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Abstract: Biogas upgrading via biomethanation has been extensively studied recently, but the
influence of organic loading rate on process performance remains to be fully understood. This
is particularly significant because both organic loading rate and hydrogen injection can lead to
volatile fatty acid accumulation during anaerobic digestion. This study investigated the impact
of a wide range of organic loading rates (from 1.25 to 3.25 g VS/L/d) on hydrogen consumption
rates, organic acid accumulation, and microbial communities during in situ biomethanation. It
also provided kinetics data and metabolite production data for different control reactors, including
anaerobic digestion, ex situ biomethanation, and endogenous control reactors. Hydrogen was injected
into parallel batch reactors using digestate from a semi-continuous lab-scale reactor subjected to
increasing organic loading rates (1.25–3.25 g VS/L/d) as an inoculum. The inoculum was well
adapted to each tested organic loading rate. The batch experiments were replicated following a 12 h
hydrogen starvation period to assess the stability of hydrogen consumption rates. High organic
loading rate values resulted in increased hydrogen consumption rates, peaking at 68 mg COD/L/h
at an organic loading rate of 3.25 g VS/L/d (maximum value tested), with no significant organic
acid accumulation despite the high hydrogen partial pressures. The hydrogen consumption rates
were maintained after the starvation period. Furthermore, the addition of an organic substrate
did not impact the hydrogen consumption rate (i.e., the in situ and ex situ rates were similar). A
higher organic loading rate resulted in higher relative abundances of hydrogenotrophic methanogens
(i.e., Methanospirillum sp.). This study highlights that increasing the organic loading rate can accelerate
the rate of hydrogen consumption during in situ biomethanation, consequently reducing both capital
and operational costs.

Keywords: in situ biomethanation; organic loading rate; biogas upgrading; hydrogenotrophy

1. Introduction

The use of traditional energy sources is causing apprehension because of a global
increase in demand, along with issues of scarcity and harmful environmental effects [1]. As
a result, numerous nations have established domestic goals for renewable energy, with the
intention of lessening reliance on fossil fuels and nuclear power. In August 2015, France
enacted the Energy Transition Law, aiming to achieve a 50% reduction in nuclear power
electricity generation by 2025. Additionally, by 2030, the targets include a 40% decrease
in greenhouse gas emissions, a 30% reduction in fossil fuel consumption, and a minimum
32% increase in renewable energy utilization. The plan also calls for renewable energy to
contribute 40% of electricity production, 38% of final heat consumption, 15% of final fuel
consumption, and 10% of gas consumption [2]. In addition, solid waste management is
recognized as a significant environmental challenge in contemporary society [3].

Anaerobic digestion (AD) is a well-established, technically effective, economically fea-
sible, and, consequently, extensively employed approach for handling solid waste [4]. AD
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represents a biological process for the valorization of solid wastes, wherein microorganisms
effectively decompose organic matter, transforming it into biogas [5]. Biogas primarily
consists of methane (CH4) and carbon dioxide (CO2), with typical ratios of 50–70% CH4
and 30–50% CO2 [6,7]. Before being introduced into natural gas grids, biogas must be
converted into biomethane, with methane content of at least 95% [8].

Biomethanation, a form of biological biogas upgrading, stands out as a promising
technology offering an alternative to the physical or chemical removal of CO2. This is
attributed to its advantages of low investment and operational costs, high efficiency, and
moderate operating conditions [9]. This bioprocess involves the transformation of CO2
into CH4 mainly through hydrogenotrophic methanogenesis (Reaction (1)), driven by
methanogens utilizing H2 as an electron source [10].

CO2 + 4H2 → CH4 + 2H2O (∆G0 = −130.75 kJ/mol) (1)

Previous studies have demonstrated that the use of H2-assisted techniques for biogas
upgrading offers significant adaptability within systems, whether they utilize in situ (H2
directly injected into the digesters) or ex situ (H2 reacting with biogas in a separate reactor)
setups. Compared to ex situ systems, in situ biomethanation offers greater economic appeal
due to its capacity to combine biogas production and upgrading within a single reactor, re-
ducing capital costs. The digester is therefore fed organic waste and H2 simultaneously [11].
A schematic representation of in situ and ex situ biomethanation is depicted in Figure 1.
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Figure 1. Scheme derived from Bellini et al. (2022) [12] representing in situ (a) and ex situ
(b) biomethanation.

Despite the increasing number of studies dealing with in situ biomethanation, there
are still gaps in the literature on the influence of crucial operational parameters, such
as organic loading rate (OLR), on process performance and operation. OLR is a crucial
parameter influencing the efficiency and stability of the AD process, and it corresponds
to the amount of organic matter that is introduced into the digester per unit volume over
a time period. It is a critical parameter used to characterize and control the feeding rate
of organic substrates into the AD system. On the one hand, higher OLRs may result in
adapted microbial communities, which, in turn, might lead to faster hydrogen consumption
rates [11]. On the other hand, increasing the OLR may result in process failure or instability
due to the accumulation of volatile fatty acids (VFAs), caused by the overload imposed by
H2 on methanogenesis, which can be a limiting step, especially at high OLRs [13]. This
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effect might be exacerbated by high H2 partial pressures, which make VFA consumption
reactions thermodynamically unfeasible [14].

Most research on H2-assisted biogas upgrading has been carried out in reactors pro-
cessing solid waste, focusing on a restricted range of OLRs. Few studies have examined the
impact of high OLRs on biomethanation performance. Agneessens et al. (2018) found an
increased hydrogen consumption rate as the OLR escalated from 0.5 to 1.5 and from 1.5 to
2 g VS/L/d during in situ biomethanation (VS being volatile solids), treating sludge as a
substrate in a continuous stirred-tank reactor (CSTR) [15]. Xu et al. (2020) also reported
faster hydrogen consumption as the OLR increased from 1 to 5 g COD/L/d when treating
synthetic wastewater as a substrate in an up-flow anaerobic sludge bed reactor (UASB)
during in situ biomethanation [11] (COD being chemical oxygen demand). Furthermore,
Okoro-Shekwaga et al. (2021) observed a hydrogen consumption rate of 0.49 mg COD/L/h
when treating Food Waste (FW) in batch reactors during in situ biomethanation [16]. On
the contrary, Poggio et al. (2023) found that lowering the OLR from 2 to 1 g VS/L/d
resulted in higher biomethanation performance in terms of hydrogen consumption rate
when treating FW and sewage sludge as substrates in CSTRs [17]. This lack of agreement
calls for further research.

