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ABSTRACT: The reduction of carbon dioxide to methane using hydrogen is an
important process in biogas production. However, designing gas anaerobic digesters
(GADs) based on this reaction presents several challenges. In this study, we developed an
innovative spiral-pipe gas anaerobic digester (SGAD) to increase the displacement

L]
distance between the bubbles, thus prolonging the gas retention time and facilitating the LYY TR S
reduction of CO, to CH, via H,. The process was successfully demonstrated by using a O

CO,/H, ratio of 1:3 and a gas-feeding rate of 3.9 L L,~' d™". During the experiment,
more than 98% of the CO, and 96% of the H, were consumed, resulting in biogas
containing ca. 86—96% CH,. Additionally, we applied our proposed evaluation d
methodology for assessing GAD performance to evaluate the performance of the 39‘“\.’
SGAD. This methodology serves as a reference for evaluating and designing GAD ObLtdr 4703
systems. The innovative design of the SGAD and the corresponding evaluation spiral-pipe gas anaerobic digester

methodology offer new insights into the design of reactors.

long retention time
and distance

1. INTRODUCTION

After the signing of the United Nations Framework
Convention on Climate Change (UNFCCC), limiting the
global temperature rise to 2 °C above preindustrial levels has
become a common long-term goal for all countries. The
European Union aims to create a climatically neutral society by

Biomethane exhibits significantly better quality and calorific
value than biogas. Despite the high investment and operational
requirements associated with upgrading biogas, it represents a
valuable source of renewable energy. Research into biogas-
upgrade technology and its application is therefore becoming
increasingly important.

2050, defined as reducing greenhouse gas emissions by at least
40% compared to the 1990 baseline.” Achieving this would
require an 80—95% reduction in greenhouse gas emissions. To
mitigate the impact of global warming, increasing attention
should be given to reducing carbon dioxide emissions and
increasing the share of renewables in the energy mix.”
Anaerobic digestion (AD) is a biochemical process that
occurs in oxygen-free environments, where complex metabolic
pathways decompose organic waste, ultimately resulting in the
formation of biogas.” Biogas, which typically comprises 55—
70% CH, and 30—45% CO,, can be generated via the
absorption of CO,. Many recent studies have focused on the
biogas industry.” Compared with other sources of renewable
energy, such as solar and wind energy, biogas can be stored
more efficiently with minimal energy loss. Therefore, the
production and use of biogas hold substantial promise for
further development, with diverse applications.” Raw biogas
can be used directly, such as in combustion or fusion processes.
However, CO,, the primary impurity in biogas, severely
reduces its practical value.®> Hence, in most cases, biogas must
be upgraded to improve its quality. The biomethane produced
by upgrading biogas typically shares similar characteristics with
natural gas, including high CH, content and purity, making it
suitable as a fuel for compressed natural gas engine vehicles.’

© 2024 The Authors. Published by
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Various chemical and physical methods can be used to
remove CO, from biogas, thereby increasing the proportion of
CH, in biogas. These methods include high-pressure water
washing, pressure swing adsorption, and membrane separa-
tion.”” Notably, although CO, is separated from biogas using
these methods, the quantity of biogas is significantly lower after
the upgrade. Upgrading biogas via hydrogenotrophic-based
biological methanation (HBM) can resolve this problem. HBM
refers to the conversion of CO, in the mixed gas into CH, by
hydrogenotrophic methanogens (HMs) following the addition
of H, to raw biogas. HBM-upgraded biogas generates
significantly more energy than raw biogas. HBM has relatively
low operational and energy costs and does not require
expensive chemicals, making it one of the most efficient
methods for converting excess energy into natural gas and
avoiding energy loss.® Based on these findings, Luo and
Angelidaki” proposed the conversion of excess hydrogen to
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methane via HBM. Therefore, HBM represents a more
advanced approach.

