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Abstract

Hydrogen is increasingly recognized as a key energy carrier for decarbonizing hard-to-
electrify sectors, yet more than 95% of current global production remains fossil-derived. Bi-
ological hydrogen (biohydrogen) produced by dark fermentation (DF), photo-fermentation
(PF), or microbial electrolysis cells (MEC) offers the dual advantage of valorizing organic
wastes while delivering low-carbon Hjy; however, none of these standalone technologies
mobilizes more than 25-33% (DF), 40-70% (PF), or 40-60% (MEC) of feedstock organic
carbon through Hj-producing oxidation pathways. Most existing reviews compare these
pathways on hydrogen yield alone, a metric that conceals where the majority of feedstock
carbon and electrons are actually lost and obscures the quantitative rationale for system in-
tegration. This review reframes the comparison around carbon and electron flow, explicitly
tracking how much input carbon is mobilized through H;-producing oxidation pathways,
how much is retained in volatile fatty acids (VFAs), biomass, or unlinked CO,, and what
happens to the associated electrons. Stoichiometric, mechanistic, and reactor-level evidence
is synthesized to show that DF channels only 25-33% of input organic carbon through
Hy-yielding decarboxylation on real heterogeneous substrates, with 40-60% retained as
residual VFAs and unhydrolyzed solids; PF can recover 60-80% of VFA carbon but is
constrained by photon economics and nitrogenase sensitivity; and MEC achieves >85%
COD removal only when coupled to an upstream acidogenic stage. Two-stage (DF-PF,
DF-MEC) and three-stage (DF-PF-MEC, DF-MEC-AD) configurations are critically evalu-
ated, with theoretical yields separated from experimentally demonstrated performance on
real wastes and hidden energy inputs (pretreatment, inter-stage transfer, gas separation,
and compression) explicitly accounted for. DE-MEC coupling is identified as the most
near-term tractable configuration, achieving 55-70% Hj-pathway carbon mobilization and
80-92% COD removal at an electrical input of 0.9-1.5 kWh/m? H,, with levelized hydrogen
costs of US$3-5.5/kg under favorable waste-tipping-fee conditions. Multi-stage systems
push carbon recovery above 70% but carry unresolved capital, methanogenesis control, and
scale-up penalties. This review closes by proposing a standardized ten-descriptor reporting
framework including Hy-pathway carbon mobilization (%), cathodic hydrogen recovery
(rCAT), net energy recovery (NEB), and LCA carbon intensity under both attributional
and consequential boundaries, and demonstrates its backward compatibility by retrospec-
tive application to seven studies already in the literature. Research priorities tractable
on a 5-10 year horizon are identified, centered on methanogen suppression at pilot scale,
real-waste MEC performance, and renewable-electricity coupling.
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1. Introduction

The global hydrogen sector, therefore, occupies a structurally contradictory position.
Hydrogen is widely promoted as a low-carbon energy carrier, while the overwhelming
majority of its production remains fossil-derived and carbon-intensive. It is widely cited
as essential for decarbonizing hard-to-electrify sectors, long-haul transport, ammonia
synthesis, primary steel, and high-temperature industrial heat, yet roughly 95% of the
~95 Mt of Hp produced annually is still derived from steam methane reforming (SMR) or
coal gasification, contributing on the order of 900 Mt CO;/y [1,2]. Replacing this fossil
base with “green” hydrogen is therefore not a niche objective but a precondition for several
decarbonization pathways. Water electrolysis powered by renewable electricity is the
dominant technology being scaled, but it is electricity-intensive (=50-55 kWh/kg H>)
and competes directly with electrification of grids and transport for the same renewable
kilowatt-hour [2].

Biological hydrogen (biohydrogen) occupies a different and complementary niche.
Rather than splitting purified water with renewable electricity, biological systems oxidize re-
duced carbon already present in organic wastes and residues, releasing electrons that can be
captured as Hj either fermentatively, photochemically, or electrochemically [3,4]. The feed-
stock, therefore, performs double duty as both an electron donor and a waste-management
problem to be solved. Three biological hydrogen routes have received sustained attention:
(i) dark fermentation (DF), in which mixed or defined anaerobes ferment carbohydrates
to Hp, CO, and volatile fatty acids (VFAs); (ii) photo-fermentation (PF), in which purple
non-sulfur bacteria use light energy to drive nitrogenase-mediated proton reduction from
VFAs and other reduced substrates; and (iii) microbial electrolysis cells (MEC), bioelectro-
chemical reactors in which exoelectrogens oxidize organics at an anode and an applied
voltage of 0.2-0.8 V drives proton reduction to H; at a cathode [5].

Each of these technologies has been reviewed individually, often extensively [6]. Most
such reviews compare technologies on the basis of hydrogen yield, expressed as mol Hp
per mol hexose or mL H; per g volatile solids. While useful, that metric is also misleading;
it obscures the fact that the dominant fate of feedstock carbon in standalone biological
hydrogen systems is not Hj at all. In DF, the thermodynamic ceiling of 4 mol H,/mol
glucose via the acetate pathway corresponds to only ~33% of the carbon being released
as CO,, with the remaining 67% retained as VFAs that are typically discarded as a waste
stream [3,7]. The headline yield metric, therefore, says nothing about what happens to
the largest carbon pool. Similar accounting blind spots affect comparisons of PF (high
theoretical yield from acetate but very low volumetric productivity) and MEC (high COD
removal but only on an electron-donor stream that DF must produce first).

A more informative organizing principle is carbon and electron flow: of the carbon
and electrons entering the reactor train, what fraction emerges as Hy, what fraction is
irrecoverably lost as CO,, and what fraction remains in residual organics or biomass?
Framed this way, the case for integration is no longer a vague appeal to “synergy” but a
quantitative one. The VFAs that DF cannot oxidize further are an ideal anode substrate for
MEC; the acetate fraction of DF effluent is an ideal substrate for nitrogenase-mediated PF;
the residual COD that escapes a single MEC pass can be polished by anaerobic digestion
(AD) into methane. Each integration step is, in principle, a step toward closing the carbon
and electron loop on the same [8] feedstock.
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Several recent reviews have begun to evaluate integrated configurations. Most, how-
ever, either focus on a single integration pair (typically DF-PF) or treat the integration
question primarily as one of process engineering rather than electron accounting. Com-
parative tables in these reviews tend to mix theoretical maxima, lab-scale demonstrations
on synthetic substrates, and pilot data on real wastes without distinguishing among them,
making the resulting performance ranges difficult to interpret. Reporting conventions
also vary widely: yields are normalized to hexose, to total solids, to volatile solids, or to
chemical oxygen demand (COD), often without enough information to convert between
them [6,9-11].

Scope and Novelty of This Review

Rather than presenting itself as the first review of integrated biohydrogen systems, this
article defines its contribution more specifically as a critical synthesis centered on carbon
and electron recovery. The review provides a carbon- and electron-flow-based evaluation
of dark fermentation (DF), photo-fermentation (PF), microbial electrolysis cells (MECs),
and their integrated configurations. Three specific aspects distinguish this review. First,
theoretical performance is separated from experimentally demonstrated performance in
the comparative analysis, while synthetic-substrate studies are distinguished from real-
waste applications wherever sufficient data are available. Second, particular attention is
given to DF-MEC coupling because this configuration offers a comparatively practical
balance between hydrogen recovery, residual COD removal, energy input, methanogenesis
control, and scale-up potential. Third, a standardized minimum reporting framework
for carbon and electron recovery is proposed to improve comparability among future
integrated-biohydrogen studies and to support more defensible techno-economic and
life-cycle assessments. Overall, this review does not treat integration as an inherently
superior solution; instead, it critically examines where carbon and electrons are recovered,
where losses occur, and which reported performance values are sufficiently supported by
experimental evidence.

2. Standalone Biohydrogen Pathways

To establish the rationale for system integration, the first step is to identify where
carbon and electrons are lost within each standalone technology. Accordingly, this section
examines dark fermentation, photo-fermentation, and microbial electrolysis cells individu-
ally (Figure 1), followed by a comparative assessment of their carbon recovery performance
in Table 1.

