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Biogas upgrading is an emerging technology offering unique opportunities for further exploitation of biomethane
as fuel for vehicles or direct injection into the gas grid, expanding the conventional use of biogas for combined
heat and electricity generation. Up to date, most of the studies exploring the potential of biological carbon di
oxide hydrogenation was performed at laboratory scale systems, hampering the evaluation of the process under
real environmental conditions. The current work demonstrates the performance of a pilot trickle bed reactor that
was fed with real biogas as CO2 source under progressively increased gas provision rates. Additionally, the study
is supported by a genome-centric metagenomic analysis to gain deep insights into the microbiome of the reactor.
A maximum methane content of 98.5% was achieved at a gas retention time of 5 h. Stand-by periods in which no
influent gas was provided in the reactor did not lead to fatal deterioration of the overall process, as the bio
methanation efficiency was recovered after a certain period of time. Samples obtained from three different layers
of the packing material, the liquid phase of the reactor and the inoculum demonstrated a distinct clustering of
microbial members. The provision of the nutrient media from the top layer led to the enrichment of specific
bacteria, such as Clostridiaceae DTU-pt_113, whose genome profile contains Veg-family genes, which are known
to be associated with biofilm formation. Similarly, the injection of influent gases from the bottom of the reactor
favoured the proliferation of hydrogenotrophic methanogens, solely belonging to family Methanobacteriaceae.

1. Introduction
With a view of achieving a climate neutral Europe by 2050 and to
wards deep decarbonisation, European Commission has lately
announced the key role of H2 produced from excess renewables elec
tricity [1]. The surplus electricity, produced from fluctuating renew
ables during the peak periods, must be consumed to avoid losses or grid
congestion [2]. Although the temporary surplus can be partially
exported to neighbouring countries, the potential of renewables is not
fully utilized. It is anticipated that smart grid approaches should be
adopted and effective solutions for storage and utilization of cheap en
ergy should be developed. Hence, excess electricity can be used to
produce H2 appearing as an energy carrier by storing electrons in the
form of stable chemical bonds that can be used as a fuel or serve as a

carrier to ease Power to X technologies.
Among the conversion technologies for the deployment of H2 to the
energy market, the biological coupling with CO2 to produce biomethane
is a promising alternative [3,4]. Biomethanation can be easily imple
mented at biogas plants to upcycle the CO2 in biogas but the current
techno-economic metrics (e.g., production capacity, switch on/off
flexibility, CAPEX) should be improved to compete with conventional
CO2 capturing technologies (e.g., amine scrubbing, pressure swing
adsorption). However, the traditional upgrading processes do not
upcycle CO2 to CH4 leading to limited environmental benefit and also, at
low H2 prices are less economically advantageous compared to bio
methanation [5].
Among the different reactor systems for biomethanation, trickle bed
reactor (TBR) appears as an efficient system to achieve high CH4 quality
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and production capacities [6]. In TBRs the microbes can be immobilized
on the packing material which should have a high surface-area for
gas–liquid mass transfer favouring the high density and activity of
methanogenic archaea [7]. Focusing on packing, polyurethane foam is a
dense and cheap material posing some characteristics to be used in
biological upgrading. Specifically, it was lately associated with high H2
conversion and CH4 production rates at lab-test [8]. Despite the prom
ising performance, in the cited study the tests ran only for 60 days and
thus, the tolerance of polyurethane against potential operational prob
lems (e.g., filter clogging due to excess biofilm) cannot be concluded.
Considering the exploitation of TBR with different packing materials,
long-term pilot experiments were previously conducted. For instance,
Strübing et al. [9] operated a pilot-scale TBR that was filled with two
different commercially available packing materials for more than 300
days using pure H2/CO2 and artificial nutrient media. Subsequently, the
same research group followed a more dynamic approach applying a
repetitive standby/restart operation (at 25 ◦ C and 55 ◦ C) to evaluate the
biomethanation efficiency of a demand/oriented operation [10].
Research showed that the repetitive standby at 55 ◦ C could markedly
deteriorate TBR restart due to high inactivation of hydrogenotrophic
archaea and volatile fatty acids (VFA) accumulation. However, rela
tively short standby periods were applied (up to 8 days) at the controlled
thermophilic conditions. In contrast, the effect of prolonged standby on
TBR restart procedure is not clear and on top of it, the impact of noncontrolled temperature has not been evaluated before. Moreover, none
of the above-mentioned very informative studies was validated in rele
vant environments upgrading real biogas and using digestate as a
nutrient source.
Apart from reactor design, the microbial species involved in bio
methanation markedly determine process efficiency. The microbial
community responsible for organic matter to methane conversion is
composed of many species and can change in abundance and composi
tion according to the environmental conditions [11]. Revealing the di
versity and dynamics of hydrogen-fuelled microbial communities it
would be feasible to acquire significant knowledge on how to optimize
the operational conditions. Due to the technical difficulties associated
with the isolation process of anaerobic microbes, metagenomic ap
proaches are more frequently applied to determine the functional
properties of microbes involved in biogas upgrading [12,13]. Meth
anogenic microbiome is known for its intricate metabolic networks and
complex consortium structure. Previous studies showed that the
microbiome is typically dominated by uncharacterized species, leading
to difficulties on the functional characterization of the key members.
Thus, the de-novo assembly of individual genomes through genomecentric metagenomics provides significantly deeper insights into the
functionality of methanogenic microbes. In addition, the reconstruction
of metabolic pathways in metagenome-assembled genomes (MAG) un
veiled the potential interspecies interaction among microbes in a
methanogenic community [14]. In particular, genome-centric in
vestigations can provide a better characterization of the functional roles
of microbial species and more qualitative information in comparison to
marker-gene based predictive approaches [15]. Nevertheless, there is
scant research on biomethanation reactors operated in relevant envi
ronments. Considering that biomethanation will markedly aid the green
transition of the bioenergy sector, deeper insights on microbial aspects
are needed under more realistic conditions compared to the mainly
examined lab-scale trials.
In the present study, the capability of a pilot-scale biomethanation
TBR is evaluated using real biogas and digested municipal biowaste as
nutrient sources in a relevant environment. The TBR was operated
varying the operational conditions and gradually increasing the H2
feeding rate to assess process performance at long-term. To evaluate
process flexibility, the TBR was put twice on standby mode at different
temperatures to evaluate restart efficiency. Moreover, microbial samples
collected from different heights in the TBR and analysed to reveal
microbiome distribution.