The AD of FW is already challenged by the high concentrations of intermediate
metabolites (i.e., organic acids and H2) that can be found in the reactors, which can result
in reactor instability and acidification [18–20]. Indeed, in situ biomethanation has faced
criticism in the literature due to the accumulation of VFAs resulting from H2 injection [21].
Hence, it is crucially important to study the impact of OLR on the in situ biomethanation of
highly biodegradable substrates such as FW. Agnessens et al. (2018) observed a rising trend
in acetate concentration with increasing OLR during the in situ biomethanation of sludge.
The maximum acetate concentration reached 1.5 mM at an OLR of 2.0 g VS/L/d [15].
Despite a higher OLR of 3 g VS/L/d, Xu et al. (2020) found lower acetate concentrations
compared with Agneessens et al. (2018) [11].

The aim of this study is to enhance our understanding of biomethanation processes and
their responses to changing OLRs. The OLR is a crucial parameter in anaerobic digestion
processes, as it determines the flow of organic matter to be degraded and ultimately
converted into biogas. In order to understand and optimize in situ biomethanation, the
influence of this operational parameter on performance needs to be elucidated. In this
study, a wide range of OLRs ranging from 1.25 to 3.25 g VS/L/d was investigated. One
of the main novelties is the use of an inoculum adapted to the organic load, achieved
through the implementation of a reactor dedicated to inoculum production. Biomethanation
performance was monitored based on kinetic data (i.e., hydrogen consumption rates) and
metabolite production, and the use of multiple types of control reactors, including ex situ,
AD, and endogenous reactors, allowed for a comprehensive examination of biomethanation
processes under different operational conditions. Furthermore, the response to starvation
conditions of microbial communities adapted to different OLRs was assessed.

2. Materials and Methods
2.1. Inoculum and Substrate

The inoculum used in this study was obtained from an industrial AD plant treating
FW in Clermont-Ferrand, France. Its initial characteristics were as follows: total solids
(TS) of 1.2%, VS content of 1.0%, and a pH of 8.21. The substrate preparation followed the
composition guidelines provided in Capson-Tojo et al. (2017b) [22], but was diluted with
water at a 1:3 volumetric ratio (water to substrate) in order to reach TS and VS concentrations
of 1.7% and 1.6%, respectively. The hydrogen used as a substrate for biomethanation was
pure (99.999% H2; Linde, St. Priest, France).
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2.2. Reactor Operation
2.2.1. Semi-Continuous AD Reactor (“Parent” Reactor) for Inoculum Generation

A 15 L CSTR with a working volume of 10 L was employed as the source of inoculum
for the biomethanation experiments. The reactor was constructed using stainless steel
cylindrical vessels that incorporated internal stirring blades for mixing (Figure 2) [20].
The reactor was operated in mesophilic conditions (37 ± 1 ◦C). Reactor agitation was
maintained at 45 rpm, and the HRT was set to 3 weeks. Feeding was performed manually
once per day and five times a week. A daily addition of 2.5 mL of a trace element solution
was carried out, according to Capson-Tojo et al. (2017a) [20], to prevent any deficiency
of these compounds during the digestion of FW and avoid the potential accumulation
of VFAs.
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Figure 2. Parent reactor used as source of inoculum.

The reactor was fed based on the strategy outlined in Figure 3. During a startup phase
of 7 weeks, the reactor was fed at an OLR of 0.75, increased up to 1.25 g VS/L/d. This was
maintained until a consistent methane yield was achieved, without VFA accumulation and
with stable biogas composition. After the start-up, the OLR was sequentially increased to
1.75, 2.25, 2.75, and 3.25 g VS/L/d. Each OLR increase was performed over a time span
of three weeks, increasing one third of the load every week by increasing the substrate
concentration (i.e., diluting less the FW), thus allowing us to keep the HRT constant. This
“parent” reactor was operated for at least one HRT at each tested OLR, to reach a steady state.
Stable operation was confirmed by consistent weekly methane yields, biogas compositions,
ammonium and VFA concentrations, and pH values. The biogas flow rate and composition
were measured daily, and the concentrations of VFAs and ammonium were monitored
twice and once a week, respectively. Inoculum collection for biomethanation in Schott-flask
reactors was conducted after feeding at each OLR for at least one HRT. A summary of the
operating conditions is provided in Table 1.
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Table 1. Operating condition of the parent reactor at HRT = 21 days.

Substrate Concentration (g VS/L) OLR (g VS/L/d)

26.25 1.25
36.75 1.75
47.25 2.25
57.75 2.75
68.25 3.25

2.2.2. Batch Biomethanation Reactors

After a stabilized period in the parent AD reactor at a given OLR, the digestate was
collected and biomethanation batch tests (in Schott-flasks) were started using the digestate
as an inoculum. At each OLR, four batch conditions were tested in triplicate: in situ
biomethanation, ex situ biomethanation, AD, and endogenous control. This allowed us to
investigate the impact of the OLR on each process. In situ biomethanation reactors were
fed with FW at an OLR corresponding to the one to be tested, and pure hydrogen was
added until the pressure in the headspace reached 1.2 bar. The AD reactors were fed only
with FW at the corresponding OLR. Ex situ biomethanation reactors were fed with H2:CO2
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(4:1 v:v) until the headspace pressure reached 1.25 bar to maintain the same hydrogen
partial pressure as in the in situ biomethanation reactors. These pressures were primarily
selected for security reasons. The endogenous control reactors received no substrate. The ex
situ biomethanation and the AD reactors allowed us to investigate methane production in
the absence of the organic substrate and hydrogen, respectively. The in situ biomethanation
tests served to study the impact of OLR on hydrogen consumption kinetics and metabolite
production during biomethanation (main objective here).

