEC systems increase VFA
Sustainable Energy Fuels, 2025, 9, 5432–5457 | 5445
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production, which must be balanced by MEC efficiency to
prevent acid accumulation and electrode inhibition.118,161 Thus,
load optimization must consider both fermentative conversion
and electrochemical VFA scavenging. The OLR denes the
amount of organic substrate (typically measured as COD or
volatile solids) fed per unit reactor volume per day (e.g., g COD
per L per day), and is mathematically represented as:

OLR ¼ Q� So

V

where Q is the inuent ow rate (L per day), S0 is the substrate
concentration (g COD per L), and V is the working volume of the
reactor (L).162

An optimal OLR ensures sufficient substrate availability for
microbial activity without overloading the system, thereby
maintaining optimal conditions for microbial growth and
proliferation. At low OLRs, microbial metabolism may be
underutilized, while high OLRs can lead to substrate accumula-
tion, VFA build-up, pH drops, and inhibition of hydrogen-
producing bacteria.145 In DF systems, increasing OLR has been
linked to elevated propionate and ethanol formation, particularly
when the system is under strain.163 For DF–MEC systems, main-
taining an appropriate OLR is even more critical. High OLRs may
produce more VFAs, which can serve as electron donors inMECs,
but excessive accumulation can inhibit electrogenic activity and
reduce coulombic efficiency. Studies have shown that applying
silicone oil to reduce hydrogen partial pressure under high OLR
conditions (60–160 g TC per L per day) enhanced hydrogen yields
and upregulated genes related to homoacetogenesis, a key
hydrogen-producing pathway.162 A semi-continuous DF reactor
treating municipal solid waste demonstrated that increasing the
OLR from 7.5 to 14 g VS per L per day led to a 49.2% increase in
VFA production. However, propionate (a hydrogen-suppressing
acid) accounted for over 86% of total VFAs.163 These ndings
underscore the importance of maintaining an appropriate
balance between the OLR and VFA proles to optimize hydrogen
production in DF–MEC systems. Adjusting HRT in coordination
with the OLR can help control this balance for sustained
performance.
4.6 Oxidation–reduction potential (ORP)

The oxidation–reduction potential (ORP) is a vital parameter that
reects the electron transfer environment in a fermentation system
and directly affects microbial metabolism, enzymatic activity, and
product distribution. In DF–MEC systems, ORP is closely linked to
shis in microbial communities and dynamics of biohydrogen
generation. In dark fermentation, maintaining a strongly reducing
environment (typical ORP between −250 and −400 mV) favors
hydrogen-producing pathways. ORP inuences the direction of
metabolic ows: at more negative values, hydrogenogenic reactions
dominate, while less reducing conditions lead to a shi toward
solventogenesis or methanogenesis.164 In lactate-driven DF, precise
ORP control has been shown to regulate gene expression and
optimize hydrogen yields. Techniques such as using bi-
oelectrochemical reactors, redox reagents, and gas sparging can be
employed to stabilize ORP and improve metabolite proles.61
5446 | Sustainable Energy Fuels, 2025, 9, 5432–5457
In DF–MEC systems, maintaining an appropriate ORP is
essential not only for microbial metabolism but also for optimal
electrode performance and electrochemical efficiency. The
anode operates as an electron sink, and maintaining a suffi-
ciently low ORP enhances electron transfer from fermentative
bacteria to the electrode surface.165 Studies show that ORP
values between −300 and −450 mV are ideal for maximizing
coulombic efficiency and hydrogen evolution at the cathode.
Moreover, ORP affects biolm activity and the enrichment of
exoelectrogenic bacteria such as Geobacter and Shewanella,
which are crucial for MEC performance.166 Thus, ne-tuning
ORP in DF–MEC systems is vital for synchronizing microbial
fermentation and electrohydrogenesis.

MECs further benet from controlled ORP conditions. In
one study, an initial ORP of−350mV in a butyrate-based reactor
resulted in a hydrogen yield of 5.951 L H2 per g, while a more
reducing potential of −400 mV in an ethanol-fed system
increased the H2 yield to 8.357 L H2 per g.167 These ndings
highlight the importance of ne-tuning the redox conditions in
DF–MEC congurations to enhance substrate conversion and
electrochemical efficiency. ORP is also inuenced by reactor
design, electrode material, applied voltage, and substrate type,
all of which contribute to shaping the electrochemical envi-
ronment andmicrobial community structure. Thus, monitoring
and adjusting ORP offers a powerful tool to maximize hydrogen
production in integrated DF–MEC systems. Overall, ORP serves
as a unifying operational parameter that links microbial
dynamics, electron ow, and electrochemical hydrogen recovery
in integrated DF–MEC platforms.

