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The integration of the dark fermentation process into existing anaerobic digestion plants, leading to the
implementation of two stage processes, may enable the sequential recovery of biohydrogen and biomethane from
agricultural residues. This study evaluated semi-continuous dark fermentation of cattle manure, corn residue,
and soybean residue at hydraulic retention times of 3-10 days, including co-fermentation and digestate recir-
culation strategies. Cattle manure did not support stable biohydrogen production under the tested conditions,
producing no detectable hydrogen and rapidly shifting towards methanogenesis. CR showed only transient
biohydrogen peaks, followed by process instability associated with pH decrease, nutrient limitation, and
methanogenic competition. Soybean residue supported stable hydrogen production at HRT 3d, reaching 4.7
NmLH,/gVS. The best performance was obtained by soybean/CR co-fermentation, which achieved 12.4 NmLH,/
gVs, 67.8 NmLgas/gVS, and 0.32 gCODVFA/gVS. VFA production was strongly substrate-dependent, with CR at
HRT 7 d reaching the highest VFA yield among single-substrate trials. Biomethane potential tests showed that
fermented effluents retained relevant residual energy potential, with fermented CR increasing biomethane re-
covery by up to 34% compared with the untreated substrate. Overall, the results demonstrate that substrate
selection and nutrients balance are key factors for implementing two-stage anaerobic digestion of agricultural
residues.

1. Introduction

Currently, more than 83,000 agricultural farms are operating in
Italy. These farms are the backbone of Italy's renowned food industry but
also generate substantial quantities of agricultural residues [1]. Specif-
ically, Italian agricultural by-products amount to 18.6 Mt/year of dry
vegetal waste (e.g., straws, prunings, and peels) and 103.2 Mt/year of
manure and animal slurries [2]. Among these agrowaste, cattle manure
(CM) and corn residue (CR) are prominent due to their widespread
availability. This situation is common throughout the European Union,
where corn and milk production reach 60.0 Mt/year and 151.0 Mt/year,
respectively [3]. These residues, like most of agricultural by-products,

are lignocellulosic in nature, which makes them inherently resistant to
biodegradation. CM, for instance, contains 11.3%-26.0% hemicellulose,
3.6%-11.2% lignin, and 13.9%-26.6% cellulose [4], while CR comprises
21.4%-26.9% hemicellulose, 17.2%-21.3% lignin, and 30.1%-39.6%
cellulose [5].

Some sustainable processes to valorize agricultural waste are com-
posting and AD. Composting recovers carbon and nutrients in the form
of compost, a valuable soil improver, while AD generates biogas and
nutrient-rich digestate containing nitrogen (N) and phosphorus (P).
Currently, Europe operates 20,800 AD plants, 1322 of which are
equipped for biogas upgrading to biomethane [6]. Of these plants, 82%
utilize agricultural feedstocks [7].

Abbreviations: AD, Anaerobic Digestion; BMP, BioMethanation Potential; CM, Cattle Manure; COD, Chemical Oxygen Demand; CR, Corn Residue; DF, Dark
Fermentation; HRT, Hydraulic Retention Time; OLR, Organic Loading Rate; PM, Particulate Matter; SGP, Specific Gas Production; SHP, Specific Hydrogen Pro-
duction; SMP, Specific Methane Production; SR, Soybean Residue; TAN, Total Ammonia Nitrogen; TKN, Total Kjeldahl Nitrogen; TS, Total Solids; TSAD, Two Stage
Anaerobic Digestion; VFAs, Volatile Fatty Acids; VS, Volatile Solids; vl, Laminar burning Velocity.
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While, the performance of the methanogenic stage is strongly
affected by substrate composition, biodegradability, feeding regime,
organic loading rate, pH stability, ammonia concentration, and the
balance between acetoclastic and hydrogenotrophic methanogens. Pre-
treatment strategies may enhance substrate hydrolysis and improve
methane recovery, particularly when recalcitrant organic matrices are
treated [8]. Feeding regimes can also shape the methanogenic commu-
nity by selectively enriching specific functional groups, while fluctua-
tions in substrate composition may affect process stability and methane
productivity. Therefore, when DF is proposed as the first step of a
two-stage AD process, the residual biomethane potential of the fer-
mented effluents must be evaluated together with biohydrogen pro-
duction, since the VFA profile and the remaining biodegradable organic
matter determine the effectiveness of the downstream methanogenic
conversion ([9]).

While the biohydrogen yield from TSAD cannot compete with the
efficiency of water electrolysis powered by renewable energy, it offers a
pathway to partially decarbonize the existing gas grid. Biohythane, a
mixture of 2%-30% biohydrogen and methane, can be injected into
European pipelines (Fig. 1), provided it meets each country's hydrogen
tolerance levels around but not exceeding 20% [10] as higher concen-
trations are currently unfeasible due to pipeline limitations, including
risks of accidental leaks that could create explosive atmospheres [11].