HBM biogas upgrading can be divided into in situ and ex situ
approaches, which differ in terms of the reactors and feed-gas
injection methods used. Using in situ upgrading, H, is directly
injected into the AD reactor, allowing the simultaneous
upgrading of biogas and AD in the reactor. Through the
participation of HMs, the H, and excess CO, from AD are
then converted into CH,.’ Conversely, ex situ upgrading
requires a separate gas anaerobic digester (GAD). In this
method, AD-generated biogas is combined with exogenous
hydrogen and injected into the upgrading reactor, where HM
enrichment occurs and the upgrading reaction takes place. In
ex situ upgrading, HBM operates independently of AD,
ensuring that the environment within the AD reactor remains
unaffected by external hydrogenation. As a result, the stability
of AD is not compromised, and potential groblems related to
the biological mechanisms are minimized.'” In addition, owing
to the simpler biochemistry and stability of ex situ HBM
upgrading, which relies solely on carbon dioxide, hydrogen,
and the activity and essential nutrients of HMs, the uzplgrading
process is more controlled within the ex situ reactor.”"

The effectiveness of ex situ upgrading depends on the design
of the GAD. Achieving better results in the reduction of CO,
to CH, via H, requires a reactor in which the HMs are fully
utilized within the GAD and exhibit excellent performance.
However, the low solubility of hydrogen in aqueous media and
the limited gas—liquid phase transfer of hydrogen hinder its
bioavailability, thus limiting the efficiency of CO, reduction to
CH, via H,.”'"* Due to the gas—liquid transfer limitation,
few of the upgrading methods can achieve a high injection
volume, conversion rate, and methane content. Jensen et al.'?
optimized biogas upgrading in bioreactors by increasing the
gas—liquid contact area and extending the gas retention time,
by incorporating fillers in the upflow anaerobic sludge blanket
reactor, which reduced H, diffusion and enhanced gas—liquid
contact. In addition, the liquid was sprayed from top to bottom
in a trickling filter bed, effectively increasing the contact area
between the hydrogen and liquid. This liquid circulation
strategy promoted biological reactions and increased the
methane level to 98% of the biogas."

A continuous stirred tank reactor can be integrated with
various delivery and distribution devices (such as a bubble
column, tube, or persistent pump) to increase biogas-upgrade
capacity.'® Membrane biofilm reactors have attracted consid-
erable attention in recent years. The addition of a membrane
enhances biofilm formation, improving the contact area
between microbes, hydrogen, and the liquid, thus facilitating
biogas upgrading. Hafuka et al.'” achieved a methane content
of 92.0% and methane yield of 310.0 mL g~' volatile solids
(VS) by using polyvinylidene fluoride hollow fibers with H,
supply. Zhang et al.'® achieved a methane yield of 0.36 L h™!
(90.3% CH,) using an anaerobic membrane biofilm reactor.
Using a porous gas distributor made from silicon carbide,
Ghofrani-Isfahani et al.'"” were able to upgrade an artificially
prepared synthetic gas mixture (H,/CH,/CO,,
62%:23%:15%) to biomethane comprising 98% CH,. Sun et
al.'® found that using a reasonable hydrogen flow rate and a
moderate gas recirculation rate can make the biogas-upgrade
process more efficient.

Although ex situ biogas upgrading is efficient, GAD
construction requires an additional investment and operating
expenses. In Germany, most of the biogas is generated by

small- and medium-sized AD plants in rural areas, while
approximately 87% of the upgrading reactors are large
facilities.”” Although farmers generally have a positive attitude
toward biogas and HBM,”"~* they prefer to support only
small- and medium-sized equipment owing to economic
reasons.””>* Therefore, it is necessary to develop a GAD
reactor that is small, has a low cost, and is highly efficient. The
novel spiral-pipe gas anaerobic digester (SGAD) used in this
study uses a low-cost spiral-pipe structure that can be wound
directly around the AD reactor, enabling convenient ex situ
biogas upgrading.

Methods for evaluating GAD performance have rarely been
mentioned in the current studies. The methane production
rate, which is typically used to evaluate the performance and
efficiency of ex situ biogas-upgrade reactors, serves as a simple
and effective evaluation indicator. While it directly reflects the
relationship between the reactor and methane, it does not fully
reflect the impact of the reactor on HMs. It is therefore
necessary to evaluate the overall performance of the reactor. In
this study, we propose an innovative methodology for
evaluating the GAD, using a series of evaluation indicators to
comprehensively assess reactor performance.