To date, DF–MEC systems exhibit distinct operational
sensitivities compared to standalone DF or MEC processes.
Optimising parameters in coordination, rather than in isola-
tion, is essential for enhancing hydrogen yield, microbial
stability, and electrochemical efficiency. Future DF–MEC
designs must incorporate adaptive control strategies for key
factors such as pH, HRT, ORP, and OLR to ensure scale-up
viability. The integration of DF and MECs imposes new
demands on system tuning, requiring precise synchronization
of microbial activity with electrochemical conditions. Managing
parameters like pH, HPP, and ORP not only inuences micro-
bial hydrogenogenesis but also dictates electron ow and
cathodic hydrogen recovery. A systems-level optimization
framework is therefore crucial for unlocking the full bi-
ohydrogen potential of DF–MEC congurations.
5. Electrode materials and
bioelectrochemical performance in
DF–MEC systems

Electrodes represent an essential component in the inclusive
performance of integrated dark fermentation–microbial elec-
trolysis cell systems, directly mediating interfacial electron
transfer, microbial colonization dynamics, and hydrogen (H2)
evolution efficiency.168,169 Their physicochemical properties
signicantly inuence system kinetics, coulombic efficiency,
and long-term operational stability.
This journal is © The Royal Society of Chemistry 2025
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5.1 Anodic materials and an electroactive microbial
interface

The anode serves as the terminal electron acceptor for electro-
active bacteria oxidizing organic substrates.153,165 Carbonaceous
materials, such as carbon cloth, carbon felt, graphite rods, and
reticulated vitreous carbon (RVC), are commonly employed due
to their high conductivity, corrosion resistance, and microbial
compatibility.169–171 These surfaces support the attachment and
biolm development of key exoelectrogens such as Geobacter,
Shewanella, and fermentative Clostridium species.166 However,
inter-study variability in biolm architecture and electro-
chemical activity is frequently attributed to differences in
surface functionalization, redox potential distribution, and
porosity. Advanced modication strategies, such as metal
nanoparticle deposition (e.g., Ni, Fe3O4, and Cu), heteroatom
doping, and plasma activation, have been applied to enhance
extracellular electron transfer (EET) and increase electro-
chemical surface area.172,173
5.2 Cathodic catalysts and hydrogen evolution efficiency

The cathode enables the hydrogen evolution reaction, in which
protons and electrons recombine to form molecular
hydrogen.170 While platinum (Pt)-based electrodes exhibit
superior catalytic performance with low overpotential require-
ments, their susceptibility to poisoning by sulfur species and
high material cost limit their scalability. Alternative cathode
materials such as stainless-steel mesh, nickel-molybdenum
alloys, molybdenum disulde (MoS2), and carbon-based
composites offer moderate hydrogen evolution reaction (HER)
activity while providing a favorable balance between cost and
performance. A Co–Mo catalyst coated on stainless steel
demonstrated low overpotential (∼92 mV at 10 mA cm−2) and
a boosted H2 production rate by over 30% compared to that of
bare steel.174 Studies also conrm nickel-molybdenum alloys
and MoS2-CNT composites as robust, scalable options.175

Nevertheless, these substitutes oen require higher over-
potentials and may exhibit limited long-term electrocatalytic
stability under uctuating reactor conditions typical of DF–MEC
systems.
5.3 Electrode-biolm synergy and functional limitations

The mutual compatibility between electrode surface properties
and microbial consortia is crucial for sustained bi-
oelectrochemical performance.153,176 Electrode characteristics,
such as hydrophilicity, surface roughness, and conductivity
govern biolm formation, redox mediator diffusion, and overall
charge transfer resistance.177,178 Suboptimal surface–biolm
interactions can result in reduced current densities, increased
internal resistance, and lower coulombic efficiencies.179,180

Furthermore, long-term operation oen encounters challenges
such as cathodic passivation, biofouling, and shis in the
microbial community, all of which degrade hydrogen recovery
rates and process stability.
This journal is © The Royal Society of Chemistry 2025
5.4 Toward scalable and functional electrodes