Although TSAD has yet to reach full-scale implementation, pilot
studies have reported promising results. For example, biohydrogen
yields of 99.0 NmLH,/gVS were achieved using rotten fruits, potato
residues, and livestock effluents [12], about 286.4 NmLH5/gVS from
reducing sugars [13]. However, data on biohydrogen production from
recalcitrant substrates, such as lignocellulosic materials, remain limited
in literature.

This study aimed to assess the efficiency of TSAD in bio-converting
agricultural residues feedstock into biohydrogen. In specific, soybean
meal residue (SR), a nitrogen rich by-product, was evaluated as a po-
tential feedstock to optimize the carbon-nitrogen ratio in the reaction
medium, increasing the performance of the process. Compared with
previous contributions published in Renewable Energy on biologically
produced hydrogen and methane for gas-grid decarbonization, this
study provides original experimental evidence on the semi-continuous
dark fermentation of real agricultural residues. The novelty of the
work lies in the substrate-specific evaluation of recalcitrant feedstocks
commonly available in agricultural AD plants, combining HRT
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optimization, co-fermentation, digestate recirculation, VFA production,
microbial community assessment, and residual biomethane potential.
This approach allows the identification of practical opportunities and
limitations for implementing two-stage anaerobic digestion in existing
agricultural biogas plants.

2. Materials and methods

The experimental architecture of this work consisted in the following
steps: i) Feedstocks and Inoculum Characterization, ii) Semi-continuous
Dark Fermentation (DF) Tests, iii) Metagenomic analysis of the fer-
mented effluents and iv) Biomethane Potential (BMP) Tests for un-
treated and fermented feedstocks.

2.1. Feedstocks and Inoculum characterization

CM, CR, and SR were sourced from the “Cooperativa Agricola Zoo-
tecnica La Torre,” an agricultural enterprise in Isola della Scala (VR),
Italy. This facility utilizes animal and crop by-products for biogas pro-
duction in a 999 kW AD plant. No specific pre-treatment, such as heat
shock, chemical inhibition, or acidification, was applied to the inoculum
to selectively suppress methanogenic microorganisms. The use of 2 mm-
filtered digestate was selected to evaluate the process under conditions
closer to the possible integration of DF into existing agricultural
anaerobic digestion plants.

The agricultural residues and digestate were characterized in tripli-
cate following IRSA-CNR standard methods [14]. The parameters were
analyzed in triplicate in terms of Total Solids (TS), Volatile Solids (VS),
Chemical Oxygen Demand (COD) abd Total Kjeldahl Nitrogen (TKN).
Table 1 summarizes the characteristics of the substrates and inoculum.

2.2. Semi-continuous dark fermentation tests

Fermentation tests were carried out in 1L glass reactors (Duran®)
with a working volume of 0.8 L. They were equipped with an orbital
shaker operating at 130 rpm. The reactors were inoculated with 2 mm
filtered digestate to ensure acidogens and methanogens, and the pH was
adjusted to 6.5-7.0 using hydrochloric acid (37% w/w).

Daily, the reactors were opened to collect the output and add the
substrate, promoting the “Venting” effect and thus reducing the partial
pressure of the hydrogen, which can restrict biohydrogen production
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Fig. 1. Graphical representation of the potential integration of the TSAD process into the existing methane and hydrogen production chain.
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Table 1
Inoculum and Substrates characterization in terms of TS, VS, COD, TKN, TAN, and C/
N ratio.
TS VS COD TKN C/N
% % gCOD/KgTS  gN/KgTS -
Digestate 6.3£0.0  3.7+0.0 412+0.3 187.3+£11.6 2.2
(Inoculum)
CM 17.4+1.4 153+1.2  763+78.7 83.9+4.9 9.1
CR 33.744.6 31.744.7  772+125.9 5.6+1.0 137.2
SR 88.0£0.2 81.740.3  912+22.2 310.8+12.5 2.9

[15,16]. The reactors were maintained in a thermostatic cabinet set at
38°C, in order to operate under mesophilic conditions commonly
applied in agricultural AD plants and to ensure consistency with the
downstream methanogenic stage. The pH was monitored and adjusted
daily between 5.5 and 6.5 using sodium hydroxide or hydrochloric acid.

Each semi-continuous fermentation test was operated for at least
three times the selected HRT, corresponding to at least three theoretical
reactor turnovers. This duration was selected to assess the evolution of
the process under each operating condition and to determine whether
the system reached stable acidogenic state or shifted towards meth-
anogenic activity. Consequently, tests performed at longer HRTs had
longer overall durations.