Each reactor had a total volume of 1 L and a working volume of 220–224 mL, compris-
ing 200 mL of inoculum, 20 mL of phosphate buffer (pH 7.5, 0.5 M), and an organic and/or
gaseous substrate (2.25–4.06 mL of FW). After inoculation and FW addition (if needed), all
reactors were purged with N2 to achieve anaerobic conditions. Before injecting hydrogen
into the in situ and ex situ biomethanation reactors, liquid samples were collected from
the reactors to measure the concentrations of VFAs, and for 16S rRNA gene qPCR. The
microbial community analysis was conducted on a single replicate of in situ biometha-
nation reactors, whereas the concentrations of VFAs were measured in triplicate for all
reactors. After hydrogen injection into the in situ and ex situ biomethanation reactors,
all reactors were placed in a mesophilic room (37 ◦C) for one hour for temperature and
pressure equilibration. Gas samples were then collected from the reactor headspace and
analyzed accordingly. Subsequently, reactors were placed on a shaking table, and gas
composition was analyzed every hour during the first day to measure the rate of hydrogen
consumption and the produced methane. After 4–5 h, liquid samples were collected again
for VFA concentration measurement. The reactors underwent 12 h of hydrogen starvation
until the next day, followed by a second substrate injection pulse in all reactors, and gas
composition and VFA concentration were measured as described before. This second
hydrogen injection after 12 h allowed us to assess the impact of hydrogen starvation on
biomethanation performance. A schematic representation of the design of the experiment
is depicted in Figure 3.

2.3. Analytical Methods

Gas composition and headspace pressure were measured four times daily (every
1 h). The pressure within the bottles was tracked with a manual pressure sensor LEO2
(Keller, Switzerland). Gas composition analysis, including H2, CO2, O2, N2, and CH4,
was conducted using a GC Perkin Clarus 580 (Waltham, MA, USA) coupled to a ther-
mal conductivity detector. The system was equipped with two columns: an RtUBond
(30 m × 0.32 mm × 10 µm) and an RtMolsieve (30 m × 0.32 mm × 30 µm), both using Ar
(flow rate at 31.8 mL/min) as the carrier gas at 350 kPa.

Liquid samples underwent centrifugation at 13,500 rpm for 15 min, and the resulting
supernatant was filtered through at 0.45 µm. The filtered supernatant was then utilized
for measuring VFA concentrations, determined using Gas Chromatography coupled to a
Flame Ionization Detector (GC-FID). A Perkin Elmer Clarus 580 GC was equipped with an
Alltech-FFAP EC™1000 column connected to an FID operating at 280 ◦C. N2 served as the
carrier gas with a flow rate of 6 mL/min. Data were automatically recorded in a designated
internal database. The pH was measured using a FiveGo F2 pH meter (Mettler Toledo,
Greifensee, Switzerland). Standard methods were employed to determine concentrations
of TS and VS [23]. Concentrations of dissolved N-NH4

+ were assessed by filtering the
samples through a filter with a 0.22 µm pore size and employing a Gallery Plus sequential
analyzer (Thermo Fisher, Courtaboeuf Cedex, France). The BMP test of the FW used as a
substrate was performed according to Motte et al. (2014) [24]. All experiments and related
analyses were performed using the Bio2E platform [25].

2.4. Microbial Community Analysis

Two milliliters of liquid sample were collected from the semi-continuous reactor at
the end of each HRT (the moment when the inoculum for each batch test was collected).
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Subsequently, the sample was centrifuged at 13,500 rpm for 15 min. The resulting retentate
underwent 16S rRNA gene sequencing and qPCR.

The sample pellet obtained after centrifugation was used for microbiological analy-
sis. DNA extraction was performed by means of the FastDNA SPIN kit for soil follow-
ing the manufacturer’s instructions (MP Biomedicals, LCC, Santa Anta, CA, USA). The
DNA amount and purity in the extracts was confirmed by spectrophotometry (Infinite
NanoQuant M200, Tecan, Untersbergstraße 1a, 5082 Grödig, Austria). The extracted DNA
was then stored at −20 ◦C.

DNA extraction was carried out using the FastDNA™ SPIN kit for soil following the
manufacturer’s instructions (MP Biomedicals, LCC, CA, USA). Microorganism identifica-
tion was conducted via amplification of the V3–V4 region of the 16S rRNA gene, following
established methods [26]. The following primers to amplify the V4–V5 region of the 16S
rRNA gene were designed, specifically targeting Archaea: 5′-CAGCMGCCGCGGKAA-3′

(F504–F519 Eurogentec, Rue Bois Saint-Jean 5, Rue du Bois Saint-Jean 14, 4102, Belgium)
and 5′-CCCGCCWATTCCTTTAAGT-3′ (R910–R928 Eurogentec, Rue Bois Saint-Jean 5, Rue
du Bois Saint-Jean 14, 4102, Belgium). The primer sets for Illumina Miseq sequencing were
pre-equipped with adapters and barcodes. The PCR mix consisted of iProof™ High-Fidelity
DNA Polymerase (Bio-Rad laboratories, Inc. 1000 Alfred Nobel Dr, Hercules, CA 94547,
USA) (0.02 u/µL) along with its enzyme buffer, forward and reverse primers (0.5 mM each),
dNTP (0.2 mM), sample DNA (0.04 to 0.2 ng/µL), and water, resulting in a final volume
of 60 µL. The PCR amplification program comprised 30 cycles, including denaturation
(98 ◦C, 1 min), annealing (maintained at 59 ◦C, 1 min), and elongation (72 ◦C, 1 min).
Following the 30 cycles, a final extension step was conducted for 10 min at 72 ◦C. PCR
reactions were performed using a Mastercycler® thermal cycler (Eppendorf, Hamburg,
Germany). Illumina Miseq sequencing was performed using the GenoToul platform in
Toulouse, France (https://www.genotoul.fr access 09/2023). Read cleaning, assembly, and
quality checking were executed using Mothur version 1.48.0. Alignment and taxonomic
classification was performed using SILVA release 132 [27]. Sequences were grouped into
operational taxonomic units (OTUs) with 97% similarity. Sequences were submitted to the
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/1054353 created 12/2023)
with the ID number PRJNA1054353.