Current advances focus on the development of structurally engi-
neered electrodes such as 3D carbon foams, graphene aerogels,
and metal–organic framework (MOF)-derived scaffolds aimed at
enhancing volumetric current density and mass transport.176,178

Biogenic and conductive polymeric materials (e.g., polyaniline
and polypyrrole) are also being explored for their dual benets of
microbial affinity and cost-effectiveness.181 Despite laboratory-
scale success, upscaling these systems remains constrained by
trade-offs between material durability, manufacturing cost, and
system integration.182 Holistic optimization encompassing
material properties, reactor hydrodynamics, and microbial elec-
trokinetics is imperative for translating DF–MEC technologies
into industrially viable platforms.

6. Impact of pretreatment and
metabolic pathways on DF–MEC H2

yield

The efficiency of dark fermentation integrated with microbial
electrolysis cells (DF–MECs) for hydrogen production from food
waste strongly depends on upstream pretreatment strategies and
the resulting prole of metabolic intermediates, particularly
volatile fatty acids (VFAs).91,183 Pretreatment enhances hydrolysis,
solubilizes organic matter, and shapes the microbial pathways
that govern hydrogen yields in both fermentation and electro-
chemical stages. Food waste contains complex polymers such as
cellulose, hemicellulose, and lignin, which require pretreatment
to increasemicrobial accessibility and fermentability.54,184 Physical
methods like heat and ultrasound, chemical treatments using
acids or alkalis, and biological interventions including antibiotic-
assisted microbial suppression have all been studied to improve
biohydrogen production (Table 6). Heat pretreatment at 90 °C for
20 minutes has shown greater efficiency in enhancing hydrogen
production compared to acid or alkali hydrolysis.115 Ultrasonic
pretreatment improves substrate solubilization and microbial
accessibility, leading to hydrogen yield improvements of up to
80%.120,185 Alkali pretreatment applied under optimized volatile
solid loading conditions has also demonstrated increased
hydrogen generation.186,187 However, highly acidic or alkaline
treatments oen require post-neutralization and may disrupt
microbial stability. Biological pretreatments using antibiotics
such as chloramphenicol, amoxicillin, and oxytetracycline have
been shown to inhibitmethanogens and lactic acid bacteria (LAB),
selectively enhancing hydrogen-producing communities.188,189

On the other hand, operational conditions, organic matter
removal, VFA proles, and hydrogen yields from food waste and
related substrates are shown in Table 5. These pretreatment
strategies directly inuence the VFA composition in fermenta-
tion effluent. Acetate and butyrate are the most favorable VFAs
for hydrogen production, while lactate and propionate are
typically associated with lower hydrogen yields.161 Thermal and
alkali pretreatments oen favor the formation of acetate and
butyrate, which align with hydrogen-producing metabolic
routes. In contrast, acidic or LAB-dominated conditions result
in elevated lactic acid and propionate levels, which inhibit
Sustainable Energy Fuels, 2025, 9, 5432–5457 | 5447
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Fig. 9 Simplified metabolic pathways of food waste during dark fermentation and microbial electrolysis. Food waste undergoes hydrolysis and
acidogenesis to produce intermediates like acetate, butyrate, lactate, and propionate. Acetate and butyrate are key for hydrogen production in
both dark fermentation and electrohydrogenesis. Lactate can be further converted to hydrogen via lactate-driven pathways in DF–MEC systems.
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hydrogen-producing bacteria. In lactate-driven dark fermenta-
tion (LD-DF), lactate produced by LAB is converted into
hydrogen and butyrate by acidogenic bacteria such as Clos-
tridium butyricum, offering an alternative route for energy
recovery.80 In addition to physicochemical pretreatments, the
choice and adaptation of the microbial inoculum signicantly
affect fermentation outcomes. Recent studies have shown that
using autochthonous microbial consortia enriched from
specic biomass sources, such as Ulva spp., can enhance
substrate-specic fermentation performance, even under ther-
mophilic conditions.190