2. Materials and methods
2.1. Pilot trickle bed reactor
A trickle bed reactor (TBR) with an overall height of 2.1 m and active
filling volume of 68 L was used. The schematic diagram of the TBR and
ancillary equipment are depicted in Fig. 1. The reactor shell was con
structed of AISI 304 (ø273 × 2 mm; ID 269). The active volume was
separated in three sections filled with polyurethane foam which was
supported by a polyester grid (h: 25 mm, ø260 mm) to ensure avoidance
of packing material displacement.
A screw-in resistance thermometer (JUMO Type PT 100) was placed
in the middle of the TBR to monitor and control the temperature at
thermophilic conditions (52 ± 1 ◦ C) using a heater cable (Fluoropolymer
over jacket over tinned copper braid, EMTS2-CF). Since the process is
exothermic, a cooling system was prepared to maintain the temperature
of the TBR on the desired level. Hence, when heat was produced as
advised by an online thermometer, water at ambient temperature was
automatically recirculated using a peristaltic pump (Watson-Marlow,
600 series) through soft copper tubing which was wrapped around the
outer surface of the TBR. Inlet and outlet ports were available at the
bottom and top layer of the TBR to provide flexibility for either co– or
counter-flow operation. The operating pressure was monitored using an
analogue positive pressure gauge that was connected to the upper sec
tion of the active volume.
Biogas was supplied using a peristaltic pump (Watson-Marlow, 600
series) and hydrogen was provided by a mass flow controller (Bronk
horst High-Tech BV). Gases were injected below the lowest level of
TBR’s active volume via either craft-made perforated stainless-steel in
jectors with 5 sets of holes (3 × ø3.5 mm per set) or ceramic membranes
made from silicon carbide (SiC) with a 0.5 μm pore size. Sieved digested
municipal biowaste was used as a nutrient medium and trickled once per
day from the nutrient sump (7.5 L working volume) to the top of the
reactor using a peristaltic pump (Watson-Marlow, 600 series). A cylin
drical drip tray with multiple drain holes was placed at the top of the
reactor to ensure proper distribution of liquid medium.
A pressure relief valve was placed on the top of the TBR for safety.
The complete set-up was assembled and installed in a 40-foot container
in line with ATEX regulations. All above mentioned electrical and me
chanical equipment was connected to an electrical panel and controlled
online via LabView (National Instruments, USA).
2.2. Inoculation
A continuously stirred tank reactor (CSTR) with 9.0 L total and 7.5 L
working volume was employed to prepare an enriched hydro
genotrophic seed. The CSTR was operated at thermophilic conditions
(52 ± 1 ◦ C), the typical operation for biogas plants in Denmark, using a
silicone thermal jacket and was further used in the pilot test as nutrients
sump (Fig. 1). For inoculum preparation, the working volume of the
CSTR consisted of 90% with the effluent of a pilot-scale biogas reactor
(working volume: 500 L) fed with municipal biowaste and 10% with
hydrogenotrophic inoculum derived from a lab-scale upgrading reactor
[16]. The municipal biowaste was pretreated in a pulping facility [17]
and then, was anaerobically digested at a hydraulic retention time of 20
days under mesophilic conditions. The raw municipal biowaste had the
following characteristics (g/kg): 166.34 ± 36.49 total solids (TS),
140.16 ± 28.84 volatile solids (VS), 4.27 ± 0.98 total nitrogen (TN),
0.76 ± 0.20, ammonium nitrogen (NH4-N) and 4.4 pH. The effluent of
the biogas reactor was collected in storage tanks and before usage, it was
sieved and filtered to avoid operational problems and clogging during
trickling. The finally used digested municipal waste had the following
characteristics (g/kg): 14.23 ± 1.85 TS, 9.94 ± 1.36 VS, 1.09 ± 0.09
NH4-N, and 7.09 pH. The content of essential trace elements (i.e. Fe, Ni,
Co) for methanogenesis was also defined and is presented below.
The CSTR was flushed with an 80:20 (v/v) mixture of H2 and CO2,
2
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Fig. 1. Schematic diagram of the pilot-scale trickle bed reactor. Gray dashed arrow represents the points of sampling and biofilm appearance. PL: low point; PM:
middle point; PH: high point.