VFAs were quantified to track the process performance and potential
inhibition events (Equation (1)). Gas samples were collected in gas bags
for analysis of composition and volume, which were used to calculate
the Specific Gas Production (SGP) and Specific Hydrogen Production
(SHP) (Equations (2) and (3)):

VEAS Vield 8CODviss \ _ total VFAs produced in COD terms (gCODyzy;)
gvs total VS added as substrate (gVS)
@
SGp NmL Gas\ _total gas produced (NmL Gas) )
gvs " total VS added as substrate (gVS)
SHP NmL H,\ _ total hydrogen produced (NmL H,) 3)
gVS ) total VS added as substrate (gVS)
Table 2

Summary of the trials'feedstock, HRT, OLR, Co-fermentation, and Recirculation
Ratio.

Feedstock  HRT OLR (gCOD/ Co-fermentation Recirculation
@ Lxd) Ratio (*) Ratio (°)
CM 3 12.73 -
3 12.75 80% VS CR
7 6.25 -
10 4.37
CR 3 12.87 -
3 12.87 - 86%
3 12.42 50% VS SR -
5 7.72 -
7 5.52
SR 3 11.98

Semi-continuous tests were conducted with varying HRTs, OLR, co-
fermentation ratios, and digestate recirculation, as shown in Table 2.
The selected HRT values were chosen to investigate the balance between
acidogenic activity, substrate hydrolysis, and the possible onset of
methanogenesis under semi-continuous conditions. An HRT of 3 days
was used as the shortest condition tested, with the aim of facilitating DF
and limiting the growth of slower methanogenic populations. Longer
HRTs were selected according to substrate characteristics: 7 and 10 days
were tested for cattle manure due to its recalcitrant lignocellulosic na-
ture, while 5 and 7 days were tested for CR to evaluate whether a
moderate increase in residence time could improve hydrolysis and VFA
production. Soybean residue was tested at HRT 3 days because of its
higher nitrogen content and expected higher fermentability, both as
single substrate and in co-fermentation with CR.

As shown in Fig. 2, a CR fermentation test operated at an HRT of 3
days was coupled with a digestate recirculation system. The fermented
effluent from the DF reactor was fed daily to a 5L semi-continuous
methanogenic reactor operated at an SRT of 15 days. This configura-
tion was used to simulate the transition from the DF stage to the
methanogenic stage. The methanogenic reactor was maintained at 38 °C
using a heating jacket, without active pH control. During operation, the
digestate pH ranged between 7.5 and 8.0. The reactor was equipped
with a gas collector and a unidirectional valve like a fermenter. After
methanogenesis, the digestate was centrifuged at 3900 rpm for 20 min to
separate the liquid fraction and remove most of the methanogenic
biomass. Part of this liquid fraction was then recirculated to the DF
reactor, replacing water in the feedstock mixture.

The remaining fraction, including the solids, was discarded. The
recirculation ratio, calculated to maintain system stability, was set at
86% using Equation (4):

Recirculation flow rate | ™%
Qr f (d

Recirculation Ratio (%) =—=

x 100 “4)

Input flow rate (%)

2.3. Metagenomics analysis

Following the fermentation tests, a metagenomics analysis was per-
formed to evaluate the selection effects of bacterial communities given
by the use of different substrates and HRTs. In particular, the outputs of
tests HRT 3d CM, CR, CR with recirculation system (CR°), SR in co-
fermentation with CR (SR*), and SR were the subjects of the investiga-
tion. The analysis to identify the 16s rRNA (bacteria and archaea) was
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Fig. 2. Scheme of the Recirculation System of corn HRT 3 ds trial.

done through NGS sequencing by the laboratory “BMR Genomics s.r.l.”
(Padova, Italy).

2.4. BMP tests for untreated and fermented feedstocks

BMP tests were performed on fermented outputs and untreated
feedstocks to evaluate their residual biomethane potential. The
substrate-to-inoculum ratio was set at 0.25 (VS basis) [17]. Tests were
carried out in 1 L glass sealed bottles with 0.5 L working volume at 38 °C
for about 50 days. A blank test with only inoculum and water was
conducted to account for baseline gas generation. Gas samples were
collected daily by keeping the bottles manually mixed, through which
accumulation curves could be constructed and Specific Methane Pro-
duction (SMP) calculated (as in Equation (5)).

(5)

SMP <Nm.L CH4) __ total methane produced (NmL CH,)

gvs ~ total VS added as substrate (gVS)

2.5. Analytical methods

From fermentations and BMP tests, solid, liquid, and gaseous sam-
ples were collected daily for a detailed analysis of the process
performances.