qPCR was utilized to estimate the concentrations of 16S rRNA genes, as a proxy for
the concentrations of microorganisms. The qPCR assays were conducted using a BioRad
CFX96 Real-Time Systems C1000 Touch Thermal Cycler (Bio-Rad Laboratories, 1000 Alfred
Nobel Dr, Hercules, CA 94547, USA). For total bacteria and total archaea qPCR analysis,
primers 330F (ACGGTCCAGACTCCTACGGG) and 500R (TTACCGCGGCTGCTGGCAC),
and primers 787F and 1059R and probe 915F (FAM-AGGAA TTGGC GGGGG AGCAC-
Tamra) were used, respectively [28]. For the bacteria qPCR mix composed of 330F primer
(200 nM), 500R primer (200 nM), and SsoAdvanced™ Universal SYBR Green Supermix
(Bio-rad Laboratories, 1000 Alfred Nobel Dr, Hercules, CA 94547, USA), 2 µL of DNA
and water were used until the volume reached 12.5 µL. qPCR was performed using the
following cycle: 40 cycles of dissociation (95 ◦C, 10 s) and elongation steps (61 ◦C, 20 s).
The following solution was used for the archaea qPCR reactions: SsoAdvanced™ Universal
Probes Supermix (Bio-Rad Laboratories, USA), 787F primer and 1059R primer (200 nM),
TaqMan probe (50 nM), and 5 µL of DNA and water with final volume of 25 µL. The qPCR
cycle consisted of 40 cycles of denaturation (95 ◦C, 15 s) and elongation (60 ◦C, 1 min).
qPCR results are available in Supplementary Materials.

2.5. Calculations

The overall H2 consumption rates were calculated from the total number of moles
of H2 (estimated using the ideal gas law), expressed as COD. These data were used to
perform a linear regression of the consumed CODH2 vs. time, which provided the overall
hydrogen consumption rates (mg COD/L/h) during the measured period. The quantity of
methane produced was calculated by applying the ideal gas law, and presented as COD.

https://www.genotoul.fr
https://www.ncbi.nlm.nih.gov/bioproject/1054353
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VFA concentrations were transformed into their respective COD equivalents (with COD
equivalents of acetic acid of 1.07 g COD/g acid, propionic acid of 1.51 g COD/g acid,
butyric and iso-butyric acid of 1.82 g COD/g acid, and valeric acid of 2.04 g COD/g), and
the outcomes were employed to perform COD mass balances [29].

The diversity indexes were calculated using the easy16S platform on the INRAE
website (https://shiny.migale.inrae.fr/app/easy16S accessed 09/2023). Shannon, Ace, and
InvSimpson indexes were used to evaluate the diversity and richness of the samples.

2.6. Statistical Analysis

To compare hydrogen consumption rates between different OLRs, in situ and ex situ
biomethanation, and different H2 injections, single-factor ANOVA and Tukey–Kramer tests
were performed using Microsoft Excel 2016. The significance level was defined at 95%
(α = 0.05).

3. Results and Discussion

To evaluate the influence of OLR on biomethanation performance, it is crucial to use
an inoculum adapted to the tested OLRs. To achieve this, a semi-continuous AD reactor,
referred to as “parent” AD reactor, was operated with progressively increasing OLRs
ranging from 1.25 to 3.25 g VS/L/d while maintaining at a constant hydraulic retention
time (HRT) of 3 weeks. Following stabilization periods of one HRT at each OLR, an
adapted inoculum was collected for subsequent biomethanation experiments conducted
in batch reactors. Prior to these experiments, the OLR was increased over 4 weeks to
the desired value. Subsequently, the OLR was maintained for one HRT before another
round of inoculum sampling. These experiments aimed to assess the impact of OLR
on H2 consumption rates, methane production rates, VFA accumulation, and microbial
community structures.

3.1. Performance of the Semi-Continuous “Parent” AD Reactor

Figure 4 shows the increasing OLR pattern applied in the AD reactor, as well as the
resulting methane yields (weekly averages) and the VS concentrations in the “parent”
reactor. The methane yield remained stable during the entire operational period, with
an average value of 408 ± 30 mL CH4/g VS. This yield closely aligns with the biochem-
ical methane potential (BMP) of the substrate, which was 404 mL ± 22 mL CH4/g VS,
confirming that no residual degradable substrate remained in the digestate. Additionally,
this yield is in agreement with the common range of values reported in the literature for
FW AD, which ranges from 210 to 648 mL CH4/g VS [22]. Throughout the experiment,
the pH consistently remained stable at 7.00 ± 0.13, falling within the optimal range for
AD [30]. The ammonium concentration was maintained at 532 ± 97 mg N-NH4