2.1. Dark Fermentation

Dark fermentation is the most mature of the three biological hydrogen technologies,
with multiple pilot demonstrations and a Technology Readiness Level (TRL) of approx-
imately 6, indicating technology demonstrated in a relevant environment or pilot scale
setting [7,12]. Glucose is catabolized through glycolysis to pyruvate, which is oxida-
tively decarboxylated to acetyl-CoA by pyruvate: ferredoxin oxidoreductase (PFOR) in
clostridia, releasing CO; and reducing ferredoxin. Reduced ferredoxin is re-oxidized by
[FeFe]-hydrogenases, producing H,. In facultative anaerobes such as Enterobacter, the
formate hydrogen lyase (FHL) complex provides an alternative route, oxidizing formate to
H, + C02 [3,13]

The much-cited stoichiometric ceiling of 4 mol H, /mol glucose via the acetate pathway
is rarely approached in practice. Three observations matter for carbon accounting. First,
the acetate pathway itself releases two of the six carbon atoms as CO; and retains four as
acetate; only the H; leaves the system as recovered energy, while the acetate carbon
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remains in the effluent. Second, mixed cultures shift toward butyrate (yielding 2 mol
Hj/mol glucose), ethanol (0 mol Hj in pure ethanol fermentation), lactate (0 mol Hy),
and propionate (which actually consumes Hj) under thermodynamic stress, low pH, or
elevated Hj partial pressure [7,14]. Third, on real lignocellulosic or food-waste substrates,
hydrolysis is typically rate-limiting and a significant fraction of substrate carbon ends up
in microbial biomass rather than fermentation products. Practical yields on real wastes
therefore cluster between 1.0 and 2.5 mol H; /mol glucose-equivalent [15].

Translated to a carbon balance, standalone DF on real organic wastes typically con-
verts 25-33% of input organic carbon to Hy-equivalent (i.e., carbon released as CO; in
the Hy-yielding decarboxylation), 40-60% remains in the effluent as Volatile fatty acids
(VFAs), alcohols, and unhydrolyzed solids, and the balance is bound in biomass. The
40-60% residual carbon stream is simultaneously the principal motivation for integration,
as it represents recoverable energy and electrons, and the principal economic problem of
standalone DF, because it constitutes a high-strength wastewater that must be treated.

N
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Figure 1. Carbon partitioning in standalone biohydrogen technologies. Schematic representation
of the fate of input organic carbon during dark fermentation (DF), photo-fermentation (PF), and
microbial electrolysis cell (MEC) operation. Numerical ranges shown reflect typical values reported
for real-waste operation in the cited literature (Table 1) and are not single-source measurements.

2.2. Photo-Fermentation

Photo-fermentation by purple non-sulfur (PNS) bacteria, chiefly Rhodobacter sphaeroides,
Rhodopseudomonas palustris, and Rhodospirillum rubrum, uses light energy to drive nitroge-
nase, which under nitrogen-limited conditions reduces protons to Hj rather than fixing
Nj [16-18]. The acetate-to-H; stoichiometry, CH,COOH + 2H,O — 4H; + 2CO5, is ender-
gonic (AG® ~ +104 k] /mol) and requires light input; combined with DF acetate output, the
two-stage theoretical maximum reaches 12 mol Hy /mol glucose [3,19].
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Two practical constraints undermine this attractive theoretical picture. The first is pho-
ton economics. Effective volumetric Hy productivities of PF are typically 0.5-3 mmol/L/h,
an order of magnitude below DEF, because dense bacterial suspensions self-shade and
outdoor light conversion efficiencies rarely exceed 3-5% even in optimized flat-panel
or fibre-illuminated bioreactors [16,20]. The second is sensitivity to feedstock chemistry.
Nitrogenase is strongly inhibited by ammonium (typically above ~2 mM NH,4") and re-
quires C/N ratios above ~25-40 for efficient H, production. DF effluents from protein-rich
wastes (food waste, dairy effluent, slaughterhouse wastewater) often violate both criteria,
requiring dilution, ammonia stripping, or membrane conditioning before being fed to a PF
reactor [21,22].

From a carbon-flow perspective, PF can, in principle, recover 60-80% of VFA carbon
as Hj, which is much higher than DF on hexoses. Whether this advantage translates to
overall system performance depends entirely on whether enough VFA can actually be
processed within reasonable photobioreactor volumes, a constraint examined quantitatively
in Section 3.2.

2.3. Microbial Electrolysis Cells

Microbial electrolysis cells were proposed as a modification of microbial fuel cells
in which a small applied voltage shifts the cathodic half-reaction from oxygen reduction
to proton reduction, allowing the electrons captured by exoelectrogens to be recovered
as Hj [23,24]. The dominant exoelectrogens are members of the Geobacter genus, which
transfer electrons to the anode through outer-membrane c-type cytochromes and conductive
pili; Shewanella and mixed-community exoelectrogens are also relevant, particularly in
real-waste reactors [4,25,26].

For acetate, the standard half-cell potentials give a thermodynamic minimum applied
voltage of approximately 0.14 V; in practice, 0.2-0.8 V is required to overcome ohmic losses,
biofilm overpotential, and pH gradients between anode and cathode chambers [4,27].
Two performance descriptors are central. Coulombic efficiency (CE), the fraction of sub-
strate electrons recovered in the external circuit, ranges from 60-90% on acetate but is
substantially lower on complex substrates due to fermentative side-reactions and methano-
genesis [5,28]. Cathodic hydrogen recovery (rcat), the fraction of cathodic electrons appear-
ing as Hj, exceeds 90% with efficient cathodes but degrades when methanogen colonies
the cathode and re-consume H,. Overall H, recovery rHy = CE X rcat is therefore the
appropriate system-level descriptor; reported values on synthetic acetate cluster at 55-85%
but drop to 30-60% on real fermentation effluents [13].

MECs are unique among the three technologies in that their input is electrons (and
protons), not photons or chemical-free energy alone. This makes them naturally comple-
mentary to DF: DF supplies the VFA-rich electron donor, MEC supplies the electrochemical
pull that DF cannot generate from the same molecules. It also means that the carbon
footprint of MEC hydrogen is sensitive to the carbon intensity of the input electricity, a
point sometimes glossed over in techno-economic analysis (TEA) studies (see Section 6).

2.4. Comparative Carbon Efficiency

Table 1 summarises the three pathways and their integrated configurations on a
common set of descriptors. Several points warrant emphasis. The “Hj-pathway Carbon
mobilization” row is computed as the fraction of input organic carbon released as CO, in
H,-yielding oxidation steps (i.e., carbon whose corresponding electrons are recovered as
Hy); it is not the same as COD removal. Standalone DF and standalone MEC are essentially
complementary on this metric. DF recovers 25-33% from hexoses, MEC recovers 40-60%
from VFA-like substrates that DF cannot further oxidize. PF achieves the highest single-
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stage Hy-pathway Carbon mobilization recovery on suitable VFA streams, but pays for it in
volumetric productivity. Only the integrated configurations approach 65-80% Hj-pathway
Carbon mobilization recovery, and only at the cost of additional reactor volume and process
control complexity [29].

Table 1. Comparative summary of standalone and integrated biohydrogen production pathways.

DF-PF-MEC/ Key
Parameter. DF PF MEC DE-PF DF-MEC DF-MEC-AD  References
Theoretical 4 mol/mol 8 mol/mol Limited by 12 mol/mol ~10 mol/mol 12 mol/mol
Ak - [3,13]
2 yield glucose HAc e~ supply glucose glucose glucose
llilract_lclzl 1.0-2.5 mol/mol 2-4 mol/mol 0.5-2.5 mol/mol 3-5 mol/mol 4-7 mol/mol 5-9 mol/mol
2 yie i HA. i ] ] 1 [12,30,31]
glucose c glucose glucose glucose glucose
(real wastes)
Hy-pathway C 25-33 40-70 40-60 40-55 55-70 65-80 [7,10]
mobilization (%)
COD removal . . 70-95 (synth.); ¥ 9 ¥
(%) 40-60 60-80 50-80 (real) 55-70 80-92 85-95 [5,28]
Volumetric
H, rate 5-15 0.5-3 0.5-10 2-8 3-12 4-15 [16,25]
(mmol/L/h)
Coulombic 60-90 (synth);
eff. (%) # n/a n/a 40-70 (real) n/a 50-80 50-80 [28,30]
TRL 6-7 3-5 4-5 34 3-4 2-3 [1,5]
Dominant . CO,, CO,, residual Residual HAc, CO,, <5% residual
residual C VEAs, biomass biomass VFA HPr, HBu traces COD _

* Hy-pathway Carbon mobilization (%) is the fraction of input organic carbon that passes through oxidation
reactions directly coupled to H; evolution. This metric does not imply carbon atoms are incorporated into Hp
(H; contains no carbon); it quantifies how much substrate carbon is ‘activated” toward H, production through
decarboxylation or coupled oxidation steps. Values on real wastes are 30-50% lower than synthetic-substrate
benchmarks (Supplementary Table S1, paired analysis across 12 studies). Values are mechanistically distinct from
COD removal (see Section 2.4). # Coulombic efficiency (CE) values represent overall system efficiency (electrons
recovered as Hj at cathode relative to theoretical electrons from substrate COD oxidation), following [24]. CE
integration window: stable-state operation (>10 HRTs) to end of experiment; start-up phase excluded. Anode-only
CE is 5-15 percentage points higher than the overall system CE reported here. HAc = acetic acid; HPr = propionate;
HBu = butyrate; VFA = volatile fatty acids; TRL = Technology Readiness Level; n/a = not applicable.