Solid and liquid samples recovered exclusively during the fermen-
tation tests were subjected to pH, TS, TVS, COD, TAN, and VFAs content
evaluation. The pH was monitored using a pH meter “Mettler Toledo©”;
the value obtained was fundamental to recognize and control the correct
metabolism of the mixed culture. The gravimetric method was used to
track the TS and VS content and to ensure the maintenance of 5% TS
during the process; moreover, the diminution of the VS/TS ratio of the in
and out feedstock made it possible to verify the organic matter con-
versions in gases. The total COD content was evaluated in each phase of
the test to track the flow of the carbon and build the mass balance of the
process; high-temperature digestion with concentrated sulfuric acid and
titration with potassium dichromate and ferrous ammonium sulfate was
the chosen method. The TAN content, calculated through spectrometry
with the Nessler reagent, was supervised to highlight potential inhibi-
tion events. TKN was verified through the same method after digestion
at high temperature with concentrated sulfuric acid, so it was possible to
calculate the C/N ratio, an essential parameter for the proper growth of
microorganism communities. The quantification of VFAs, from C2 to C6,
was performed using an ion chromatographer “DionexTM ICS-1100
(Thermo Fisher Scientific Inc.)”, operating with an IonPac ICEAS1

column, as in Ref. [18]. Gaseous samples were collected in gas bags
during both the fermentation trial and BMP tests. The water displace-
ment method made it possible to quantify the gas produced, while the
gases composition was analyzed by gas chromatography through a
“MicroGC Fusion ® Gas Analyzer (INFICON)” with a TCD detector.

3. Results and discussion
3.1. Substrates and Inoculum characterization

Characterizing the substrates and inoculum was crucial for under-
standing their composition and determining the optimal approach for
the subsequent fermentation and digestion trials. In Table 1, the data for
the analyzed parameters: TS, VS, COD, TKN, TAN, and the C/N ratio, are
reported.

The low C/N ratios for CM and SR were attributed to their respective
compositions—urea from livestock effluents in CM and the high protein
content of SR [19]. These low ratios indicated a potential risk of
ammonia inhibition during fermentation and digestion, typically
occurring at concentrations between 3.0 and 8.0 gN/L [16]. Conversely,
the high C/N ratio of CR, resulting from its lignocellulosic nature, sug-
gested potential challenges due to nitrogen deficiency, a critical
macronutrient for microbial growth.

The distinct C/N ratios of these substrates present an opportunity to
explore co-fermentation strategies, such as combining CR with CM or

Table 3
Summary of fermentation test results, in terms of SGP, SHP, and VFA yield.
Feedstock HRT SGP SHP VFA yield
d NmLGas/gV$ NmLH,/gV$s gCODypa/gVS
CM 3 2.5+0.6 0.0+0.0 0.10+0.2
3" 64.3 £27.6 N/A 0.21 +£0.1
7 8.0+45 0.0+0.0 0.10£0.2
10 14.1+8.5 0.0£0.0 0.12+0.3
CR 3 57.2+20.6 N/A 0.26 £0.1
3° 101.9 +56.3 N/A 0.27 +£0.1
3° 67.8+£23.4 12.4+7.2 0.32+0.2
5 39.8+£27.5 N/A 0.33+£0.1
7 38.8+£8.3 N/A 0.37+£0.1
SR 3 47.9+11.4 47+1.3 0.27 +£0.1

@ Co-fermentation.
b Recirculation; N/A = not applicable, discontinuous bioH, production.
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Fig. 3. Hydrogen, methane, and pH trends of CM fermentation test HRT 3 (a), HRT 3 co-digestion (d), HRT 7 (b), HRT 10 (c) days.

SR. Co-fermentation can balance the C/N ratio within the ideal range of
15-35 [20], optimizing nutrients and micronutrient availability for
microorganisms while preventing inhibitory conditions.

3.2. Semi-continuous tests

Semi-continuous DF tests were conducted to evaluate biohydrogen
and VFA production from the three agricultural residues. The overall
results are summarized in Table 3.

3.2.1. Gas production

3.2.1.1. Results of CM trials. CM trials were conducted at HRTs of 3, 7,
and 10 days. The selection of extended HRTs, uncommon in typical DF
processes (which generally range from a few hours to 3 days), was
justified by the CM recalcitrant nature, attributed to the high lignin and
hemicellulose content. Despite different HRTs and a co-fermentation
being tested, the trials failed in biohydrogen production. As illustrated
in Fig. 3and in Fig. 4, the tests predominantly produced only biomethane
and carbon dioxide. The following factors were identified as potential
inhibitors of effective DF using CM: i) Recalcitrant Compounds: The high
lignin and hemicellulose content in CM results from the fibrous cattle
diet, which primarily comprises grass forage and cereals [21]. These
compounds are challenging for acidogenic microorganisms to degrade,
particularly those with fast metabolic kinetics [22]; ii) Low
Carbon-to-Nitrogen Ratio (C/N Ratio): CM's low C/N ratio can lead to
ammonia inhibition, which disrupts microbial communities and hinders
biohydrogen production [23]; iii) Methanogen Presence: CM carries a
significant load of methanogens from the bovine digestive tract. These