while a gasbag filled with the same gas feedstock was connected at the
headspace. The gas was continuously circulated using a peristaltic pump
and injected into the working volume using a ceramic diffuser. Due to H2
and CO2 coupling a pressure drop appeared and fresh gas feedstock was
daily added. During the cultivation period, 10% of liquid volume was
replaced twice a week to ensure adequate nutrients provision. The CSTR
was operated for one month and subsequently, the enriched hydro
genotrophic culture was used to inoculate the pilot TBR. Prior to TBR
start-up, 40 L of sieved digested biowaste was continuously trickled to
ensure wetting of packing material and ease microbial access to nutri
ents. Then, the 7.5 L of enriched inoculum was loaded into the upper
surface of the TBR.

day 234 using biogas as CO2 source and operated at 10 h GRT up to day
256 (P-8). Then, the GRT was adjusted to 5 h (P-9) and finally, the TBR
was operated at 2 h GRT (P-10). The detailed plan of the operating
conditions is presented in Table 1 and the GRT was calculated based on
reactor volume (VTBR) and the total feeding gas (Fin), as shown in Eq. (1).
GRT =

VTBR
Fin

(1)

From day 0 to 193, the container with the integrated TBR unit was
placed in BIOFOS WWTP (Avedøre, DK) and was fed with a mixture of
CH4/CO2 at 60/40 (v/v) as an artificial biogas (Air Liquide A/S,
Denmark). At the end of the second standby period (day 194), the unit
was operated at Lemvig Biogas (Midtjylland, DK) and fed with biogas
produced in the plant derived after desulfurization. Microaerobic
removal of H2S is applied in the biogas plant and thus, residual O2 (<0.2
vol%, monitored as safety limit) could be occasionally available on the
outlet side of the biological process. CH4 and CO2 content in the biogas
was regularly defined to adjust the value of added H2. During the whole
experimental period pure H2 was used (ALPHAGAZ™ 1 H2 ≥ 99.999
mol%, Airliquide) and digested municipal biowaste was utilized as a
nutrients source. Before usage, the digestate was sieved to remove large
particles that could provoke clogging. Apart from standby periods, the
nutrient solution was trickled once per day at a rate of 1.2 L/min and
allowed to drain by gravity to return to the sump. Changes of the gas
feed rate, temperature variation and operation/standby periods
throughout the entire experiment are depicted listed in Fig. 2.

2.3. Operating conditions and monitoring
The TBR was flushed with N2 for 30 min before start-up to ensure
anaerobic conditions. During the first 8 days (P-1), the H2:CO2 feedstock
was settled to a 2:1 ratio to avoid H2 overfeeding and rapid pH increase.
Subsequently, the feedstock was adjusted to the stoichiometrically
needed 4:1 up to day 27 reaching a gas retention time (GRT) of 10 h (P2). To evaluate the effect of “hot standby” period (i.e., no feeding and
keeping unchanged the temperature) [6], the gas provision was ceased
from day 28 to day 53 (P-3). Then, the TBR was fed again at the same
feed rate (P-4). The gas feeding rate was increased again at day 81 to
reach a 5 h GRT (P-5) and at day 110 the craft-made perforated stainlesssteel injectors were replaced with Sic membrane as means to improve H2
diffusion (P-6). The operational conditions were kept unchanged up to
day 118. Then, a “cold standby” period (i.e., no feeding and ambient
temperature) was established for 75 days (P-7). The TBR was restarted at
3
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Table 1
Operating conditions and characteristics.
Period

Days

T (oC)

H2:
CO2

CO2
source

Fin (L/
day)