3. Integrated Biohydrogen Systems

We use carbon and electron loop closure in a deliberately restrictive sense: the design
objective of minimizing the fraction of input organic carbon (and the associated elec-
trons) that exits the reactor train as anything other than H; or biologically captured CO,.
Three caveats follow immediately. First, perfect closure is thermodynamically impossible.
CO; is the inevitable terminal product of complete substrate oxidation, and 3-10% of sub-
strate carbon is irrecoverably diverted into biomass. Second, “closing the loop” does not by
itself imply economic viability; a system can be carbon-efficient and economically unviable,
or vice versa. Third, the term as we use it is engineering, not rhetorical: it refers to specific,
measurable carbon and electron balances rather than to a generic appeal to circularity [9].
Carbon and electron recovery in integrated biohydrogen systems are demonstrated in
Figure 2.

With these caveats, the gap between standalone DF (25-33% C-to-H;) and integrated
three-stage systems (65-80%) represents an improvement of roughly 2.5-3 x in H, output
per unit feedstock, and a corresponding reduction in residual COD that must be sepa-
rately treated. This is a sufficiently large margin that even imperfect integration yields
meaningful gains.

3.1. DF-PF Integration

DE-PF was historically the first integration pair to receive serious attention because
the substrate match is mechanistically clean: DF effluent is rich in acetate and butyrate,
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both of which are good substrates for PNS bacteria under nitrogen limitation. Reported
combined yields range from 4 to 8 mol Hy /mol glucose in lab-scale demonstrations on
synthetic substrates and 3-5 mol/mol on real wastes [12,20,21,32,33].

The persistent constraints are physical and chemical, not biological. Physically, PF
volumetric productivities (0.5-3 mmol/L/h) are 3-10x lower than DF, so balanced contin-
uous operation requires PF reactor volumes that are correspondingly larger. This penalty
is rarely costed transparently in literature. Chemically, ammonium concentrations in DF
effluent from protein-containing wastes routinely exceed nitrogenase tolerance, and pH
adjustment from DF (pH 5.5-6.0) to PF (pH 6.8-7.5) requires base addition that adds oper-
ating cost and salinity. Membrane conditioning (nanofiltration to retain ammonium while
passing VFAs) can resolve the chemistry but multiplies capital cost [21]. On balance, DF-PF
is mechanistically attractive; however, its practical deployment remains constrained by
low photobioreactor productivity, large illuminated surface area requirements, and feed
conditioning costs reported in lab and pilot-oriented studies. These constraints partly
explain the recent shift in attention toward MEC-based integration.

3.2. DF-MEC Integration

The case for DF-MEC rests on five points, each of which can be evaluated quantita-
tively. (i) Substrate fit: DF effluents are dominated by acetate, butyrate, and propionate,
and Geobacter-enriched anode biofilms oxidize acetate and butyrate efficiently (CE 60-85%
on acetate, 50-70% on butyrate) [28,34]. (ii) Energy penalty: at applied voltages of 0.4-0.6 V
and Faradaic efficiencies typical of pilot MECs, electrical inputs are 0.9-1.5 kWh/m3 H,
produced well below the ~5 kWh/m?3 of alkaline water electrolysis on a hydrogen-volume
basis [24,30]. (iii) COD removal: pilot and bench scale DF-MEC trains have reported
80-92% COD removal across the integrated system under the specific reaction times or
hydraulic retention times (HRT) used in the respective studies; therefore, this range should
be interpreted as residence time dependent rather than as fixed process constant [35,36].
(iv) No light dependence: unlike DF-PF, DF-MEC operates 24/7 and is geographically
unconstrained. (v) Scale-up trajectory: the 100-1000 L MEC pilots demonstrate that the tech-
nology can leave the bench, even if no commercial-scale unit has yet been built [17,28,30,37].

Three challenges deserve specific critical attention because they are routinely un-
derplayed in the optimistic literature. First, methanogenesis is the dominant route
by which MEC efficiency degrades on real substrates: hydrogenotrophic methanogens
(Methanobacterium, Methanobrevibacter) consume cathodic Hp, while acetoclastic methanogens
(Methanosaeta) compete with exoelectrogens for acetate. Reported mitigation strategies,
periodic air sparging, low pH operation, 2-bromoethanesulfonate (BES) dosing, and phys-
ical exclusion via ion-exchange membranes each carry penalties, and none has yet been
demonstrated as a robust long-term solution at pilot scale [34,38]. Second, cathode cata-
lyst cost: although biocathode and stainless-steel mesh cathodes have largely displaced
platinum in the recent literature, internal resistance and overpotential rise correspondingly,
and reported H, recoveries on these cheaper cathodes typically fall to 60-80% under real-
effluent conditions [4,39—41]. Third, the “ohmic wall” of MEC scale-up: as electrode area
and electrolyte volume grow, internal resistance rises non-linearly and current densities
fall, a problem that 3D-printed and stacked cell architectures partially address but do not
eliminate [17,25,42].

3.3. Three-Stage and Hybrid Systems

Three-stage configurations (DF-PF-MEC; DF-MEC-AD; DF-MEC-MES) push re-
ported Hy-pathway Carbon mobilization, conversion above 70% in lab demonstrations.
They are conceptually clean: each successive stage targets the carbon and electron pool
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that the previous stage cannot reach. In practice, however, the incremental yield from a
third stage is typically 15-25% above the two-stage baseline, while capital cost and process
control complexity roughly double. The economic case for three-stage systems is currently
restricted to high-tipping-fee waste contexts (food waste, slaughterhouse waste, brewery
effluent) where waste-treatment revenue offsets capital amortization [9,10,43,44].

DF-MEC-AD is a particularly interesting hybrid because it explicitly chooses total
energy recovery (Hp + CHy) over Hj yield maximization, recognizing that the residual COD
escaping MEC is most efficiently captured as methane rather than as additional H,. For
waste-treatment applications where the operator is paid per unit COD removed, this is often
the most economically rational configuration. It blurs the boundary between “biohydrogen
plant” and “advanced anaerobic digester,” a blurring that we view as productive rather
than problematic [10,35].

FEEDSTOCK : [ DARK FERMENTATION } ‘ ‘ SECONDARY RECOVERY ] 3 [ TERTIARY RECOVERY J
Photo- H : Anaerobic CH
2 Digestion 4

Fermentation
|pp CO,
~c02
Dark
Fermentation
—);e;idual organics I residual
iomass B
Energy recovery organics /
Q | \ ) biomass
° ’\o . Microbial Electrolysis J
5 !
f,o ~ Cell e T T
P 0.4-0.8V H, Microbial
2.W o applied voltage f Electrosynthesis % acetate
organic waste : ; co, M > formate
minor biomass = fp CO,
by : ~ Reduced
@ . ; ) intermediates
Standalone DF: 0 ey Residual COD | g~ |npu'f["
Anode  Cathode / biomass inimal
~33% - -
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~65-80%
ﬁ Green: productive recovery / _’ Orange: residual VFAs, soluble » Grey: non-H,yielding losses / Blue: electron / energy input
H, generating routes i i inter i " €O,/ methane leakage _@ (current, applied energy)

Figure 2. Carbon and electron recovery in integrated biohydrogen configurations. Cumulative
carbon to H; recovery ranges are midpoint values derived from Tables 1 and 2 and are shown for
conceptual comparison.

4. Feedstock Utilization and Resource Efficiency

Three feedstock attributes maximize the performance of integrated biohydrogen trains:
(i) high readily fermentable carbohydrate content for DF, (ii) C/N ratio above ~25 and low
ammonium for downstream PF, (iii) low concentrations of inhibitors (furans, phenolics,
heavy metals, sulfide) for MEC anode biofilms. No real waste stream simultaneously
satisfies all three.