VFAs serve as critical substrates in MECs. Among them,
acetate has been identied as the most efficient electron donor
for anode-respiring bacteria, resulting in higher current density
and coulombic efficiency.100,159,205 Butyrate and propionate are
less effective due to their complex oxidation mechanisms and
lower electron yields.100,159 Optimizing pretreatment to generate
acetate-rich effluents signicantly improves MEC performance
in DF–MEC congurations.205,206 In typical MECs, acetate-based
biolms support better electrode colonization and hydrogen
recovery.100 However, excessive accumulation of VFAs, particu-
larly propionate and lactate, can inhibit microbial activity, lower
pH, and reduce hydrogen output.55,207 When total VFA concen-
trations exceed 4000 mg L−1 or propionate levels surpass 1500
mg L−1, fermentation efficiency declines.159,208,209 Managing VFA
accumulation is essential for maintaining system stability and
hydrogen productivity. This can be achieved by adjusting
hydraulic retention time (HRT), applying pH control,
5450 | Sustainable Energy Fuels, 2025, 9, 5432–5457
integrating gas stripping or electrochemical recovery to reduce
hydrogen partial pressure, or using codigestion strategies to
balance substrate composition.210 Bioaugmentation with VFA-
degrading bacteria has also shown promise in improving
reactor performance under high VFA loads.126,211,212

In DF–MEC systems, the downstreamMEC stage plays a vital
role in VFA conversion. Residual VFAs from the fermentation
stage are consumed by electroactive bacteria at the anode,
enabling additional hydrogen production.159,205 This integrated
design not only enhances energy recovery but also reduces
organic load in the nal effluent, supporting more sustainable
and circular waste-to-energy processes.213 However, pretreat-
ment methods signicantly affect the breakdown of food waste
and the generation of VFAs, which in turn determine the effi-
ciency of hydrogen production in DF–MEC systems. Optimizing
pretreatment to favor acetate and butyrate formation, while
minimizing inhibitory acids like lactate and propionate, is
essential for maximizing hydrogen yield and ensuring stable
system performance (Fig. 9).
7. Challenges and optimization of
DF–MEC systems

This section discusses the primary biological, technical, and
integration challenges associated with DF–MEC systems, and
highlights recent advances and future directions for system
optimization and commercial deployment.
This journal is © The Royal Society of Chemistry 2025
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7.1 Biological and substrate-related challenges in DF–MEC
systems

Food waste contributes signicantly to global greenhouse gas
emissions, with approximately 3.3 billion tonnes produced
annually due to inefficiencies in supply chains, storage, and
transportation.3,214 Despite its high moisture content, complex
composition, and variable biodegradability, food waste remains
an attractive and low-cost feedstock for hydrogen production via
dark fermentation (DF) and microbial electrolysis cells (MECs).
However, several technological and biological limitations
continue to hinder the scalability, efficiency, and long-term
sustainability of DF–MEC systems.

One of the primary challenges is the requirement for exten-
sive pretreatment to break down carbohydrates, lipids, and
proteins into fermentable intermediates. The slow hydrolysis
rate and the tendency of lipids to cause otation and inhibit
microbial contact further reduce substrate accessibility. Opti-
mizing key operational parameters, such as HRT, OLR, and pH,
is critical to enhance hydrogen yield andminimize the formation
of inhibitory byproducts, such as acetic, propionic, and butyric
acids. These volatile fatty acids (VFAs) act as electron sinks,
lowering hydrogen production and overall process efficiency.94,215

Although theoretical hydrogen yields from glucose can reach 12
mol H2 permol, practical values are oen limited to 3.8–4mol H2

per mol due to VFA accumulation. Under controlled thermo-
philic conditions, yields as high as 11.5 mol H2 per mol glucose
have been achieved, but replicating such results in real-world
systems remains difficult.216 Increasing substrate concentration
can lead to excessive production of non-gaseous byproducts,
shi microbial metabolism toward lactate or ethanol pathways,
and destabilize fermentation. However, maintaining an alkaline
pH (8–9) has been found to suppress VFA accumulation,
promoting better microbial activity and improved hydrogen
generation. Co-digestion strategies, combining food waste with
nutrient-rich or lignocellulosic substrates, and solid-state
fermentation have proven useful in reducing VFA toxicity and
balancing nutrient content. Additionally, innovative approaches
such as membrane bioreactors, gas stripping, or headspace
recirculation are being employed to lower hydrogen partial
pressure and increase hydrogen yield (YH2).80,82,210 These strate-
gies help shi microbial metabolism away from reduced end-
products and toward more efficient hydrogen-producing path-
ways, especially in lactate-driven DF (LD-DF) systems.
7.2 Technical constraints and microbial management in
DF–MEC integration