+/L after
day 52, which marked the end of the startup phase, far from inhibitory values [31]. The
VFA concentrations were kept at extremely low values (average of 0.09 ± 0.13 g COD/L)
throughout the experiment. The high standard deviation in the VFA levels is a consequence
of slightly higher levels of VFAs during the startup phase (first 7 weeks), reaching values
up to 0.42 g COD/L. After stabilization, no significant VFA accumulation was observed
(concentrations below 0.02 g COD/L after week 7). The biogas composition was also stable,
at 61 ± 4% of CH4 and 39 ± 4% CO2, aligning with the observed range in the literature
for the AD of FW [32]. These consistent results suggest that the reactor achieved good
stability without encountering inhibition, regardless of the applied OLR. The stable oper-
ation of the reactor confirms that the microbial community was adapted to the substrate
and the OLR, suggesting the effectiveness of the inoculum utilized for biomethanation.
Additionally, the sustained operation of the reactor may be attributed to the addition of
trace elements into the parent reactor. These trace elements act as cofactors in enzymatic re-
actions, facilitating the degradation of substrates and VFAs throughout the AD process [33].
Furthermore, the feeding strategy may have also contributed to maintaining the stability
of the AD reactor during the OLR increase. As illustrated in Figure 4A, the OLR in the
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parent reactor gradually increased by 0.15 g VS/L/d each week. This gradual change
avoids shocking the microbial community with a sudden increase in the OLR, enabling
the surplus of organic matter supplied to be tuned to the degradation capacity of microor-
ganisms, particularly methanogenic archaea. This finding aligns with results obtained
by other researchers [34,35]. Another contributing factor could be related to the proper
mixing and adequate retention time (21 days) for food waste AD. These two parameters
have also been demonstrated to play crucial roles in ensuring the stable operation of AD
reactors [36,37]. Furthermore, the stability of the reactor can be attributed to a balanced
substrate composition, encompassing a diverse array of organic materials rich in carbon
and nitrogen. This balanced blend ensures consistent microbial activity and enhances the
efficiency of biogas production throughout the digestion process [38].
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Figure 4B shows a consistent upward trend in the VS concentrations with increasing
OLRs. With a constant HRT in the present experiments, the increase in OLR leads to higher
substrate VS concentrations entering the digester. As the methane yields were constant,
it can be hypothesized that the substrate was equally converted into biomass at any OLR
value, implying that higher VS concentrations represent an increase in active biomass
concentrations [39]. Given that FW is a highly biodegradable substrate (VS/TS of 94.2%,
with TS being total solids), the increase of non-biodegradable organic matter was negligible.
To validate this hypothesis, quantitative polymerase chain reaction (qPCR) was performed.
However, the differences in biomass concentrations (log-based) at increasing OLRs were
too small to allow us to observe significant differences (Figure S1).

3.2. Impact of the OLR on Biomethanation Performance

To investigate the influence of OLR on biomethanation performance, triplicate batch
reactors were employed, utilizing the digestates recovered from “the parent” AD semi-
continuous reactor as inocula (depicted by orange squares in Figure 4A). The primary
working reactors, designated as in situ biomethanation reactors, received both FW and
hydrogen as substrates. Additionally, three control reactors were employed: an AD test
to evaluate the impact of the addition solely FW on metabolite production, an ex situ
biomethanation test to assess the influence of FW’s absence on the hydrogen consumption
rate and metabolite production, and an endogenous control reactor devoid of both FW
and hydrogen. This allowed us to separately evaluate the impact of each substrate on the
performance metrics.

3.2.1. Impact of the OLR on the Hydrogen Consumption Rate

Starting with the in situ biomethanation tests, the volumetric hydrogen consump-
tion rate showed an upward trend with increasing OLR, with values increasing from
35 ± 4.05 to 60 ± 6.61 mg COD/L/h as the OLR rose from 1.25 to 1.75 g VS/L/d (Figure 5).
Subsequently, it experienced a slight decrease to 49 ± 0.9 mg COD/L/h as the OLR fur-
ther increased from 1.75 to 2.25 g VS/L/d. However, subsequent to attaining an OLR of
2.25 g VS/L/d, the hydrogen consumption rate displayed a steady rise, reaching its peak
at 68 ± 7.69 mg COD/L/h when the OLR reached 3.25 g VS/L/d. In agreement with
the increasing volumetric rates and the increasing VS concentrations (Figure 4B) at higher
OLRs, the specific hydrogen consumption rates remained similar for all OLRs except for the
test at 1.75 g VS/L/d. The reasons for this improvement in kinetics at this particular OLR
are unknown. As mentioned earlier, the VS amount represents the biomass concentration
in the AD reactor. Therefore, the similar specific hydrogen consumption rate suggests
that the faster volumetric hydrogen consumption at higher OLRs is a consequence of
a higher concentration of microorganisms. This also indicates that hydrogen consump-
tion was predominantly driven by biological processes rather than physical phenomena
such as gas–liquid mass transfer rates, confirming that the observed rates are linked to
biological kinetics.