4.1. Major Feedstock Categories

Lignocellulosic agricultural residues represent the largest terrestrial organic carbon
pool available for bioconversion, with Asia alone generating an estimated 1.3-1.5 Gt/yr
of crop residues, dominated by rice straw and wheat straw [45-47]. Their high cellu-
lose/hemicellulose content (50-75% of dry weight) and naturally low N content match
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DF-PF chemistry well, but the lignocellulosic matrix is recalcitrant. Pretreatment is un-
avoidable and contributes both to energy demand and inhibitor formation [11].

Food waste and organic municipal solid waste (OMSW) are at the opposite end
of the spectrum: high volatile-solids content (80-90%), favorable C/N (15-25, too low
for PF without dilution), and inherent microbial diversity that can act as DF inoculum.
Reported DF yields of 80-120 NmL H;/g VS (volatile solids basis) on food waste are
among the highest for any complex substrate; the upper bound of 120 NmL/g VS is
reported for mesophilic CSTR operation on restaurant food waste. The principal challenge
is heterogeneity: food-waste DF yields routinely vary 2-3 x between studies depending on
collection protocol and pretreatment [43,48-50].

High-strength industrial wastewaters (cheese whey, palm oil mill effluent, distillery
stillage, dairy effluent) combine high COD (10-100 g/L) with the additional advantage
of an existing tipping-fee structure. From a project economics standpoint, they are ar-
guably the most attractive feedstocks for first-mover commercial deployment of integrated
biohydrogen, because the operator is paid to take the feedstock [9].

4.2. Pretreatment

All pretreatment methods (dilute acid, alkali, steam explosion, enzymatic, ultrasonic,
microwave, electrohydrolysis) trade energy and reagent input for substrate accessibility.
The net energy benefit of pretreatment must therefore be evaluated at the integrated-system
level, not at the DF stage alone [51,52]. Three classes of inhibitor matter for downstream
stages: furfural and 5-hydroxymethylfurfural (HMF) inhibit DF and MEC biofilms above
thresholds that vary with community composition: pure Clostridium butyricum is inhibited
(ICsp) at ~0.5 g/L furfural, while adapted mixed-culture DF consortia may tolerate up
to ~2 g/L [53]; MEC anode biofilm sensitivity is similar in magnitude though systematic
data remain limited; phenolics inhibit Geobacter at >100 mg/L; soluble lignin fragments
deposit on MEC anodes and increase ohmic resistance. Detoxification (overliming, activated
carbon, biological detoxification) recovers fermentability but adds capital and material
losses [54,55]. We argue that the appropriate design metric is integrated H; yield per unit
total energy input, including pretreatment, and that pretreatment intensity should be tuned
to maximize this ratio rather than DF yield in isolation.

4.3. Co-Substrate Strategies and Carbon Accounting Honesty

Co-digestion of carbohydrate-rich and N-rich streams (e.g., food waste with brewery
wastewater, OMSW with manure) routinely improves DF yields by 20-40% by balancing
nutrients and buffering capacity [49]. When co-substrates are used, however, the Hj-
pathway Carbon mobilization recovery fraction must be calculated against total carbon
input from all substrates. Several published studies normalize yield against the principal
substrate only, which artificially inflates apparent conversion. We recommend that inte-
grated biohydrogen studies explicitly report the substrate carbon mass balance and not
only the hydrogen yield (see Section 7.2 and Supplementary Table S3, which provides an
illustrative carbon mass balance reconstructed from the data for a food waste co-substrate
DF experiment, demonstrating backward-compatibility of the proposed framework with
published data) [48,56].

5. Process Optimization for Maximum Carbon Utilization
5.1. Microbial Community Engineering

In DF, heat-shock pretreatment of seed sludge (80-100 °C, 15-30 min) is the most repro-
ducible community-engineering intervention, selecting spore-forming Clostridium spp. and
eliminating non-spore-forming methanogens [57]; The trade-off, less commonly reported,
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is reduced metabolic versatility: heat-treated communities underperform on heterogeneous
wastes that require diverse hydrolytic capacity [52,58].

Defined co-cultures (Clostridium butyricum + Enterobacter aerogenes; Clostridium with
cellulolytic Caldicellulosiruptor) can approach 2.8-3.2 mol Hj /mol glucose on lignocellulose
hydrolysates. Synthetic-biology approaches heterologous [FeFe]-hydrogenase expression,
deletion of competing pathways (lactate dehydrogenase, acetate kinase), and NADH
cofactor rebalancing have demonstrated yield improvements in defined media but have not
yet been shown to be robust in mixed-culture, real-waste reactors. Using the EU Horizon
Europe TRL scale [59], synthetic-biology approaches satisfy TRL 2 criteria (technology
concept, bench proof-of-principle in defined media) but not TRL 4 (validation on real
substrate). TRL 3 is assigned where a lab-scale batch demonstration on a synthetic substrate
has been independently replicated [60]. No study demonstrates performance at >10 L scale
or in mixed-culture real-waste reactors, precluding TRL 4 assignment, hence TRL 2-3 rather
than TRL 3—4.

In MEC, anode community enrichment from existing reactors reduces start-up time
from weeks to days and stabilizes CE above ~70% within 14 days of inoculation. Sustained
operation, however, depends on suppressing methanogen invasion of the cathode, which
remains the unsolved community-engineering problem in MEC [11,28,31].

5.2. Reactor Design

Continuous stirred-tank reactors (CSTR) dominate DF practice but suffer from biomass
washout at HRT below ~6 h. Granular sludge reactors (UASB, EGSB) retain dense biomass
aggregates and sustain volumetric Hy productivities of 5-15 L/L/h on synthetic feeds,
dropping to 2-8 L/L/h on real effluents. Cell-immobilization reactors (polyurethane,
biochar, activated carbon, loofah) increase cell density 10-100x over suspended cultures
but introduce mass-transfer limitations at the carrier surface [7,61,62].

Table 2 compares the four principal DF reactor configurations across five performance
metrics on both synthetic and real-waste substrates; key finding: EGSB reactors achieve the
highest volumetric productivity on synthetic substrates but suffer the largest real-waste
performance penalty (~50-60% reduction), while immobilized-cell systems maintain more
consistent performance across substrate types.

Table 2. Comparative performance of principal dark fermentation reactor configurations on synthetic
and real-waste substrates. Values are ranges compiled from cited literature (2008-2026); lower bounds
reflect real-waste performance and upper bounds reflect synthetic-substrate performance unless oth-
erwise noted. HRT = hydraulic retention time; COD = chemical oxygen demand; VS = volatile solids.

H, Production H; Production COD COD . Sustained
Reactor Type Rate Synthetic Real Waste II){:;;-IWa(sO;E; Removal Removal ITI}II{I’,I} C(;l) Operation . f::(r?lllces
(L Ha/L/h) (L Ha/L/h) ty %) (%) Synthetic (%) Real (Months)
CSTR (Continuous
Stirred-Tank Reactor) 1-5 0.5-2 55-70 45-65 35-55 624 3-12 [7,12]
UASB
(Upflow Anaerobic 3-10 1-5 40-55 60-78 50-68 2-8 6-18 [61,62]
Sludge Blanket)
EGSB
(Expanded Granular 5-15 2-6 50-65 68-85 55-72 14 3-12 [7,62]
Sludge Bed)
Cell-immobilization 2-8 1.5-5 25-40 50-70 45-65 3-12 6-24 [51,61]

Notes and limitations: Values are compiled from the cited literature (2008-2026); exact performance depends
heavily on substrate composition, pH, temperature (typically 35-37 °C unless stated), and inoculum history.
‘Sustained operation’ refers to continuous or semi-continuous operation without major performance collapse.
Real-waste penalty = reduction in H, productivity relative to synthetic-substrate performance under matched
conditions. CSTR and UASB data for real waste include food waste, brewery effluent, and lignocellulose
hydrolysate studies. EGSB real-waste data are predominantly from diluted or pretreated feeds.
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For MEC, three-dimensional graphite-felt and carbon-brush anodes deliver high spe-
cific surface area and have supported long-term biofilm activity in extended bench and pilot
scale operation, including studies reporting operation beyond 1000 h [27,42,63]. Recent
work on 3D-printed conductive anodes and electrospun carbon-fibre architectures has
reported improved anode-area-normalized current densities compared with flat electrodes.
Although reproducibility across reactor designs and laboratories remains an open ques-
tion [64]. Membrane choice (Nafion, anion-exchange, or membraneless single-chamber) is a
fundamental trade-off: membranes suppress hydrogen back-diffusion and methanogen con-
tamination but raise internal resistance and pH gradients; membraneless single-chamber
MECs maximise current density but lose H, to methanogens [27,28,42,63,65].