GRT
(h)

Gas dispersion system

1
2
3

0–8
9–27
28–53

52 ± 1

Pure

52 ± 1

2:1
4:1
–

115
163

14
10

Craft-made perforated stainless-steel injectors with 5 sets of holes (3 ×
ø3.5 mm per set)

4
5

54–80
81–109

52 ± 1
52 ± 1

4:1
4:1

Pure
Pure

163
327

10
5

6
7

110–118
119–193

52 ± 1
Ambient

4:1
–

Pure
–

327
327

5
–

8
9
10

194–233
234–256
255–276

52 ± 1
52 ± 1
52 ± 1

4:1
4:1
4:1

Biogas
Biogas
Biogas

163
327
817

10
5
2

–

Ceramic membranes made from silicon carbide (SiC) with a 0.5 μm pore
size.

Notes

“hot standby”
period

“cold standby”
period

Fig. 2. Simplified operational scheme indicating the operational and standby periods and the corresponding reactor temperatures lower and upper, H2 and total gas
feed rates. Yellow circles represent the sampling dates for DNA extraction. In the cold standby period, the dashed red lines depict the minimum and maximum
ambient temperatures, while the straight line stands for the average.

2.4. Analytical methods and data analysis

GmbH, Hilden, Germany) with minor modifications as previously
described [16]; an initial cleaning step with Phenol:Chloroform: Isoamyl
Alcohol (25: 24: 1) was implemented to increase the purity of the
extracted nucleic acids. Quality control on extracted DNA was done by
means of NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA) for
purity and Qubit (Thermo Fisher Scientific, Waltham, MA, USA) for
concentration.

The standard methods for the examination of water and wastewater
were followed to measure TS, VS, pH, and ammonium nitrogen (NH4-N)
[18]. The VFA composition was determined using a GC-TRACE 1300
(Thermo Scientific) as previously described by Khoshnevisan et al.
(2018a). The effluent gas was quantified using the water displacement
method. Gas samples were daily collected in vacuum vials (Exetainer®
5.9 mL Evacuated Flat Bottom Vial) to monitor the biomethanation ef
ficiency. A gas chromatograph GC-TRACE 1310 (Thermo Scientific) was
used to determine the methane content and production capacity. All
measurements were measured in duplicate and results significance (p <
0.05) was defined by analyses of variance (ANOVAs) and Student’s t-test
using the OriginPro 9.0.0 SR2 software (OriginLab Corporation, USA).

2.6. Metagenomic sequencing and binning analysis
Library preparation was performed using the Nextera DNA Flex Li
brary Prep Kit (Illumina Inc., San Diego CA) and sequenced with the
Illumina NovaSeq 6000 platform (2 × 150, paired end) at the CRIBI
Biotechnology Center sequencing facility (University of Padova, Italy).
Raw sequences were uploaded to the Sequence Read Archive (NCBI)
under the project ID PRJNA694528.
Reads were filtered using Trimmomatic v 0.39–1 tool [19] to remove
adapters and trim out low-quality bases (Phred score ≤ 20). BBDuck
software (BBTools, jgi.doe.gov/data-and-tools/bbtools) was used for
eliminating bacteriophage phi X 174 contamination sequences. Coassembly was carried out using MegaHit (v1.2.9) tool [20] with
“meta-large” option. Contigs shorter than 1 kbp rarely encode complete
genes and they provide little information on gene functions, for this
reason they were removed. Bowtie2 (v2.2.6) [21] and SAMTool (v.1.10)
[22] were used to generate the contigs coverage profiles for the subse
quent binning approach. Metagenome Assembled Genomes (MAGs)

2.5. Microbial sampling and DNA extraction
To explore the microbial diversity and dynamicity along the TBR
height, three samples for genomic DNA extraction were collected from
the high, middle, and low points of the filter (PH, PM, and PL, respec
tively). Moreover, liquid sample (Li) was also extracted from the nutri
ents sump to define the planktonic microbiome, and inoculum
microbiome was also characterized. Hence, five samples were analysed
in total, including the inoculum sample (In). The samples from the TBR
were collected at day 118 and used for metagenomic analysis. Genomic
DNA extraction was performed using DNeasy PowerSoil® (QIAGEN
4
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were identified with MetaBAT2 (v2.12.1) [23]. CheckM (v1.1.2–1) [24]
was used to assess quality (completeness and contamination) and rela
tive abundance of the MAGs in each sample. MAGs were classified as
high quality (≥90% completeness, ≤ 5% contamination), medium
quality (≥50% completeness, ≤ 10% contamination), low quality
(≤50% completeness, ≤ 10% contamination), and bad quality (>10%
contamination). The taxonomic classification of the MAGs was made by
GTDB-Tk (v1.0.2) [25]. Finally, the prediction of protein encoding genes
in each MAG was performed with Prodigal (v2.6.3) [26]. Genes func
tional annotation and functional investigation was performed with
DRAM (v1.1.1) [27] and EggNOG (v5.0) tools [28].