microorganisms, characterized by slower growth kinetics than acid-
ogens, can eventually dominate the microbial community and promptly
shift the process to methanogenesis [2]. In order to avoid the high
methanogen content, most studies found in the literature of bioH; pro-
duction from CM employ contrivances such as working for barely a few
days in batch reactors or using high temperatures, co-fermentations, or
pre-treatments [22]. Hangri et al. (2024) [22] reported similar results
from the fermentation of dairy manure through a pre-treated inoculum
(105°C for 1.5h), i.e., a negligible hydrogen yield of 0.68 NmLH,/gVS.
The integration of 20% v/v of cheese whey as a co-substrate improved
the process, achieving 9.29 NmLH,/gVS. Kazimierowicz et al. (2022)
[24] obtained 142.9 NmLH5/gVS (17.6% v/v of the total gas produced)
from the DF of a cattle slurry. This was achieved by i) pasteurising the
slurry at 90°C to eliminate methanogens; ii) employing a specific
inoculum of Bacteroides vulgatus; iii) studying the process in a batch
reactor, limiting the work time to 30 days. Nevertheless, these expedi-
ents were not enough to prevent the emergence of biomethane (18.7
NmLCHy4/gVS) (see Fig. 4).

To overcome these barriers, a co-fermentation strategy was adopted,
combining CM with CR in a VS ratio of 20%-80% (referred to as CM* in
the following discussion). This trial utilized an HRT of 3 days to mitigate
the challenges posed by recalcitrant compounds and the low C/N ratio.
The co-fermentation yielded improved results, with an initial peak in
biohydrogen production during the first HRT. However, methanogens
rapidly replaced acidogens, leading to a shift towards methanogenesis.

Yilmazel et al. [25] reports that through the co-fermentation of
switchgrass added to the cattle manure, they achieved an increase in
hydrogen yield from 82.5 NmL/gVS to 85.3 NmL/gVS. However, even in
this study, some expedients were used to overcome the limitation of high
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Fig. 4. CR gas and pH trends. HRT 3d (a2), 3 d with recirculation system (b2), 5d (c2), and 7 d (d2).

methanogens content, i.e.: i) cattle manure was sterilized at 120 °C, ii)
the tests were set at thermophilic condition (78 °C), facilitating the
acidogenic activity; iii) Caldicellulosiruptor bescii was used as specific
inoculum; iv) the analysis was limited to 15 days in batch reactors.
According to these evidences and the absence of methane in the biogas
produced we can conclude that no methanogenic activity was taking
place.

3.2.1.2. Results of CR trials. CR trials were carried out at HRTs of 3, 5,
and 7 days. The initial days (approximately one HRT) of each trial
exhibited biohydrogen production peaks of 18.5%, 8.1%, and 16.1%,
respectively. However, biohydrogen production was no longer detected
after these peaks, with the reactors transitioning to biomethane pro-
duction after the first HRT.

Three primary factors were identified as contributors to the end of
the biohydrogen production: i) Nutrients deficiencies: CR is deficient in
nitrogen (5.6 gN/kg TS) and essential trace elements, such as Fe
(99.7 mg/kg TS) and Ni (4.1 mg/kg TS) [26], which are critical for hy-
drogenase enzymes ([Ni-Fe] and [Fe] hydrogenases) [27]. This nutrient
scarcity impairs acidogenic microbial activity and hampers biohydrogen
production [28]. ii) VFA accumulation led to a drop in pH below the
optimal range of 5.5, favoring alternative metabolic pathways such as
lactic fermentation [22], or detoxifying processes, including solvento-
genic fermentation and methanogenesis [16]. The low pH also caused
iii) inhibition: the acidic conditions further exacerbated the process
instability, forcing microorganisms to expend energy on maintaining
intracellular pH rather than biohydrogen production [29]. Even in the
case of CR, the literature studies are based mainly on discontinuous
reactors with methanogen-free inoculum, so this type of issue is rarely
appreciated and therefore partially reported [30]. In this regard: i) Liu
et al. (2023) [31] managed to produce about 23.9 NmLH,/g from the DF
of corn straw, employing a pure inoculum of Klebsiella pneumoniae

(specialized microorganism to the cellulose degradation and bio-
hydrogen production), adding yeast powder as source of nitrogen, and
ensuring hydrogenases’ Fe e Ni content through FeSO4 and NiCly. ii) Fu
et al. (2020) [26] reached a biohydrogen yield of about 23.3
NmLH,/gVS from a 5-day DF process of corn straw. The results were
achieved by inhibiting the methanogenic activity by pre-treating
anaerobic sludge (inoculum) at 80°C and working in controlled
microaerophilia (oxygen loading of 5 mL/gVS). iii) 150.2 NmLH,/gV$S
were obtained by Zhang et al. (2017) [32] fermenting corn stalks pre-
viously pretreated with high temperature, basic reagents, and enzymes.
The study was carried out by a 108 °C pretreated cow dung (as inoc-
ulum) until the biohydrogen production ended. Lastly, iv) Dong et al.
(2025) [30] produced a biohydrogen yield of 33.5 NmLH,/gVS from a
2-day DF test of corn stoves. The inoculum, a sewage sludge, was pre-
viously pre-treated at 95°C to ensure the absence of methanogenic
activity.