The integration of DF and MEC technologies introduces addi-
tional complexity. Key technical challenges include striking
a balance between microbial hydrogen production and
consumption, minimising external energy input for MEC
operation, and maintaining process stability. Hydrogen loss
due to methanogenic activity, variations in the reactor cong-
uration, electrode fouling, and substrate composition all affect
system performance.154,155 Further complications arise from the
need to maintain strict anaerobic conditions and to suppress
methanogens while promoting electroactive and hydrogen-
This journal is © The Royal Society of Chemistry 2025
producing bacteria. Microbial community dynamics represent
another critical factor inuencing the performance of DF–MEC
systems. The coexistence of Clostridium species, electroactive
bacteria such as Geobacter, and lactic acid bacteria (LAB)
requires careful microbial management. In LD-DF–MEC
systems, the cross-feeding of lactate between LAB and hydrogen
producers must be optimized to maintain energy-efficient
conversions. Metabolic competition and electron drain within
microbial networks can also limit overall H2 yield. Biological
optimization approaches, including bioaugmentation and
metabolic engineering, have been employed to overcome these
limitations, improving hydrogen yields to between 0.47 and
1.88 mol H2 per mol glucose in engineered strains.90

7.3 Scale-up challenges and operational blockades

To scale DF–MEC systems toward industrial implementation,
operational optimisation must be combined with wastewater
qualitymanagement. This includesmaintaining acceptable levels
of COD, BOD, TOC, nitrogen, and phosphorus. Although MECs
offer improved removal of organic pollutants and extended
energy recovery, consistent operation under variable feedstock
conditions and reactor fouling remains a barrier to adoption.
Recent studies have shown that DF–MEC systems can achieve
maximum hydrogen yields of 1608.6 ± 266.2 mL H2 per g COD
consumed, along with COD removal efficiencies of up to 78.5 ±

5.7%.109,213 However, these outcomes are highly dependent on the
reactor setup, microbial synergy, and the composition of the
feedstock. Long-term stability and reproducibility under opera-
tional stress remain challenges to be addressed. Moreover, the
energy requirements for external voltage application in MECs, as
well as the risk of methane generation from residual substrates,
impact both the environmental footprint and the net energy
output. Heat pretreatment remains one of the most widely
adopted methods for enhancing microbial accessibility and
suppressing methanogenesis due to its simplicity and cost-
effectiveness. Nonetheless, the need for tailored microbial con-
sortia and precise trophic interactions persists, particularly in LD-
DF–MEC systems. Enhancing the understanding of microbial
behaviour, syntrophic partnerships, and substrate conversion
kinetics is vital for optimising overall system performance.

7.4 CO2 control and carbon recovery strategies in DF–MEC
systems

CO2 is an inevitable byproduct of substrate oxidation in both
dark fermentation and microbial electrolysis stages of DF–MEC
systems. Its accumulation can contribute to elevated headspace
pressure, pH imbalance, and inhibition of key hydrogen-
producing enzymes.59,217 Effective CO2 control is thus vital for
maintaining reactor stability and optimizing biohydrogen yield.
Several strategies have been explored to mitigate CO2 build-up
and enhance carbon recovery. One approach involves the use of
gas-permeable membranes or headspace gas stripping to
selectively remove CO2, thereby improving hydrogen purity and
reducing gas-phase inhibition. Alternatively, alkaline cathodic
environments in MECs can facilitate CO2 absorption as
carbonate or bicarbonate, providing passive mitigation.111,218,219
Sustainable Energy Fuels, 2025, 9, 5432–5457 | 5451
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More advanced systems have incorporated biocathodes with
autotrophic microorganisms that x CO2 into biomass or short-
chain fatty acids. Additionally, emerging concepts such as
microbial electrosynthesis offer the potential to convert CO2

into acetate, methane, or other value-added compounds using
renewable electricity and engineered microbial consortia.218,220

These CO2 control strategies not only enhance the performance
of DF–MEC systems but also align with broader goals of carbon
neutrality and circular resource use, reinforcing the role of DF–
MEC technology in sustainable waste-to-energy platforms.
7.5 Future outlook: toward circular bioeconomy integration