5.3. Inhibition and Intermediate Accumulation

Three intermediates dominate the inhibition landscape. Hydrogen partial pressure:
above ~10-20 kPa, NADH oxidation coupled to proton reduction (NADH + H* — NAD" + H,,
AG®’ = +18.1 kJ /mol) becomes thermodynamically unfavorable. This threshold is derived
from the Nernst equation at pH 7, 37 °C, and a physiological NADH/NAD"* ratio of
0.1-1.0; above this H, partial pressure, AG approaches zero and electron flow shifts toward
Hj-neutral products [66,67], and the community shifts toward Hj-neutral fermentation
products. Continuous gas sparging (CO, or N3), vacuum operation, or biogas recircula-
tion have been reported to reduce hydrogen partial pressure and improve DF hydrogen
yields, although the magnitude of improvement varies with substrate, reactor config-
uration, and operating pH [68,69]. VFA accumulation can inhibit DF when total VFA
concentrations reach approximately 5 g/L levels, particularly at pH values below ~5.0,
where undissociated acids more readily permeate cell membranes and disrupt intracellular
pH regulation [70]. Propionate accumulation is a particular problem for downstream MEC,
because Geobacter’s affinity for propionate is 5-10x lower than for acetate. Inoculation
with syntrophic propionate oxidizers (Syntrophobacter, Pelotomaculum) can mitigate this, but
these organisms are slow-growing [49,69-71].

5.4. Coupling to Wastewater Treatment and Renewable Electricity

Integration with municipal or industrial wastewater treatment is, in our view, the most
credible near-term deployment context for DF-MEC systems. WWTPs already operate
continuous high-strength fermentation reactors (primary and waste-activated sludge di-
gesters), already collect and burn biogas, and already have the regulatory and operational
framework for managing high-strength effluents. Co-locating a DF-MEC train on the
sludge stream of a 10*~10°> m®/d WWTP requires no new logistics chain and benefits from
existing personnel and electrical infrastructure [35,72,73].

Renewable-electricity coupling is essential, not optional. The life-cycle CO, advantage
of MEC hydrogen over steam methane reforming (SMR) is sensitive to the carbon intensity
of the input electricity: using grid electricity at 400 g CO,-eq/kWh erases most of the
life-cycle assessment (LCA) climate benefit. Escapa et al. found that at this carbon intensity,
integrated DF-MEC GWP rises from ~1.8 to ~5.2 kg CO,-eq/kg Hj, eliminating ~65-75%
of the renewable-electricity climate advantage. The crossover carbon intensity above which
DF-MEC offers no GWP advantage over SMR is approximately 220-280 g CO,/kWh,
corresponding to a wind-dominated grid [5]. Direct PV-MEC coupling with maximum
power point tracking has been demonstrated at bench scale [74]; battery-buffered PV /wind
systems are the realistic pathway for pilot-scale operation. Coordinating MEC operation
with diurnal renewable supply, rather than running it as a constant-load device, is an area
where neither the experimental nor the modelling literature is yet mature.
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Table 3 summarizes carbon and electron recovery across major standalone and inte-

grated biohydrogen configurations, including substrate type, Hy-pathway Carbon mobiliza-
tion recovery, residual COD, net energy recovery, and volumetric H; rate. Table 4 further

compares MEC-based integration strategies in terms of upstream feed, MEC role, reactor

configuration, applied voltage, dominant biota, performance indicators, carbon-recovery

advantage, limitations, TRL/scale, and key references.

Table 3. Carbon and electron recovery across integrated biohydrogen system configurations.

H,-Pathway Total Energy Residual .
Configuration Subsg?}{e)Type Carbon Carrier C COD les(t“]]a; er%,}l) ngtz eﬁ;‘:ﬁﬁfﬁﬁ?‘) References
Mobilization (%) Recovery (%) (%) RAL
Dark R OFMSW /food /
fermentation (DF) wasto 25-33 25-33 40-60 28-34 5-15 [12,15,43]
fermeﬂ‘a‘;fgn (PF) ° acetate/butyrate 60-80 60-80 20-40 35-50 0.5-3 [16]
MEC S acetate 40-60 40-60 5-15 60-80 0.5-10 [24,28]
MEC R DF effluent 3045 30-45 15-30 40-55 0.54 [30,37]
DEF-PF (2-stage) R food waste 40-55 40-55 15-35 45-60 2-8 [20,33,43]
DF-MEC R wheat straw /
(2-stage) cheese whey 55-70 55-70 5-12 60-75 3-12 [35,36]
Dlzfsfa‘ggfc S sucrose 65-80 65-80 <5 70-85 4-15 [44]
DF(_}II\;,[ES&;A b R sludge/OMSW 45601 70-85 <3 78-90 * variable [10,35]

S= synthetic substrate (glucose, acetate, or defined medium);

R

= real waste or wastewater. Hp-pathway carbon
mobilization values for synthetic substrates are typically 20-40% higher than for equivalent real-waste experiments
(Supplementary Table S1). * For the DE-MEC-AD hybrid configuration, ‘Total energy-carrier C recovery’ (70-85%)
includes carbon captured as CHy in the downstream anaerobic digestion stage; ‘Hy-pathway C mobilization”
(45-60%) counts Hp-coupled carbon only.
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Table 4. MEC integration strategies for enhanced biohydrogen production and carbon recovery.
. H,-Pathway C . Applied
Major TR Key Performance Dominant Electrode/ MEC Upstream Key
Category TRL/Scale Limitations Mobilization Indicators Biota Catalyst Voltage Configuration Role of MEC Feed/Process References
Advantage V)
H, yield:
Meth 5 o T mol/mol Carbon fel Single- or VFA polishi DF effluent
ethanogenesis residual COD hexose CE _ arbon felt ) polishing; effluent;
TRL 3-4; lab competition; from DF as (Coulombic goe?ﬁ?lcliﬁred or carbon (ci}?;r};lt?er' CEM electron VF%sﬁrodm
DFE-MEC tosmall pilot ~ cathodeinternal  additional Hy; efficiency): anode biofilm; ~ prushanode; 4, ¢ or AEM; recovery; carbonydrate- ;55 56 75
resistance at raises overall 50-80% rcat : ’ SSmesh/ : H, yield rich waste or
(<100 L). . : . mixed exoelec f biocathode : .
scale; propionate  C-to-H; from (cathodic Hp trocens Ni-foam/ option enhancement; lignocellulosic
recalcitrance. ~30% (Dl; alone) recovery): gens. biocathode. a\}jailable COD removal. hydrolysate.
to 55-70%. 60-90% COD :
removal: 80-92%
Limited Recovers
literature base; Bypasses PF Combined Mixed Carbon cloth Dhoﬁll)e_r MEC electrons PF spent
TRL 2-3: lab PF effluent light-saturation H; yield: PNS-derived or carbon Svi?h A%M' from VFAs broth or PF
PE-MEC scaleonl can carry ceiling; recovers 5-7 mol/mol consor- felt anode; 0.3-0.6 cometimes unconsumed by effluent rich in [16,20]
Y- phototrophic residual VFA HAc. COD tia + Geobacter biocathode photo- PF; suppresses residual acetate
biomass that carbon as H,. removal: 70-88%. atanode. or SS. hssisted photon-limited and butyrate.
fouls the anode. ’ dead-end.
. DF effluent
High capital Sequential ) ) split:
Approaches or parallel Polishes propi- Pt .
TRL 2-3: 22&;?§ﬁ01, theoretical Total H yield: Geobacter + Carbon brush arrangement; onate/butyrate light-fraction
DF-PF- lab/be néh mostl ber}‘iéh maximum of 7-9 mol/mol syntr.ophic anode; 04-0.6 MEC not efficiently VF?}? directed [10,44,76]
MEC y 12 mol H, /mol hexose. Residual ~ propionate biocathode or e commonly used by PF; to PF;. R
scale. scale; PF hexose; carbon COD: <5% oxidizers SS mesh doubl ; - recalcitrant
productivity recovery 65-80% o . . cl?;m];:r alchleves e fraction
productivit y . AT electron capture. ?Oirls/f]gecd
.. Recovers Hj
+v.  Maximizes total Geobacter ; i
TRL 4-5; pilot ggxi;gﬁaggﬁty' energy recovery H, + CHy yield at anode; ) S}ﬂi %_er gggt}rg;agool;
DF-MEC— demonstra- required; (Hp + CHy) combined. Total Methanosaeta/ ~ Graphite brush MEC + down-  downstream DF effluent —
.emonstra L rather than H, energy recovery:  Methanobac- anode; SS or 0.3-0.6 o MEC — ADon  [35,73,77]
AD tions additional lone: 75-98%. COD terium i biocathod stream UASB AD captures idual COD
(<500 L). digester alone; meets —90%. erium in iocathode. or CSTR residual residua .
= capital cost waste-treatment removal: >90%. i(]):)wnsltream digester recalcitrant
: COD compliance. only. )
COD as CH4
. Couples MEC
nghtt s?PtP b’ carbon, CO,,and  Algal productivity: CO; from MEC  MEC effluent
;?g;l—rﬁgétzlr ial nutrient (?Ll’prItS 0.05-0.2 g/L/d. Geobacter; Carbon felt Membraneless  anode + nutri- (low-COD,
MEC- TRL 2-3; lab cross- to algal biomass Nutrient removal: ~ Chlorella/ anode: SS or 0.4-0.6 or two-chamber  ents drive NH,* /PO, - [9,73]
Microalgae scale only. contamination: that feeds back to ~ 80-95%. H, yield  Scenedesmus biocathode A MEC + open algal growth; rich) fed to ’
4 i i in PBR. : tubular PBR.  algal biomass hotobioreac-
PBR scale-up DF, tightening comparable to m or 8 P
challenges. the internal DF-MEC. recycled to DF. tor (PBR).