At higher OLRs, the influx of organic substrate into the reactor fosters an environment
for rapid microbial growth and metabolic activity. The surplus availability of organic
carbon facilitates more extensive fermentation process, leading to a heightened hydrogen
production rate as an intermediate product [40]. This can further lead to increased dom-
inance of hydrogenotrophic methanogens in the reactor. In fact, methanogenic archaea
possess diverse metabolic pathways for methane production, including hydrogenotrophic,
acetoclastic, and methylotrophic methanogenesis [41]. At higher OLRs, hydrogenotrophic
methanogenesis becomes increasingly favored due to the higher availability of hydro-
gen [42]. Consequently, methanogens actively consume hydrogen to produce methane,
further augmenting the hydrogen consumption rate.
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Comparing our results with the rates from the literature, Xu et al. (2020) observed
similar hydrogen consumption kinetics in a UASB reactor treating synthetic wastewater,
with the values of hydrogen consumption rates in the same range as those in our study (33
to 100 mg COD/L/h) for the same range of OLR (1 to 3 g VS/L/d) [11]. They also observed
hydrogen consumption rates increasing with the OLR, which was attributed to the stable
operation of the AD reactor, indicating no inhibition caused by VFA accumulation. Jensen
et al. (2018) reported a hydrogen consumption rate ranging from 18 to 67 mg COD/L/h,
corresponding to hydrogen injection rates varying between 20 and 40 m3/h [43]. The peak
hydrogen consumption rate reached 153 mg COD/L/h when the hydrogen injection rate
was 65 m3/h. Although their study utilized manure as a substrate and operated at a higher
OLR (4.51–5.81 g VS/L/d), their hydrogen consumption rate values align with ours. This
suggests that the hydrogen consumption rate can be enhanced not only at higher OLRs,
but also with an increased hydrogen injection rate (provided that substrate availability is
limiting). Also, Okoro-Shekwaga et al. (2021) observed a hydrogen consumption rate of
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0.49 mg COD/L/h when treating FW in batch reactors. The low hydrogen consumption
rate observed in their study may be related to a limited gas–liquid mass transfer rate [16].
This further supports the notion that our rates are governed by biological mechanisms
rather than purely physical ones. In essence, if the rates were primarily physical, we would
expect lower values, such as those observed in the aforementioned study. However, when
kinetics is driven by biological processes, the rates can be much higher. Furthermore,
Kim et al. (2021) noted reduced methane production rates with increasing OLR during the
in situ biomethanation of FW in a CSTR. However, the elevated OLR in their study did not
result from adding more organic substrate, but mainly came from higher H2 injection rates
and partial pressures (the operating pressure reached 5–7 bars), which increased the risk
of reactor acidification and decreased the methane production rates [44]. In our study, the
increase in OLR was due to increased organic substrate concentration. Put together with
our results, this suggests that there is an optimal H2 partial pressure (and thus, soluble
concentration) to be found, low enough to avoid VFA accumulation but high enough to
favor the growth of hydrogenotrophs and enhance methane production. More research
should be conducted to estimate these values.

Concerning the ex situ biomethanation tests, this control test was performed to assess
the kinetics of microbial structure in converting only H2. The upward trend of the volu-
metric hydrogen consumption with increasing OLR is less significant than for in situ, but
the lowest value (43.8 mg COD/L/h) was still obtained at 1.25 g VS/L/d and the highest
(67.9 mg COD/L/h) at 3.25 g VS/L/d. This difficulty in observing an increasing trend is a
consequence of the obtained specific rates. As shown in Figure 5B, the specific hydrogen
consumption rates varied between tests considerably. The reason for this is unknown.

When comparing the results of in situ and ex situ biomethanation, there is no notable
difference in terms of volumetric hydrogen consumption rate at each OLR. The ex situ
biomethanation reactors served as control reactors for the in situ biomethanation to examine
whether the addition of the organic substrate influenced the hydrogen consumption rates.
Since the hydrogen consumption rates were similar in both the in situ and ex situ conditions,
it can be inferred that the addition of the organic substrate did not impact the hydrogen
consumption rates. This similar behavior is a consequence of using the same adapted
inoculum for both tests. Previous studies have demonstrated that when the inoculum
exhibits a similar structure and is subjected to comparable operational conditions, it can
result in similar hydrogen consumption rates [45]. Importantly, in situ conditions did not
result in a more unstable process than ex situ conditions, with very low VFA accumulation
at any tested OLR. Thus, biomethanation can be conducted within the same AD reactor,
performing in situ hydrogen consumption without compromising microbial activity [46].
This provides the advantage of performing both AD and biomethanation in the same
reactor, resulting in considerable savings in capital expense (CAPEX).

3.2.2. Impact of OLR on Methane and VFA Production

To understand the obtained results and to elucidate the fate of the provided substrates,
COD mass balances were performed for each condition tested. Figure 6 illustrates the
results, showing hydrogen, methane, and VFA, in the initial and final states of in situ
biomethanation, ex situ biomethanation, AD, and the endogenous tests. To show examples
leading to different outcomes, the figures correspond to the results at OLRs of 1.25 and
3.25 g VS/L/d, which represent the lowest and the highest test values. The corresponding
graphs for the other OLRs tested can be found in the Supplementary Materials.

When comparing the mass balances between OLRs of 1.25 and 3.25 g VS/L/d, it
appears that the results were significantly different. At low OLR, there was very low
accumulation of acetate and propionate, which was not observed at higher OLRs. This
discrepancy is very likely due to adaptation of the microbial communities to the substrates
used in the AD reactor. Thus, in contradiction to what has been observed in previous
studies [15], inoculum adaptation in the present tests resulted in boosted performances at
higher OLRs, even in in situ biomethanation tests. In the study of Agneessens et al. (2018),
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they noted an elevated accumulation of acetate as the OLR increased from 0.5 to 2 g VS/L/d.
However, it is essential to acknowledge that the OLR range in their study differed from
ours and, despite observing an increasing trend in acetate accumulation with rising OLR,
the actual values for acetate accumulation remained quite low, within the range of 31 to
189 mg COD/L [15]. Furthermore, the observed upward trend in acetate accumulation in
their study could potentially be attributed to the absence of trace elements [47].
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Data for hydrogen, methane, and VFAs at the beginning (initial) and at the end (final) of the batch
tests are provided. Results are shown for in situ biomethanation, AD, ex situ biomethanation, and
endogenous tests. OLR stands for organic loading rate, COD for chemical oxygen demand, AD for
anaerobic digestion, and VFA for volatile fatty acid.

Another plausible explanation for the absence of VFA during in situ biomethanation
is the prevalence of hydrogenotrophic methanogens. Their abundance notably increased
at higher OLRs, leading to the rapid consumption of hydrogen. This consumption rate
surpassed the potential inhibition of VFA degradation, thus preventing VFA accumulation
within the reactor. This hypothesis aligns with the work of Alam Khan et al. (2022), who
observed that the enrichment of hydrogenotrophic methanogens led to heightened methane
production without the occurrence of VFA accumulation, even under conditions of high H2
partial pressure [48].
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The second notable difference is that at 3.25 g VS/L/d, there was a much higher
amount of methane in the final state of the in situ biomethanation and AD tests, which
is simply due to the higher amount of FW supplied. Importantly, for both in situ and ex
situ biomethanation tests, the amounts of hydrogen consumed (and thus, the methane
produced by direct hydrogenotrophic methanogenesis) were clearly higher at 3.25 than
at 1.25 g VS/L/d. This is in line with the faster rates reported in the previous section. A
crucial point to mention is that the accumulation of any VFA (particularly propionate or
butyrate) was not worsened during the in situ tests compared to the AD reactors, even
though high dissolved hydrogen levels can induce the inhibition of their degradation due
to thermodynamic constrains [49]. This is explained by the rapid consumption of hydrogen
by hydrogenotrophic archaea, leading to low hydrogen concentrations in the liquid despite
the higher hydrogen partial pressures. This further suggests increased hydrogenotrophic
activity at higher OLRs.