In order to meet these challenges and also to look for solutions more
feasible on the larger scale, a second reactor for methanogenesis and a
digestate recirculation system were implemented. The liquid fraction of
the digestate from the methanogenic phase was used as the liquid part of
the fermenter feed (SRT 3 d; recirculation ratio 86%). A high recircu-
lation ratio was intentionally set to maximize the influence of the
digestate on the dark fermentation phase. In particular, this approach
aimed to provide essential nutrients and to buffer the acidic pH [33].
The recirculation extended biohydrogen production to two HRTs,
achieving a peak of 19.5%. Despite these improvements, the process
shifted again towards methanogenesis. Ammonia inhibition was ruled
out, as the TAN level was 0.66 gN/L, well below the critical threshold of
3.0-8.0 gN/L [16,23,34].

3.2.1.3. Results of SR trials. SR trials were conducted at an HRT of 3
days, selected based on the optimal results observed for CR feedstock.
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Fig. 5. Biohydrogen, biomethane, and pH trends for SR fermentation tests (HRT 3 (a3) and HRT 3 co-fermentation 50% VS with CRs (b3)).

Biohydrogen production was stable, with an average concentration of
approximately 10.0% (£2.7%) and an initial peak of 31.0%. Notably, no
biomethane was detected in the biogas, indicating a successful sup-
pression of methanogenesis. The superior performance of results ob-
tained with SR can be attributed to its high nitrogen content, which
buffered pH fluctuations and supported acidogenic growth and repli-
cation [27]. SHP and SGP values were recorded at 4.7 + 1.3 NmLH,/gVS
and 47.9 + 11.4 NmLGas/gVS, respectively.

To further enhance the process, a co-fermentation process using SR
and CR as co-substrates (50% VS each) was tested at the same HRT
(SR*). This strategy improved biohydrogen production, with a stable
average concentration and an initial peak of 36.4%. SHP and SGP
increased to 12.4 + 7.2 NmLHy/g VS and 67.8 + 23.4 NmLGas/gVsS,
respectively. The results suggest that a C/N ratio of 5.3 is optimal for
acidogenic semi-continuous fermentation using these feedstocks. Gas
and pH trends for SR and co-fermentation trials are depicted in Fig. 5. In
conclusion, the fermentation of CR as a single substrate seems not to be
so advantageous, but rather it needs a nitrogen-rich co-substrate in order
to establish continuous biohydrogen production.

The biohydrogen values obtained can already be compared with
literature, where, even if few, hydrogen DF experiments from soya by-
products can be found. For example, Augusto et al. [35,36] research,
which concerns the bioH; generation from diluted soybean molasses in
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|
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Anaerobic Sequencing Batch Biofilm Reaction operating as
sequential-fed batch for 3h, OLR 26 KgCOD/(rn3><d), and at different
operative temperatures. Their first publication [35], testing the meso-
philic conditions (30 °C), reports the achievement of a biohydrogen
yield (about 12.42 NmLH,/gVS) very similar to the SR* results. While
the results of the subsequent study [36], performed at thermophilic
conditions (50 °C), reached an importantly higher yield with about 57.7
NmLH,/gVS. The increase in hydrogen produced was justified by the use
of an unfavourable temperature for homoacetogenesis and the propionic
acid pathway (biohydrogen antagonist metabolisms) but can also be
attributed to the low pH (between 4.5 and 5.0). Following the limited
literature and the results obtained during this experimental campaign, it
can be argued that the biohydrogen continuous production without
biomethane traces is given primarily by the operating parameters
employed, but a decisive role is also played by the use of a nitrogen-rich
substrate, contributing to stabilising the pH and balancing the nutrient
content.

3.2.2. VFAs production

Fig. 6 reports the graphical resume of VFA concentrations observed
for the different substrates tested in the experimental runs.