In conclusion, although DF–MEC systems offer a sustainable
approach to hydrogen production and waste management, their
implementation at an industrial scale requires overcoming
technical, economic, and environmental barriers. Continued
research into microbial engineering, integrated reactor design,
and dynamic process control is essential to unlock the full
potential of these systems. A multidisciplinary approach that
combines biotechnology, electrochemistry, environmental
engineering, and systems optimisation will be crucial in trans-
forming DF–MECs into commercially viable hydrogen genera-
tion technologies.
8. Conclusion and prospects

Biohydrogen (Bio-H2) represents a sustainable and renewable
alternative to fossil fuels, with food waste offering a cost-effec-
tive and abundantly available feedstock for its production. Rich
in biodegradable organic matter, particularly carbohydrates,
food waste can be effectively valorized through dark fermenta-
tion (DF), especially when coupled with microbial electrolysis
cells (MECs). However, the scalability and stability of such
systems hinge on optimizing microbial performance, substrate
utilization, and reactor conditions. This review highlights heat
pretreatment as one of the most effective and economically
viable strategies for enhancing hydrogen production. It
improves substrate solubilization, suppresses methanogens,
and enriches hydrogen-producing bacterial populations,
resulting in greater conversion of complex organics into
hydrogen-favorable intermediates such as acetate and butyrate.
Nevertheless, the accumulation of lactate during lactate-driven
dark fermentation (LD-DF) remains a key bottleneck that
reduces hydrogen yields over time.

Addressing this challenge requires integrated strategies
including microbial consortia selection, process control, and
genetic modication to improve enzymatic hydrogen produc-
tion. The digestate from LD-DF, typically rich in volatile fatty
acids such as lactate and acetate, serves as an ideal substrate for
MECs. By applying a small external voltage, MECs utilise
electroactive bacteria to oxidise these compounds, enabling
additional hydrogen generation at the cathode. This DF–MEC
integration maximizes energy recovery by converting residual
intermediates into hydrogen, and signicantly increases the
overall hydrogen yield (YH2), with reports indicating 30–40%
improvements compared to DF alone.
5452 | Sustainable Energy Fuels, 2025, 9, 5432–5457
For industrial applications, achieving long-term efficiency
and scalability requires a well-balanced microbial community
and optimized system design. The coupling of LD-DF with
MECs offers a viable waste-to-energy pathway for sectors such as
agriculture, food processing, and municipal waste manage-
ment, transforming organic residues into clean hydrogen fuel.
Moreover, the environmental and economic benets of this
system are substantial. The DF–MEC approach reduces green-
house gas emissions, diverts food waste from landlls, and
supports the production of renewable hydrogen. Although the
initial capital investment may be signicant, the long-term
advantages, including higher hydrogen yields, improved
effluent quality, and enhanced energy recovery, demonstrate
strong potential for industrial-scale deployment. Future studies
should also incorporate techno-economic analyses to assess not
only capital investment but also operational costs, maintenance
requirements, and return on investment (ROI), thereby vali-
dating the nancial feasibility of DF–MEC systems.

In conclusion, the coupling of dark fermentation with
microbial electrolysis cells presents a scalable, sustainable, and
efficient route for biohydrogen production from food waste.
Further advancements in microbial consortia engineering,
reactor congurations, and integrated system control will be
essential to fully realize the potential of DF–MEC platforms.
This integrated strategy aligns with the principles of the circular
economy and supports global goals for renewable energy
development and waste minimization.
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81 O. Garćıa-Depraect and E. León-Becerril, Fermentation,
2023, 9, 787.

82 J. A. Magdalena, L. Perat, L. Braga-Nan and E. Trably, in
Wastewater Exploitation: From Microbiological Activity to
Energy, Springer Nature, Switzerland, 2024, pp. 67–90.

83 E. L. N. Dzulkarnain, J. O. Audu, W. R. Z. Wan Dagang and
M. F. Abdul-Wahab, Bioresour. Bioprocess., 2022, 9, 16.

84 J.-H. Park, S.-H. Lee, H.-J. Ju, S.-H. Kim, J.-J. Yoon and
H.-D. Park, Renew. Energy, 2016, 86, 889–894.
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M. J. Taherzadeh, Bioresour. Technol., 2019, 274, 329–334.
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