C-N loop.
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Table 4. Cont.
. H,-Pathway C . Applied
Major TR Key Performance Dominant Electrode/ MEC Upstream Key
Category TRL/Scale Limitations I\/K)C}"gﬁf;ézn Indicators Biota Catalyst Vo(l‘t]a;ge Configuration Role of MEC Feed/Process References
. LCA carbon
Intermittent Eliminates intensity: Single- or Couples MEC
MEC voltage indirect grid 15-3 k Low-cost & applied voltage  DF
" TRL 2-3; lab; se emissions; . J Geobacter- OW-CoS double- to PV /wind effluent + low-
Renewable : destabilizes COs-eq/kg Hy. X biocathode chamber: ]
Electricit modelling at biofilm; requires ~ Proocrves the H, vield dominated referred; 0.2-0.6 int ted output via carbon [2,39,74]
s pilot scale. ", req carbon advantage 2yle anode biofilm. P ! mlegrate MPPT: enables renewable
(PV/Wind) buffering battery : comparable to Pt-free. DC-DC ’ : ;o
or capacitor. of waste-derived ; converter. load-following electricity.
p : H, production. %/Ezdc-powered ’ operation.
Low product Double- Recovers CO,
titres; Closes the carbon ~ Acetate Sporomusa chamber instead of COé1 fromt}]?Fdi
MEC-CO. competition loop on CO, productivity: ovata; Carbon felt bioelectro- venting; g?e(z: treo; gz;c)a ; _c
Capture /2 TRL 2-3; lab from H, streams that DF 0.1-1g/L/d. Clostridium af“;’g € 0.6-1.0 chemical cell; switches etate/ formate [41,78,79]
MES scale only. evolution at and the MEC Partial Hp ljungdahlii; ggoca thode (cathodic)  Sporomusa- or between H, via microbial e
czflth.ode; cathode anode would co-production mixed : Clostridium- production electrosynthe-
biofilm otherwise vent. possible. acetogens. type and CO, sis (MES)
management. biocathode. reduction modes. '

Abbreviations: DF, dark fermentation; PF, photo-fermentation; MEC, microbial electrolysis cell; AD, anaerobic digestion; MES, microbial electrosynthesis; PBR, photobioreactor;
CEM/AEM, cation/anion exchange membrane; CE, Coulombic efficiency; rcat, cathodic hydrogen recovery; SS, stainless steel; RVC, reticulated vitreous carbon; PV, photovoltaic; MPPT,
maximum power point tracking; TRL, Technology Readiness Level; COD, Chemical Oxygen Demand; UASB, Upflow Anaerobic Sludge Blanket reactor; CSTR, Continuous Stirred Tank
Reactor (CSTR). Performance ranges are author-compiled from cited literature; values for synthetic substrates are typically 20-40% higher than for real wastes.
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6. Techno-Economic and Environmental Sustainability Assessment
6.1. Net Energy Balance

Reported net energy balances (NEB) for biohydrogen systems span 0.6 to 4.5, a range
so wide that it is more diagnostic of accounting choices than of underlying technology
performance [80]. Three categories of input are routinely under-counted in lab-scale studies:
(i) pretreatment energy on lignocellulosic feedstocks, which can equal 30-60% of feedstock
lower heating value (LHV); (ii) inter-stage pumping, heating and pH adjustment in multi-
stage systems; (iii) gas separation and compression of the H, product to delivery pressure
(typically 350 or 700 bar), which adds 5-15% of H, LHV. Comprehensive auditing that
includes these inputs typically reduces reported NEB by 20-40%, consistent across three
independent system-boundary analyses: Rittmann & Herwig found a 23% reduction when
pretreatment was included; Escapa et al. found 18-38% reduction when compression was
added; and Kadier et al. found 30-43% reduction for DF-MEC systems when inter-stage
transfer and pH adjustment were costed [4,5,81]. We urge that future studies report NEB
with and without these auxiliary inputs, with explicit boundary definition [35,52,73]).

6.2. Levelised Cost of Hydrogen (LCOH)

Published LCOH estimates for integrated biohydrogen systems span approximately
US$2.5-9/kg H; (2023 USD; system boundary: pretreatment + DF reactor + MEC stack + gas
upgrading + compression to 200 bar; capital amortized over 20 years at 7% discount
rate; feedstock transport <50 km). Disaggregated by configuration: DF-only US$5-9/kg
H,; DE-MEC US$3-6/kg Hy; DF-MEC-AD US$2.54.5/kg H; [43,82]. For compari-
son, current LCOH benchmarks are approximately US$1.5-2.5/kg for SMR (no carbon
price), US$3.5-6.0/kg for renewable electrolysis at typical 2024 electricity prices, and
US$1.5-4.0/kg for SMR with carbon [1,9]. Waste-fed DF-MEC systems with tipping fee
credits fall in the US$3-5.5/kg range, broadly competitive with renewable electrolysis
under favourable feedstock contracts. Sensitivity analyses converge on three dominant
variables: feedstock cost (or tipping fee credit), MEC electrode capital cost, and renew-
able electricity price. A US$30/t tipping fee for food waste reduces DF-MEC LCOH by
approximately US$1.2-1.8/kg Hy, calculated as: assuming 10 t/d food waste, H; yield
60 NmL/g VS (VS = 85% wet mass), MEC CE 65%, daily Hy ~ 45 kg; tipping revenue
US$300/d + 45 kg Hy /d = US$6.67 / kg gross credit; After applying a 0.90 capacity factor
and allocating only 20-30% of the gross tipping-fee revenue to the H, product, with the
remaining value assigned to waste-treatment service, residue management, and coproduct
functions, the effective LCOH reduction is approximately US$1.2-1.8/kg Hj. [43,75].

6.3. Life-Cycle Assessment

Recent LCAs of waste-fed biological hydrogen systems report GWP values substan-
tially below conventional SMR (9-11 kg CO,-eq/kg Hy). For two-stage DF—AD on food
waste, attributional-boundary GWP is approximately 2.48 kg CO,-eq/kg H,, with the
H, purification step identified as the dominant emission source. For DF-AD on coffee
manufacturing wastewater under thermophilic and mesophilic conditions, Boshagh et al.
report a system-level GWP of 0.79 kg CO;-eq/kg H, a lower value reflecting favorable
feedstock chemistry and coproduct credit from the AD stage [77]. For synthetic substrate or
grid-electricity MEC scenarios, GWP rises to 2.5-4.0 kg CO,-eq/kg Hy [73,75]. All values
are attributional-boundary estimates. This advantage depends critically on a method-
ological choice, whether the avoided emissions from landfilling or composting the waste
are credited to the biohydrogen system (system-expansion/consequential approach) or
excluded (attributional approach). Under an attributional boundary, biohydrogen GWP
rises to 3-6 kg CO-eq kg !, still below SMR but no longer dominant over renewable elec-
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trolysis. We recommend that LCA studies of biohydrogen always report results under both
boundary conventions. To our knowledge, no published study of an integrated DF-MEC
system has simultaneously reported both attributional (ALCA) and consequential (CLCA)
results, a critical methodological gap, since ALCA and CLCA values for waste-derived
hydrogen can diverge by 30-70% due to system-expansion effects. Future studies could
follow the comparative ALCA/CLCA framework applied to anaerobic digestion, directly
adaptable to biohydrogen systems [73,75,77,83,84].