A remarkably high CH4 concentration (98%) was detected at P-4. A
deviation to the H2 flow was faced from day 72 to 75 reducing the
upgrading efficiency. Once the H2 flow was adjusted to the correct value,
the biomethane content reached again more than 95%. The lowering of
the GRT at 5 h (P-5) by doubling the feeding load affected negatively the
biomethanation performance. Specifically, the CH4 was decreased to
58% after 4 days of operation and stabilized to 76% at day 110. In
parallel, a slight pH drop and acetate accumulation was observed, sug
gesting the presence of homo-acetogenic bacteria (Fig. 3b). Via the
Wood-Ljungdahl, the homo-acetogens convert CO2 to acetate causing
pH decrease. In accordance, a recent study in an up-flow bio
methanation reactor filled with packing material found that the partial
utilization of CO2 and H2 for homo-acetogenesis instead of methano
genesis led to pH reduction [34].
Another factor that might affected negatively the biomethanation
process is the concentration of micronutrients that were found to be
significantly decreased during P5. Micronutrients, such as Ni, Co and Fe,
are essential for basal microbial functions. It is well known that hy
drogenases are Ni-Fe enzymes and efficient cytochromes biosynthesis
requires iron within a defined concentration range. Additionally, it has
been previously reported that low content of micronutrients has a
detrimental role on the methanogenic activity of anaerobic biofilms
[35]. In the current experiment, the concentrations of Co and Ni were
significantly lower (6 and 10 μM, respectively) at the beginning of P-5
(day 80) compared to the beginning of the test (21 and 37 μМ, respec
tively) to. In accordance with the current work, the limited ability of
archaea to perform a high biomethanation rate along with VFA accu
mulation was previously revealed due to shortage of Co and Ni [36].
Similarly, the concentration of Fe in the nutrients’ sump was also
reduced from 302 to 51 μM compared to day 0 (Table 2). Based on
literature, the optimal levels for Ni and Fe for hydrogenotrophic meth
anogenesis are 0.2–1 and 15–500 μM, respectively [37]. Considering
that the micronutrient concentration was above the literature threshold
levels, even though they were found to be decreased, the strategy on
nutrients provision did not change through the experiment. Thus, it was
hypothesized that the limited biomethanation efficiency could be
attributed to the fact that polyurethane foam was very thick filling
material, and for these reasons the contact between nutrients and gases
was not optimized leading to a non-homogenous biofilm creation

2.7. Statistics and data visualization
MAGs relative abundance was visualized as heatmap using R (v3.6.3)
(R core team, 2020) and the heatmaps of heatmaply (v1.1.1) package
[29]. MAGs distribution in samples was checked using the Principal
Component Analysis (PCA) of vegan (v2.5–6) package [30]. Out of the
DRAM tool results, only the Kyoto Encyclopedia of Gene and Genomes
(KEGG) module database [31] and pathways of importance for biogas
production were selected and visualized as heatmaps with ggplot2
(v3.3.2) package [32]. Manual investigation of specific KEGG IDs was
performed by colouring the genes in the pathway maps using KEGG
mapper, and the metabolic reconstruction of MAGs was visually repre
sented with BioRender (https://biorender.com/). Identification of ge
nomes belonging to the same MAGs previously reported was performed
with Average Nucleotide Identity calculation in the MiGA platform [33]
using as reference the Bio-Gas microbiome database.
3. Results and discussion
3.1. Bioconversion of H2 and CO2 to CH4
High biomethanation efficiency was achieved since the first week of
operation reaching more than 90% in the output (Fig. 3a). After feed
regime adjustment at the stoichiometrically optimum at day 8, a slight
drop of upgraded methane was detected from day 10 to 18. However, at
the end of P-2 and prior to “hot standby” period, no residual H2 was
detected in the output, and the CH4 content was equal to 90%.