Another important observation is that while at 1.25 g VS/L/d, the in situ reactor
produced less methane than the AD test, which seems counterintuitive considering the
presence of extra substrates such as H2, this discrepancy was not observed at 3.25 g VS/L/d.
Therefore, while at low OLRs, hydrogen addition might have resulted in a lower extent of
substrate degradation [50], this phenomenon did not occur at higher loads, confirming that
microbial adaptation to higher OLRs can mitigate the negative impacts which might be
caused by biomethanation, at least within the tested OLR range.

3.2.3. Microbial Community Analysis

To further understand the obtained results, the structure of the bacterial and archaeal
communities in the inocula used for the batch tests was studied via 16S rRNA gene se-
quencing. The bacterial community remained stable throughout the experiment, and their
results are detailed in Figure S3 of the Supplementary Materials. In our investigation, we
observed a noticeable decrease in the abundance of Petrimonas with the progressive in-
crease in OLR from 1.25 to 2.25 g VS/L/d. Moreover, upon surpassing an OLR threshold of
2.25 g VS/L/d, Petrimonas was absent from the samples. These results (Figure 7) con-
firm that higher OLRs resulted in an increase in the relative abundances of strict hy-
drogenotrophic methanogens (e.g., Methanospirillum sp. [51]). Thus, higher OLRs lead to
enhanced hydrogen consumption rates due to both higher biomass concentrations and
microbial adaptation, particularly towards hydrogenotrophic methanogenesis. This implies
that the contribution to overall methane production from hydrogenotrophic methanogens
increased with the OLR. Zhu et al. (2023) also observed a higher abundance of hy-
drogenotrophic methanogens at higher OLRs in the range of 50–90 g TS/L/d upon treating
pig manure and corn stover in AD [52]. Zhang et al. (2023) observed an increased abun-
dance of Methanoculleus sp., which are hydrogenotrophic methanogens, at high OLRs
(5.8 g VS/L/d) when treating food waste and sewage sludge in a CSTR by increasing the
OLR from 1.4 to 5.8 g VS/L/d [53]. Furthermore, Linyi et al. (2020) reported a higher
abundance of Methanospirillum sp., a hydrogenotrophic methanogen, as the OLR increased
from 1 to 6 g VS/L/d during the AD of FW in a 2 L CSTR [54].

Moreover, elevating the OLR led to a greater prevalence of Methanosaeta sp. while
reducing the predominance of Methanosarcinai sp. This shift may be attributed to the
acetate concentration, which remained below 100 mg/L in the parent AD reactor [55].
Based on these findings, it appears plausible that both acetoclastic methanogenesis and
hydrogenotrophic methanogenesis pathways were occurring. However, conclusions
regarding the presence or absence of the syntrophic acetate oxidation pathway could
not be drawn. Among the methanogens, Methanospirillum sp. exhibited a notable in-
crease in abundance, rising from negligible proportions at OLRs of 0.75 g VS/L/d and
1.25 g VS/L/d to 21% and 29% at OLRs of 1.75 g VS/L/d and 2.25 g VS/L/d, respectively.
It became the most dominant methanogen, with 49% relative abundance, at an OLR of
3.25 g VS/L/d. This enrichment of Methanospirillum sp. underscores its significant role in
biogas upgrading, aligning with findings from prior research [6]. There was also a sudden
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increase in the prevalence of Woesearchaeota_DHVEG-6_ge at an OLR of 1.25 g VS/L/d.
However, the reason for this observation remains unknown.
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Figure 7. Relative abundance of archaea at genus level; higher OLR leads to a higher abundance of
Methanospirillum, which is a hydrogenotrophic methanogen.

The results of the richness and diversity indexes for archaeal communities are shown in
Table 2. At increasing OLRs, the Ace index rose, indicating heightened richness in archaeal
species. Additionally, the Shannon and InvSimpson indices also increased, confirming the
higher diversity at increased OLRs. In essence, the archaeal community exhibited increased
richness within specific communities, and the overall diversity expanded, with a higher
number of genera observed at elevated OLRs. This resulted in improved performance of
the reactors at higher loads.

Table 2. Diversity and richness indexes at each OLR for archaea community.

OLR Shannon ACE InvSimpson

1.25 1.32 31.71 2.76
1.75 1.58 33.16 3.39
2.25 1.66 35.07 3.90
2.75 1.76 36.04 4.47
3.25 1.70 37.01 3.63

In summary, a higher OLR results in a faster hydrogen consumption rate during the
in situ biomethanation of food waste. The underlying mechanism for this effect is likely
due to an increased abundance of hydrogenotrophic methanogens as the OLR increases in
the parent reactor. This phenomenon leads to a more rapid hydrogen consumption rate.
Additionally, the addition of trace elements may contribute to the stable operation of the
parent reactor and the degradation of VFAs instead of their accumulation.