6.4. Technology Readiness Level (TRL)

Honest TRL assessment is essential because overstated readiness misallocates research
funding. We assign the following: Standalone DF has reached TRL 6-7, with several
pilot-scale systems (100~1000 m®) operating on real food waste and organic municipal solid
waste feedstocks reported in the literature and grey literature over the past decade. These
installations satisfy TRL 6 criteria, defined as a system prototype demonstrated in a relevant
operational environment [51,85,86]; standalone PF, TRL 3-5 (no sustained pilot >10 m3) ;
standalone MEC, TRL 4-5 the largest sustained MEC pilot reported in the peer-reviewed
literature remains the ~1000 L unit at Newcastle University (UK), which operated on do-
mestic wastewater for >100 days with sustained H, production [28,87]; DF-MEC, TRL 3—4
(multiple lab and bench-scale demonstrations, no robust pilot); three-stage configurations,
TRL 2-3. The valley between TRL 4 and TRL 7, typically requiring US$10-50 M per pi-
lot per configuration, is the principal obstacle to commercial deployment, and is poorly
served by current funding mechanisms that favor either lab-scale (TRL 1-3) or commercial
demonstration (TRL 7+) [30].

7. Research Gaps and Barriers
7.1. Persistent Technical Barriers

Four technical barriers continue to set the practical ceiling on integrated biohydrogen
performance. (a) Volumetric productivity. Both DF (0.5-5 L Hy/L/h on real wastes) and
MEC (0.5-10 mmol H; /L/h) sit one to two orders of magnitude below the ~50 L Hp /L/h
benchmark for cost-competitive commercial operation derived from economic modelling
at a wholesale H; price of US$2-3/kg, subsequently confirmed by Hallenbeck [88,89].
The biological ceiling is set by hydrogenase turnover and biofilm electron-transfer kinet-
ics, which are difficult to engineer past without genetic modification. (b) Real-waste vs.
synthetic-substrate gap. MEC CE on synthetic acetate routinely reaches 80%; on real DF
effluents from food waste or lignocellulose hydrolysates, CE typically falls to 40-60% due
to inhibitor presence, particle fouling, and competing fermentation in the anode cham-
ber. (c) Methanogen control at long operating times. Even with periodic air sparging
or 2-bromoethanesulfonate (BES) dosing, methanogens recolonize MEC reactors within
2-6 months at pilot scale, eroding rcat by 20-40%. No published study, to our knowledge,
demonstrates >12 months of sustained methanogen suppression at >100 L scale on real
effluent. To verify this, we searched Web of Science and Scopus using: (methanogen* OR
methanogenesis OR ‘archaeal suppression”) AND (dark fermentation OR biohydrogen
OR ‘microbial electrolysis’) AND (pilot* OR “>100 L" OR continuous). (d) Ohmic and
pH-gradient scaling. At electrode separations > 5 cm and current densities approaching
commercial relevance, pH gradients between anode (acidifying) and cathode (alkalinifying)
develop on a timescale of hours, requiring active control or membrane buffering that adds
capital and energy [30,37].

https://doi.org/10.3390/en19133152


https://doi.org/10.3390/en19133152

Energies 2026, 19, 3152

17 of 25

7.2. The Need for Standardised Carbon and Electron Recovery Metrics

A second class of barrier to integrated biohydrogen research is methodological. Lit-
erature uses inconsistent reporting conventions that make cross-study comparison and
meta-analysis unreliable. Nowhere is this more apparent than in the treatment of carbon
mass balance: while hydrogen yield is almost universally reported, the ultimate fate of the
remaining 40-75% of feedstock carbon is rarely quantified. This section proposes a stan-
dardized minimum reporting set and demonstrates, using studies already reviewed here,
how the literature would look different if these metrics had been systematically applied.

7.2.1. The Ten Proposed Reporting Descriptors

We recommend that any integrated biohydrogen study report at a minimum the
following ten descriptors, which together enable both carbon-flow-based and life-cycle
comparison across configurations:

e MI1—Hj; yield per mol hexose (or per g hexose-equivalent COD), distinguishing
theoretical ceiling from experimentally measured value on the actual feedstock.

e M2—Hj; yield per g COD removed at the system boundary, for waste-treatment-
context studies.

e  M3—Coulombic efficiency (CE) for any bioelectrochemical stage, reported as system-
level CE (not anode-only), with the hydraulic integration window stated explicitly
(>10 HRT at steady state).

e  M4—Cathodic hydrogen recovery (rcat) measured directly by gas volume and compo-
sition, not inferred from CE alone.

e  Mb5—Overall H; recovery rH; = CE x rcat for bioelectrochemical stages, integrating
both efficiencies into a single system-level descriptor.

e  M6—H;)-pathway carbon mobilization, defined as the fraction of input organic carbon
passing through decarboxylation or oxidation reactions directly coupled to H; evolu-
tion. This metric is mechanistically distinct from COD removal (see Section 2.4 and
footnote to Table 1).

o  M7—Residual COD fraction (effluent COD/influent COD) at the system boundary.

e  MS8—Net energy recovery (NEB) = recovered H, LHV /total energy input, with aux-
iliary inputs (pretreatment, inter-stage pumping, pH adjustment, gas separation,
compression to delivery pressure) explicitly listed and the system boundary defined.

e  M9—Specific electrical input per m® Hy (kWh/m?) for any stage consuming grid or
renewable electricity.

e  MI10—LCA carbon intensity (kg CO,-eq/kg Hy), reported under both attributional
(ALCA) and consequential (CLCA) boundaries, with the carbon intensity of input
electricity stated.

We further recommend that any integrated-biohydrogen study include a closed car-
bon mass balance for the full system train input C — Hj-equivalent CO, + residual VFA
carbon + biomass carbon + unaccounted with the unaccounted fraction reported transpar-
ently rather than absorbed into rounding. Studies that do not close the balance to within
+10% should justify the gap. The £10% tolerance reflects realistic combined measurement
uncertainty in biogas volume (£3-5%), COD analysis (£2-4%), VS determination (£3-5%),
and VFA quantification (£2-4%); propagated through a six-component balance this yields
£8-12%, making +10% a non-trivial but achievable target [90].

7.2.2. How the Literature Looks Under the Proposed Framework

To demonstrate that the proposed framework is not merely aspirational and to address
the concern that standardized metrics have not been applied to any existing study in this
review, we applied all ten descriptors retrospectively to seven studies already cited and
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discussed in Sections 2—-6. The studies were selected to span the range of system config-
urations reviewed: standalone DF [12,48], pilot-scale MEC [30,87], pioneering DF-MEC
integration [31], and more recent two-stage DF-MEC on real wastes [5,36,43]. The results
are summarized in Supplementary Table 53, which shows for each study which of the ten
descriptors are reported, which are derivable by unit conversion from reported data, and
which are absent.

Three findings emerge from this retrospective exercise.

First, no study in the dataset reports all ten descriptors. The most complete study, a
two-stage DF-MEC system on real cheese whey and wheat straw, reports or permits the
derivation of eight of ten metrics [43]. The least complete Ghimire et al., a standalone DF
review that is nonetheless widely cited as a benchmark, reports or permits the derivation
of only three [12]. This is not a criticism of these studies, which were not designed against
this framework; it is a demonstration that the field has no shared reporting standard, and
that the gap is real and large.

We acknowledge that LCA-boundary reporting (M10) represents a more significant
addition for laboratory studies, as it requires life-cycle inventory data outside the scope
of most reactor-focused papers. We suggest that M10 be treated as mandatory for papers
making explicit sustainability claims, and optional-but-encouraged for mechanistic and per-
formance studies. The other nine metrics should be considered the minimum standard for
any integrated-biohydrogen study, regardless of scope. Table S2 (Supplementary Material)
provides a blank fillable template for future studies.

7.3. Hidden Energy Inputs and the Credibility of NEB Claims

As discussed in Section 6.1, lab-scale NEB values frequently exclude pretreatment,
inter-stage transfer, gas separation, and product compression. Standardization of NEB
boundaries, analogous to the harmonized guidelines that exist for biomethane potential and
MEC reporting, would materially improve the comparability of integrated-biohydrogen
studies and the credibility of TEA derived from them.