Fig. 3. Biomethane content (a), TVFA and acetic acid accumulation, NH4-N and pH fluctuation (b) of TBR.
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microbiome heatmap coverage shows nearly identical profiles of sam
ples PL and PM (Supplementary Fig. 1), highlighting that the commu
nities present in the medium–low part of the reactor were highly
homogeneous. On the contrary, the remaining samples (In, Li, and PH)
had clearly distinct profiles and clustered individually. Firmicutes (n =
81) was the dominant phylum in all the samples and was represented
mainly by members of the class Clostridia (n = 37) (Supplementary
Table 1). Bacteroidetes (n = 15) and Proteobacteria (n = 11) were the
second and third most presented phyla, respectively. The methanogenic
archaea were represented by three MAGs assigned to the Meth
anobacteriaceae family (Methanothermobacter wolfeii DTU-pt_43, Meth
anobacterium DTU-pt_46, Methanobacteriaceae DTU-pt_063). For the sake
of clarity, only the ten more abundant MAGs of each sample were
selected and visualized in the heatmap (Fig. 4a). Clostridia DTU-pt_99
was dominant in the inoculum (25%) and it was the third most abun
dant (6%) in the planktonic sample, followed by Firmicutes DTU-pt_168
and Chromatiales DTU-pt_172 (both at 11%). Consequently, Clostridia
DTU-pt_99 was the main responsible for the bioprocess occurring in In
and Li samples (Fig. 4b). On the contrary, Clostridiaceae DTU-pt_113 was
the dominant microorganism (19%) in the PH sample, clearly demon
strating a stratification of microbial members throughout the length of
the TBR. Methanobacterium DTU-pt_46 was the dominant microorganism
in the samples PL and PM, (20%) and the only MAG clearly associated
with the medium–low part of the reactor, thus the main methanogen of
the whole system. The other two identified methanogens were found in
significantly lower relative abundance; specifically, Meth
anothermobacter wolfeii DTU-pt_43 was the second most abundant (0.8%
average), while the abundance of Methanobacteriaceae DTU-pt_063 was
less than the minimal threshold considered. Focusing on Meth
anothermobacter spp., their ability to efficiently form biofilm on ceramic
packing materials and then, couple H2 and CO2 for CH4 production was
lately revealed [39]. Nevertheless, this recent study followed a pure
culture gas fermentation which can be more susceptible to process dis
turbances compared to the mixed culture of the present study. More
over, Methanothermobacter spp. were also found to dominate the biogas
upgrading community in up-flow system equipped with ceramic mem
branes [40].
The 35 most abundant MAGs have, in general, the potential to
degrade carbohydrate through pentose phosphate, Emden-Meyerhof
(EM), Wood-Ljungdahl (WL) pathways and citrate cycles (Fig. 5a) and,
consequently, to produce acetate and acetyl-CoA (Fig. 5b). The meta
bolic annotation revealed a high abundance of putative homoacetogenic bacteria (e.g., DTU-pt_99 and DTU-pt_113), which can use
H2 and CO2 and produce acetate through the WL pathway (Supple
mentary Table 2). Despite difficulties in correlating gene content with
acetogenic behaviour, this finding, obtained from functional annotation,
is a possible explanation for the acetate accumulation (1747.81 mg/L)
observed after 80 days of operation (Fig. 3b). The high abundance of
these bacteria agrees with previous findings in reactors fed with H2 and
CO2, and a syntrophic relationship with methanogenic archaea was
previously hypothesized [41,42]. The three most abundant MAGs pre
sent in the planktonic sample (DTU-pt_99, DTU-pt_168 and DTU-pt_172)
have similar metabolic pathways, and this suggests a shared functional
behaviour. The only difference is in the Cytochrome complex, which is
complete in Chromatiales DTU-pt_172, a purple sulfur bacteria of the
class Gammaproteobacteria characterized by reduced sulphur compounds
as electron donors [43].
To overcome the issue derived for incomplete MAG genomes, the
most relevant MAGs identified according to PCA analysis (Fig. 4b) with
values lower than 90% were compared with the MiGA Bio-Gas Micro
biome database through ANI analysis. Clostridia DTU-pt_99 and Clos
tridiaceae DTU-pt_113 have high similarity with Firmicutes sp.
AS24abBPME_73 (99% ANI, 98.1% of completeness) and Clostridia sp.
AS23ysBPME_31 (98% ANI, 56.6% of completeness), respectively. Thus,
the more complete reference genome was used to reconstruct the
metabolic pathway (Fig. 6); this was done under the assumption that

Table 2
Content of crucial trace elements for enzymatic activity of methanogenic
archaea.
Day