3.3. Impact of Short-Period Hydrogen Starvation on Biomethanation Performance

To assess the impact of a short-term hydrogen starvation period on biomethanation
performance, a second injection of hydrogen was performed after 12 h of starvation. As
shown in Table 3, the volumetric hydrogen consumption rates were statistically similar
between the first and second hydrogen injections at OLRs of 1.25, 1.75, and 3.25 g VS/L/d
for in situ biomethanation. However, at OLRs of 2.25 and 2.75 g VS/L/d, the rate was
faster during the second substrate injection pulse. Thus, the hydrogen consumption rate
during in situ tests was either equal or faster after 12 h of H2 starvation, suggesting
consistent or improved kinetics of hydrogen consumption. Fermentative bacteria might
have provided a limited but consistent supply of hydrogen and carbon dioxide originating
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from biomass digestion, which, although in low quantities, could have sustained the growth
of hydrogenotrophic methanogens [56]. Nevertheless, this cannot explain why the second
injection resulted in faster kinetics only in some OLRs.

Table 3. Volumetric hydrogen consumption rates for the 1st and the 2nd injections (pulses) at
increasing OLRs. OLR stands for organic loading rate, VS for volatile solids, and COD for chemical
oxygen demand.

OLR (g VS/L/d) rH2 (mg COD/L/h)
In-Situ 1st Pulse

rH2 (mg COD/L/h)
In-Situ 2nd Pulse

1.25 35 ± 4 44 ± 11
1.75 61 ± 7 57 ± 6
2.25 49 ± 1 73 ± 5
2.75 57 ± 5 85 ± 12
3.25 68 ± 8 67 ± 7

pH cannot explain either of the observed differences, as it remained stable during the
first and second hydrogen injections. An excessively high pH could restrict methanogenic
activity, potentially resulting in process inhibition and reduced hydrogen consumption [57].
Additionally, during biomethanation, there is a risk of pH increase and potential process
failure due to bicarbonate consumption [9]. pH ranges outside the range of 7.0–8.0 could
inhibit methanogenic activity [58], leading to a reduction in the hydrogen consumption
rate [59]. This was not observed in the present experiments, and the initial pH consistently
remained at 7.16 ± 0.11 and 7.17 ± 0.18 during the first and second injections, respectively,
for in situ biomethanation.

Indeed, the precise reason for the increased hydrogen consumption rate at OLR levels
of 2.25 and 2.75 g VS/L/d remains uncertain. The results in the literature are inconsistent
on this matter. While some authors have reported a faster hydrogen consumption rate
after a starvation period [56], others have observed a reduction or a similarity in hydrogen
consumption rates after a starvation period [60]. Further research is needed to better
understand this phenomenon.

Comparing our results with the literature, Savvas et al. (2018) reported a swift recovery
within 24 h for four ex situ biomethanation reactors (three operated at 37 ◦C and one at
55 ◦C) after a gas feeding interruption lasting 13 and 45 days [56]. In contrast, Logroño et al.
(2021) observed a significant reduction in hydrogen consumption and methane production
rates following a 7-day starvation period during ex situ biomethanation at a mesophilic
temperature (37 ◦C) [60]. Conversely, Wahid et al. (2019) noted rapid restoration of methane
production rates in in situ biomethanation reactors, but this recovery occurred only after
three days without the addition of hydrogen [57]. Braga Nan et al. (2022) reported that
a seven-day starvation period had no impact on methane productivity and yield under
any tested conditions using glucose and acetate as organic substrates and H2:CO2 (4:1
molar ratio) as a gaseous substrate during in situ biomethanation (organic substrate and
H2:CO2), ex situ biomethanation (only H2:CO2), and AD (only organic substrate). However,
a four-week starvation period had adverse effects on all reactors in terms of metabolite
production, substrate consumption, methane yield, and methane production rate [26].

These results showcase the robustness of the in situ biomethanation process developed.
It seems that the activity of hydrogenotrophic methanogens remained unaffected even
when hydrogen addition was halted for 12 h. Consequently, pulsed hydrogen addition is
biologically viable without compromising the hydrogenotrophic activity of the microbial
community in in situ biomethanation reactors. This might be an advantage of in situ vs. ex
situ biomethanation, as the organic substrate degradation can provide, to some extent, the
substrate required for maintaining the activity of hydrogenotrophic methanogens.
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4. Conclusions and Perspectives

This study demonstrates that within the tested range, increasing the OLR from 1.25 to
3.25 g VS/L/d led to higher H2 consumption rates from 35 to 68 mg COD/L/h during the
in situ biomethanation of FW. Importantly, higher loads did not result in VFA accumula-
tion, which is a main issue that might arise during this process. Both in situ and ex situ
biomethanation showed comparable kinetics, and a 12 h starvation period did not hinder
the H2 consumption rates. The abundance of hydrogenotrophic methanogens increased
from a negligible amount at an OLR of 0.75 g VS/L/d to 49% at an OLR of 3.25 g VS/L/d,
which may account for the observed accelerated H2 consumption.

This study demonstrates that in situ biomethanation can be conducted at high OLRs
without encountering VFA accumulation. However, further validation of these findings in
(semi)continuous pilot-scale reactors is required. Additionally, beyond examining the OLR,
investigating the biochemical composition of the treated substrate would be pertinent to
fully understand the impact of organic matter input on biomethanation performance.

Regarding the practical application of this study, higher OLRs can be implemented to
conduct in situ biomethanation without compromising the rate of hydrogen consumption.
This enables the utilization of smaller reactor volumes for in situ biomethanation, thereby
substantially reducing both capital and operational costs. Also, increasing the OLR did not
lead to instability of the parent and batch reactors.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/en17112490/s1, Figure S1. qPCR results for bacteria and archaea across
different OLRs. OTU stands for operational taxonomical unit and OLR for organic loading rate.
Figure S2. Cumulative COD mass balances for the tests at (A) 1.75 g VS/L/d and (B) 2.25 g VS/L/d
and (C) 2.75 g VS/L/d. Data for hydrogen, methane, and VFAs at the beginning (initial) and at the
end (final) of the batch tests are provided. Results are shown for in situ biomethanation, AD, ex
situ biomethanation, and endogenous tests. OLR stands for organic loading rate, COD for chemical
oxygen demand, AD for anaerobic digestion, and VFA for volatile fatty acid. Figure S3. Relative
abundance of bacterial species at genus level.
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