8. Future Perspectives

Several near- and medium-term directions appear tractable on a 5-10 year horizon.

8.1. Biorefinery Co-Location

The economics of integrated biohydrogen improve substantially when Hj is one of
several products from a shared feedstock, the cascade-valorization logic of the biorefinery.
VFAs as bioplastic precursors, digestate as biofertilizer, CO, as feedstock for microalgal
biomass, and biomethane from residual COD all share infrastructure with the H, train. The
most plausible commercial deployment of DF-MEC, in our view, is as a module within an
existing or planned biorefinery rather than as a stand-alone hydrogen plant [9].

8.2. Carbon Capture and Microbial Electrosynthesis Coupling

CO; co-produced by DF and at the MEC anode is currently vented. Coupling with
biological methanation (4 H, + CO, — CHy + 2 H,O via hydrogenotrophic methanogens),
microalgal CO; fixation, or microbial electrosynthesis (MES, in which a biocathode reduces
CO;, to acetate or formate) extends the carbon loop one step further. MES in particular is
interesting because the same hardware can, in principle, alternate between H;, production
and CO, reduction modes depending on renewable-electricity availability, a load-following
capability that pure biological systems cannot offer [78,79]. Performance benchmarks
for MES from pure CO, feeds acetate productivity 0.78-1.33 g/L/d, Faradaic efficiency
68-86% [78,79]. On real-waste CO, streams (containing H,S, NHj, particulates), acetate
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productivity fell to 0.31-0.52 g/L/d (40-60% reduction) and stability beyond 30 days was
not demonstrated [78,91].

8.3. Digital Control and Al-Assisted Optimisation

Process control of mixed-culture biological reactors has historically been crude, with
pH, temperature, and HRT, because reliable in-line probes for VFA composition or biofilm
activity have not existed. Machine learning in biological hydrogen systems can be divided
into demonstrated and projected capabilities.

DEMONSTRATED: ANN-based H; yield prediction validated for standalone DF,
achieving R? > 0.92 for glucose-fed reactors. LSTM sequence models applied to biogas
yield prediction in AD transferable methodology for DF [92-94].

PROJECTED (not yet published for integrated DF-MEC systems): real-time soft-
sensor VFA controllers; reinforcement-learning voltage optimizers for MEC; digital twins
calibrated against continuous online data. These are credible 5-year directions, not current
capabilities. Digital twins of pilot installations, calibrated against continuous online data,
would further compress the TRL 4-7 valley [95].

8.4. Modular, Decentralised Deployment

The conventional model of a large central plant may not be the right one. Container-
ized DF-MEC modules at the 10-100 kg Hy/d scale, designed for siting at agricultural
co-operatives, food-processing facilities, or remote communities, sidestep both feedstock-
transport cost and the centralized-pilot-funding bottleneck. Engineering feasibility data at
this scale are not yet published for DF-MEC. Closest analogues: commercial containerized
AD units (capital ~US$800-2000/m? reactor volume) and the modular MEC cost projection

2 membrane at manufac-

of Rozendal et al., which estimated 5-10x cost reduction per m
turing scale vs. lab fabrication. A full engineering design study for integrated DF-MEC
modules is identified as a high-priority research need (Section 7.1). Early candidate mar-
kets include Southeast Asian palm-oil mill effluent, Latin American distillery stillage, and

high-energy-price islands [27].

8.5. Policy and Certification

Hydrogen certification schemes (CertifHy, EU RENBO criteria) currently treat all H;
below a threshold carbon intensity as equivalent. Differentiating waste-derived hydrogen,
which delivers both energy and waste-management services through enhanced certification
or renewable-fuel credits, would meaningfully improve project economics, particularly for
feedstocks with tipping-fee value. A US$50/t CO; price reduces DF-MEC LCOH by approx-
imately US$0.4-0.5/kg Hj, calculated as: DF-MEC GWP (renewable electricity) ~ 1.8 kg
CO,-eq/kg Hy vs. SMR ~ 9.6 kg CO;-eq/kg Hy; avoided emissions = 7.8 kg CO,-eq/kg
Hj; at US$50/t — US$0.39/kg H; carbon credit. The range US$0.4-0.5/kg H; reflects
uncertainty in SMR baseline carbon intensity (8.5-10.5 kg CO;-eq/kg Hj) across published
LCAs [96].

9. Limitation

This review has the following deliberate scope limitations: Thermophilic dark fer-
mentation (>50 °C) was excluded. Thermophilic DF can achieve higher H, rates and
reduced methanogenesis, but the pilot-scale literature is substantially smaller, and thermal
integration with mesophilic MEC stages introduces complexity outside our scope (see
Ghimire et al., for a dedicated treatment) [12]. Photobiological H; systems beyond PNS
photo-fermentation, specifically green algal direct and indirect biophotolysis, were ex-
cluded. Their electron donors, light wavelength requirements, and reactor engineering are
fundamentally distinct from PNS-based PF and warrant separate comparative treatment.
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The literature search covers publications until April 2026. Preprints not yet peer-reviewed
and non-English papers were excluded.

10. Conclusions

Reframed around carbon and electron flow rather than hydrogen yield alone, the
comparative case for integrated biohydrogen becomes more concrete and, in some places,
more sober than the existing literature suggests. First, no single technology, DF, PF, or
MEC converts more than half of feedstock carbon to H, on real wastes. Standalone DF,
despite its TRL advantage, recovers only 25-33%; PF and MEC have higher per-pass
efficiencies but cannot operate without DF supplying their substrate. Second, DF-MEC
coupling is the most industrially tractable near-term integration. It captures the residual
VFA pool that DF cannot oxidize, raises overall Hy-pathway Carbon mobilization recovery
to 55-70%, achieves 80-92% COD removal, requires modest electrical input (well below
water electrolysis on a per-m3-H basis), and operates 24 /7 without the photon-economics
constraints of PF. The principal obstacles to methanogen control, internal resistance at scale,
and cathode catalyst cost are engineering problems, not fundamental ones, and recent
biocathode developments suggest a credible cost-reduction trajectory.

Third, multi-stage systems (DF-PF-MEC, DF-MEC-AD) push carbon recovery above
70% in lab demonstrations but face a poor capital-vs-incremental-yield ratio that currently
restricts their economic case to high-tipping-fee waste contexts. DF-MEC-AD, which prior-
itizes total energy recovery (H; + CHy) over H; alone, is in our view the most economically
defensible three-stage variant for waste-treatment applications. Fourth, the path from
current TRL 34 to commercial deployment is gated by the absence of robust 1000-10,000 L
pilot data on real wastes, by inconsistent and frequently incomplete carbon and energy
accounting in the published literature, and by funding mechanisms that under-serve the
TRL 4-7 valley. The standardized reporting set proposed in Section 7.2 is intended to
address the second of these gaps directly. Fifth, the research priorities we believe are most
worth pursuing on a 5-10 year horizon are: (i) sustained pilot-scale (>1000 L) demonstra-
tion of DF-MEC on at least two real wastes with complete carbon and energy balances;
(ii) durable methanogenesis suppression strategies validated for >12 months continuous
operation; (iii) low-cost, low-resistance biocathodes; (iv) integration with renewable elec-
tricity through MPPT-based control; and (v) adoption of the ten standardized reporting
descriptors proposed in Section 7.2, particularly closed carbon mass balance within +10%
and explicit distinction of Hp-pathway carbon mobilization from COD removal.

Integrated biohydrogen is unlikely to become the dominant route to green hydrogen;
that role probably belongs to renewable electrolysis. But for waste-rich, dispersed, or high-
tipping-fee contexts, integrated DF-MEC systems are credible and increasingly defensible.
The honest assessment is that the technology is closer to commercial deployment than the
standalone-DF debates of the 2000s suggested, but further away than recent promotional
reviews imply. Closing that gap is the work of the next decade.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/en19133152 /51, Table S1: Comparison of H, pathway
carbon mobilization on synthetic vs. real waste substrate across matched reactor conditions;
Table S2: Standardized reporting template for integrated biohydrogen studies, ten descriptor frame-
work with illustrative values; Table S3: Retrospective application of the ten proposed standardized
reporting metrics (M1-M10) to seven studies reviewed in the main manuscript. Study selection spans
all major system configurations: standalone DF, pilot-scale MEC, and two-stage DF-MEC integration
on both synthetic and real-waste feedstocks (Table S3a: Metric definitions; Table S3b: Checkmark
matrix metrics reported by each study).
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