Fe, μM

Co, μM

Ni, μM

0
53
80
117
194
234
256
276

302
54
51
37
42
31
43
53

21
6
6
4
6
5
8
10

37
11
10
8
10
9
12
16

throughout the TBR bed. This hypothesis was validated during sample
collection for microbiological analysis showing thicker biofilm forma
tion at the top of the TBR, the position from where the nutrients were
trickled (Fig. 1). To overcome limited biomethanation, the perforated
stainless-steel injectors were replaced with SiC membrane at day 110 as
means to improve the gas–liquid contact. Indeed, the positive impact
was quickly revealed and biomethane content reached a value of 98% at
day 110. In parallel, the acetate levels were not significantly increased
(from 1732 to 1747 mg/L, p > 0.05), validating the improved hydro
genotrophic activity compared to the previous period.
Subsequently, the “cold standby” followed, and after 75 days at
ambient temperature, the TBR initiated at 10 h GRT using real biogas. A
small leakage did not allow proper H2 provision, and thus, almost 30
days were needed to adjust the feeding regime at the appropriate stoi
chiometry. Once the problem was fixed, more than 90% CH4 was ach
ieved similarly to the previous experimental period at 10 h GRT.
Subsequently, by further increasing the feeding rate (P-9, GRT: 5 h)
more than 98.5% CH4 content was observed which was the superior
upgrading efficiency during the whole experiment. Finally, by adjusting
the feeding rate to the highest value, i.e., GRT: 2 h at P-10 a clear drop on
biomethanation efficiency was detected, along with a concomitant drop
in pH values below 8.0. This can be explained as the partial CO2 pressure
is in balance with the dissolved H2CO3 and the pH fluctuation is the
result of a bicarbonate buffer system. During efficient hydrogenotrophic
methanogenesis, CO2 is coupled with H2 and the increased pH favours
HCO–3 formation as shown in Eq. (2), while Eq. (3) is mainly favoured
above pH of 10.
H2CO3 → HCO−3 + H+
HCO3- ↔

CO2−
3

+

+H

(2)
(3)

Nevertheless, the CO2 uptake rate is enhanced at alkaline conditions.
In accordance, the upgrading efficiency increased to the highest stan
dards (>95% CH4) when the pH increased to similar levels as before and
the major dissociated form of CO2 was HCO−3 . Despite optimal range for
AD process is considered from 7.0 to 8.0, the ex-situ methanogenesis
typically occurs in a more alkaline environment due to external H2
provision and CO2 uptake. Ashraf et al. found that the production ca
pacity of TBR was not decreased even at pH values higher than 8.5
showing tolerance of the community at more alkaline conditions [38]. In
the present study, the H2/CO2 fueled microbiome was also efficiently
functioning at such pH levels.
3.2. Microbiome in biogas upgrading TBR
3.2.1. General microbial community profile
The genome-centric metagenomic analysis applied to all microbial
samples generated 191 MAGs out of which 48 were of high quality and
75 of medium quality. Only the MAGs with high and medium quality (n
= 123) were retained for further analyses, such as statistics and bioin
formatics functional investigation. According to the percentage of
mapped reads (66 to 75% depending on the sample), the selected MAGs
accounted for more than half of the total community. The global
6
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Fig. 4. Selected MAGs abundance and distribution. (a) Heatmap of 35 high abundant MAGs. The taxon colors are the information of phylum level. (b) Principal
component analysis (PCA) of the different samples and MAGs. In: Inoculum; Li: Liquid; PL: low point; PM: middle point; PH: high point.

MAGs having high similarity at genome level were also sharing most
functional pathways.

methanogenesis and homo-acetogenesis are more energetically favor
able compared to acetate oxidation at areas close to H2 supply and
proximity [46]. Thus, it is expected that the H2 is locally utilized for
these two processes, while syntrophic acetogenesis and homoacetogenic oxidation can occur in areas with lower H2 availability. At
a micro-scale methanogenic membrane reactor, it was found that
hydrogenotrophic methanogenic biofilm was located above the gas
permeable membrane while the syntrophic acetogens and homoacetogenic oxidizers were mainly functional in the bulk phase away
from the H2 supplementation area [47]. In a higher scale, a similar
stratification was observed herein. The relative abundance of hydro
genotrophic methanogens was markedly high in the zones close to the
added H2 (samples PL and PM), while potential homo-acetogens (Clos
tridiales DTU-pt_099) were also detected in these samples. On the other
hand, acetogenic Clostridiaceae DTU-pt_113 were found in the upper
zone of the TBR where the available H2 was significantly lower than the
middle and low zones. As mentioned above, the utilized packing mate
rial did not allow a proper gas distribution and nutrients trickling
through reactor bed. To improve the homogeneity of microbial distri
bution, alternative packing materials of high surface area and porosity
could be helpful. In addition, continuous trickling can contribute on
higher nutrient availability compared to the applied once per day
trickling. However, high trickling rates can allocate the packing mate
rials and vigorously mix the community interrupting the syntrophic
associations which are important for mixed fermentation as shown in
different reactor systems [48]. On the other hand, absence of mixing can
clearly lead to stratification of full-scale digesters [49]. Thus, a contin
uously slow trickling rate can be beneficial for biomethanation ensuring
nutrients availability and decreasing stratification.