3.2.2.1. Results in CM trials. The CM tests conducted at HRTs of 3, 7,

3CM 7CM 10 CM

Acetic

3 CM* 3C

5CR 7CR 3°CR 3SR 3 SR*

Propionic ™ Butyric ®Valeric ®Caproic

Fig. 6. Charts of average VFAs concentration of each test (* = co-fermentation; ° = recirculation system).
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and 10 days produced relatively low concentrations of VFAs. The
recorded concentrations were 4.56+1.0 gCODypa/L, 4.47 £1.4
gCODyra/L, and 5.17 & 1.2 gCODyra/L, respectively, with correspond-
ing yields of 0.10 £ 0.2, 0.10 £+ 0.2, and 0.12 + 0.3 gCODypa/gVS. These
results confirmed the challenging nature of the substrate and the diffi-
culty in hydrolyzing the recalcitrant organic matter in CM.

The dominant VFAs produced were acetic and butyric acids, typi-
cally associated with the acidogenic phase of fermentation [37,38]. A
minor presence of propionic acid was also detected, likely resulting from
the degradation of proteins and lipids present in the substrate [39].
However, the limited overall VFA production correlates with the
absence of detectable biohydrogen in the reactor off-gas, suggesting that
the substrate composition and process conditions were not conducive to
robust acidogenic activity. CM's high lignin and hemicellulose content,
along with its inherently low bioavailability, necessitated extended
HRTs, but even these adjustments were insufficient to significantly
improve VFA production.

3.2.2.2. Results in CR trials. In contrast to CM, CR demonstrated higher
VFA concentrations across all tested HRTs. Yields increased with longer
HRTs, reaching 0.28 +0.1 gCODypa/gVS (HRT 3d), 0.33+0.1
gCODyra/gVS (HRT 5d), and 0.40 0.1 gCODyga/gVS (HRT 7 d). The
higher VFA yields can be attributed to the more favorable degradation of
CR's lignocellulosic components over time.

The VFA profile for CR was more diverse, including acetic, butyric,
propionic, valeric, and caproic acids. Propionic acid, though present in
moderate amounts, is generally considered inhibitory to biohydrogen
production due to its competition for reducing co-factors such as NADH
[40]. This competition may have contributed to the observed metabolic
shift from biohydrogen to biomethane production. The study of Siva-
gurunathan et al. [41] argues that 2.36 g/L of propionic acid is sufficient
to lead to a drop of biohydrogen generation, a phenomenon that could
have happened also in the tests CR HRT 3d, 5d and 7d (data not
shown), given a similar or higher propionic acid content: 2.44 + 0.9 g/L,
2.66 +£0.3g/L and 3.36 + 0.4 g/L, respectively. Regarding valeric and
caproic acids, they are indicative of chain elongation processes, wherein
shorter-chain VFAs serve as substrates for specialized microbial com-
munities capable of extending carbon chains under specific conditions
[27,42]. These processes often rely on electron donors such as lactic
acid, ethanol, or even biohydrogen itself, particularly in environments
where pH drops below 5.5 [43]. Additionally, protein-rich substrates
can drive chain elongation using amino acids as electron donors, further
diversifying the VFA spectrum [27].

The implementation of a recirculation system during CR trials aimed
to address nutrient deficiencies and pH instability. The recirculated
digestate provided additional nutrients and buffering capacity, resulting
in a more sustained VFA production. Under these conditions, the
maximum VFA yield was 0.27 + 0.1 gCODyga/gVS. The recirculation
setup facilitated a temporary extension of biohydrogen production, but
the accumulation of VFAs and methanogens led to a decline in bio-
hydrogen yields.

3.2.2.3. Results in SR trials. SR trials at HRT 3 d exhibited the highest
VFA concentrations among all substrates tested, reaching an average of
12.4 +£1.9 gCODypa/L, with a yield of 0.27 +0.1 gCODyga/gVS. The
VFA profile for SR was dominated by acetic, butyric, caproic, and pro-
pionic acids, aligning with its higher nitrogen content and enhanced
microbial activity. The stable production of biohydrogen in these trials is
closely associated with the favorable balance of VFAs and the suppres-
sion of inhibitory propionic acid accumulation.

The co-fermentation of SR and CR (50% VS each) further optimized
VFA production, achieving concentrations of 15.2 + 0.8 gCODyga/L and
a yield of 0.32 + 0.2 gCODyga/gVS. This improvement reflects the syn-
ergistic effects of combining substrates with complementary properties.
The increased C/N ratio provided a more balanced nutrient profile,
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supporting sustained acidogenic activity and enhancing biohydrogen
production.

The variations in VFA production across substrates and conditions
highlighted the critical interplay between substrate composition, oper-
ational parameters, and microbial community dynamics. High concen-
trations of acetic and butyric acids are desirable for biohydrogen
production, as these are the primary intermediates of acidogenic
fermentation. In contrast, the accumulation of propionic acid and the
onset of chain elongation pathways can divert metabolic fluxes away
from biohydrogen generation.

The findings of this research emphasize the importance of optimizing
substrate selection, co-fermentation strategies, and process conditions to
balance VFA production and maintain an environment favorable to
elevated biohydrogen production.