3.2.2. Microbial spatial stratification
As previously mentioned, the microbial community structure was
divided in distinct clusters within the TBR. The microbial spatial strat
ification was attributed to two main factors as a result of the process
operation. The first factor is associated with the nutrient provision that
was facilitated from the top of the reactor enabling the formation of a
thick biofilm with high affinity at the upper part of the packing material.
The biofilm was getting progressively thinner while moving to the lower
parts of the packing material. This observation is aligned and supported
with the abundance profile of Clostridiaceae DTU-pt_113 which was
found to be greater enriched in PH samples rather than in PM and PL
samples (Fig. 4). The sequenced data identified the presence of the gene
family VEG (PF06257), which is associated with biofilm formation, in
the genome of Clostridiaceae DTU-pt_113. More specifically, this family
is highly conserved in gram-positive bacteria and has the function of
stimulating the production of the amyloid fibre component of the bio
film [44]. The second factor for the spatial stratification was attributed
to the provision of H2 and CO2, which were both injected from the lower
part of the reactor. Such environmental conditions favoured the prolif
eration of methanogens especially at PL and further to PM samples
indicating that methane was produced, mainly, in the low and middle
points of the TBR (Fig. 4). It was found that methanogenesis was
accomplished mainly by Methanobacterium DTU-pt_46; in fact, the
taxonomic classification agreed with the presence of the complete
pathway of hydrogenotrophic methane production identified in the
genome of this MAG (Fig. 6). It must be noted that another microor
ganism with high relative abundance in PL and PM samples was Clos
tridiaceae DTU-pt_99. This MAG was the dominant microbial member in
inoculum (In) and it would have been expected that its abundance
would remain stable independently from the sampling point. Nonethe
less, as shown in Fig. 4, the coverage profile of Clostridiaceae DTU-pt_99
was correlated with the corresponding one of Methanobacterium DTUpt_46, suggesting a putative syntrophic relationship due to this
frequent co-occurrence. In fact, Clostridiaceae DTU-pt_99 belongs to the
same species of unclassified Bacteria sp. DTU645 (>99.5% ANI) that was
dominant in the microbiome together with several hydrogenotrophic
archaea [45]. It has been previously reported that this bacterium per
forms an alternative pathway for acetate degradation to CO2 through
reversed glycine reduction [45].
Based
on
the
thermodynamics,
the
hydrogenotrophic

3.3. Future perspective
Microbial analysis showed that the native AD microbiome can be
naturally reconstructed and form a highly efficient community able to
operate with raw biogas and nutrients from the digestate. The outcome
of this study is particularly important showing that the suggested
technology offers an alternative to other industrial upgrading processes
relying on single-celled methanogenic archaea as biocatalyst and pure
media for nutrients provision. Considering that the present study
demonstrated biomethanation using a pilot-scale reactor at relevant
environment, system analysis of the whole concept should be now
conducted. The feasibility of biomethanation compared to conventional
methods for biogas cleaning (i.e., water and amine scrubbing) should be
7
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Fig. 5. Heatmap of DRAM results for 35 highly abundant MAGs. (a) Completeness level of KEGG modules functions is reported as percentage. (b) Short-chain fatty
acid (SCFA) and alcohol conversion functions are reported as absent (“0′′ - white) and present (“1” - blue).

evaluated. Since CO2 is biologically upcycled in the existing technology
to produce more energy, a more environmentally friendly approach is
achieved. This advantage must be confirmed via detailed technoeconomic assessment which can also help the further up-scaling to in
dustrial applications. Finally, business plan can further help to reveal the
need for different kinds of subsidies and incentives to increase feasibility
of the developed biomethanation technology. When sustainability is
validated, biomethanation can be further exploited in other industries as
for example fermentation sites, biorefineries, cement, and lime in
dustries to capture the produced CO2. The potential usage of the native
AD microbiome in TBR will allow carbon-intensive industries to
improve environmental footprint, enhance productivity and profit
ability. Biomethanation can be a significant contributor to the green
transition.

4. Conclusions
The current work evaluated for the first time the process perfor
mance and the microbial spatial distribution of a pilot trickled bed
reactor for biomethanation using real biogas as CO2 source. Maximum
biomethanation efficiency led to an output gas with a methane content
of 98.5%. Additionally, genome-centric metagenomics revealed a strong
stratification of the microbial community which is coherent with the
metabolic functions occurring in different layers. Methanogens and
potential syntrophic bacteria proliferated close to the influent gas in
jection ports. On the contrary, microbes whose genome profile contains
genes associated with biofilm formation and stimulation dominated the
upper layer of the packing material, most probably due to the richnutrient media that was trickling from the top of the reactor. The
8
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Fig. 6. Metabolic reconstruction of three selected MAGs based on results obtained from KEGG database. The cells represent the H2 and CO2 utilization pathways for
the production of acetate (green color: WL pathway incomplete, blue color: WL pathway complete) and methane (purple color). Histograms represent the selected
MAGs abundance in each sample. In: Inoculum; Li: Liquid; PL: low point; PM: middle point; PH: high point.
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