3.3. Metagenomic analysis

Once the fermentation trials were concluded, a metagenomic anal-
ysis was carried out for the reactor effluents at HRT 3 d for trials on CM,
CR, CR®, SR*, and SR. The discussion of the metagenomic analysis is
available in the Supplementary Materials.

3.4. BMP trials

BMP trials were carried out to evaluate the effect of the effluents
from the different fermentation HRTs on the BMP, and compared to the
fresh substrate. In particular, fresh CM, HRT 3d CM, HRT 7 d CM, HRT
10d CM, and fresh CR, HRT 3d CR, HRT 5d CR, HRT 7 d CR underwent
the methanogenic trials. Similar to the previous study [18], also for
these substrates, some of the fermented output reported a higher bio-
methane yield compared to their fresh counterpart. In detail, all the
methane yields of fermented CM realized an improvement over the fresh
(611.0 £8.1 NmLCH4/gVS), ie., HRT 3d of 4.1% (634.0+1.1
NmLCHy4/gVS), HRT 7d of 11.7% (682.6 +93.3 NmLCH4/gVS), and
HRT 10d of 18.7% (725.5 + 80.3 NmLCH,4/gVS). While for the CR fer-
mented effluents, only HRT 5d and 7 d reported an enhancement, 4.7%
(588.32 +29.6 NmLCH4/gVS) and 34.1% (753.0 & 22.0 NmLCH4/gVS)
compared to the fresh CR (561.8 +17.9 NmLCH,4/gVS). The methane
yield improvement after fermentation is attributed to the optimization
of hydrolysis and acidogenesis phases, making VFAs, biomethane pre-
cursors, more readily available for methanogenesis. In fact, in classic AD
(mono stage) the DF commonly occurs in contemporary in the same
reactor with no optimal operative parameters, and the VFA generation is
not maximized. Moreover, the BMP results confirmed that the fermented
effluents still contained residual biodegradable organic matter that
could be converted into methane in a downstream methanogenic stage.
This aspect is particularly relevant for TSAD, where the DF step should
not be evaluated only in terms of biohydrogen production, but also ac-
cording to its impact on the subsequent methanogenic conversion [44].

3.5. Considerations on hydrogen safety

As discussed above, the integration of biohydrogen production into
TSAD systems could contribute to the partial decarbonization of gas

Table 4

Explosion properties of flammable gases.
Gas Flammability limits Autoignition temperature vl

% v/v [§O)] (m/s)

methane 5.0-15.0 595 0.448
ethane 3.0-15.5 515 0.476
propane 2.1-9.5 470 0.464
hydrogen 4.0-77.0 560 3.25
acetylene 1.5-100.0 305 1.55
ethylene 2.7-34.0 425 0.735
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networks. However, the conversion of conventional AD plants into TSAD
configurations must also consider the safety aspects related to hydrogen
production, handling, and storage. Compared with methane, hydrogen
has a wider flammability range, lower ignition energy, and higher
laminar burning velocity, as summarized in Table 4. These properties
make hydrogen easier to ignite and able to burn more rapidly than most
common gaseous fuels.

Therefore, the implementation of hydrogen-producing units in AD
plants requires appropriate safety assessment, including the identifica-
tion of potential emission sources, ventilation requirements, gas detec-
tion systems, and explosion-risk areas according to the applicable ATEX
regulations.

4. Conclusions

This research emphasizes the opportunity to apply a two-stage
anaerobic digestion process to manage agricultural residues, high-
lighting how the feedstock characteristics define and determine different
results and products.

Specifically, it was emphasized that real agricultural residues cannot
be considered interchangeable substrates for semi-continuous dark
fermentation. Their different composition strongly affected process
stability, microbial competition, and biohydrogen production. Cattle
manure mainly promoted methanogenic activity, while CR showed only
transient biohydrogen production due to pH instability and nutrient
limitations. In contrast, soybean/CR co-fermentation improved nutrient
balance and enabled stable biohydrogen production. These findings
contribute to the current knowledge by showing that the practical
implementation of two-stage anaerobic digestion should rely on
substrate-specific strategies rather than on a generalized dark fermen-
tation approach. The residual biomethane potential of the fermented
effluents further supports the integration of dark fermentation with a
downstream methanogenic stage in existing agricultural AD plants.
However, some limitations should be considered: the use of real agri-
cultural residues may introduce feedstock variability, and no specific
pre-treatment was applied to selectively suppress methanogenic mi-
croorganisms. Moreover, the experiments were performed at lab scale
and under a limited range of HRTs and co-fermentation/recirculation
conditions. Further work should therefore focus on long-term process
stability, optimization of substrate mixtures and recirculation ratios, and
validation under pilot-scale conditions.
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