2. MATERIALS AND METHODS

2.1. Reactor Setup. The SGAD comprised a PVC silicone
hose (length: 5 m; inner diameter: 14 mm; tube wall: 1 mm;
working volume: 750 mL) wound around a 1 m plexiglass post
at an angle of approximately 20° from the floor. The initial
estimated volume of anaerobic sludge in the reactor was
approximately 750 mL. The reactor had two entrances: a feed-
gas inlet at the bottom and a biogas outlet at the top. The feed
gas was prepared and stored in a wet-type gas holder (Plexiglas,
10 L) and was pumped into the reactor from the inlet using a
peristaltic pump. The gas was collected in a wet-type gas
holder (Plexiglas, 3.5 L) attached to the top of the reactor. To
prevent clogging of the piping system, a valve was placed in
front of the gas holder to drain the sludge. The reactor setup is
shown in Figure 1.

Co, H,

Gas-distributing
cylinder

Gas Holder

Gas Holder Pump

Figure 1. Schematic diagram of the SGAD biomethanation reactor.

Prior to HM enrichment, sufficient CO, was fed into the
system to saturate the system solution with CO,. The gas
mixture (CO,/H,, 1:4) was fed into the SGAD to achieve HM
enrichment. The gas mixture was prepared daily, stored in a
gas holder, and thereafter continuously supplied to the bottom
of the SGAD using a peristaltic pump at a gas-feeding rate
(GFR) of 1.5 L L' d7, where L, refers to liters of reactor
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volume. The enrichment process took 30 days to complete.
Thereafter, to determine the optimal GFR and ratio of the feed
gas, the gas mixture was fed into the SGAD at a rate of 2.4 L
L~ d7Y, at a theoretical CO,/H, ratio of 1:4. Based on the
composition of the biogas, the GFR and the CO,/H, ratio in
the feed gas were continuously adjusted. The experiment was
carried out at temperatures of 20.2—26.5 °C.

2.2. Analytical Methods. Gas production was measured
using a wet-type gas flow meter (Lv Qingqi LML-L, China),
while the temperature was monitored using a centigrade
thermometer. CH,, H, CO,, and N, components were
analyzed by using a meteorological chromatograph (GC-
68904, Zhejiang Fuli Precision Instrument Co., Ltd., Zhejiang,
PR China). The column type: packed column (Porapak Q, 30
m X 0.53 mm). The gasification chamber temperature was set
at 80 °C, column temperature at 80 °C, and the thermal
conductivity detector temperature at 50 °C. The carrier gas
used was argon (99.999%) with a flow rate of 40 mL/min.

2.3. Inoculum and Substrate. The hydrogen (in a
cylinder, 99.999%) was produced by Chengdu Jinkesing Gas
Co., Ltd. The carbon dioxide (in a cylinder, 99.999%) was
produced by Kunming Messer Gas Products Co., Ltd. The
standard gas composition for gas chromatography (Foshan
KODI Gas Chemical Co., Ltd.) was as follows: CH, (90.2 X
1072 mol mol™), H, (1.98 x 107> mol mol™*), N, (2.98 X
1072 mol mol™"), and CO, (5.02 X 1072 mol mol™!). The
inoculum was obtained from pig manure (from long-term
domesticated pigs) with a total solid (TS) content of 4.19 +
0.10% and a VS content of 41.37 + 1.14%; the manure was
first sufficiently anaerobically fermented to no longer produce
biogas.

2.4. Calculations. In this study, SGAD performance was
demonstrated using the H, conversion rate (ny,), CO,

conversion rate (7co,), methane production rate (R), methane
formation rate from TS (R,), and methane formation rate
from VS (R,,). Flow rates are shown in units of L L.~ d™". 4

is defined as

H, — H
77H — 2in 2out % 100%

: Hyi (1)
where H,;, and H,_, represent the H, flow rate fed into the
reactors and the H, flow rate in the output biogas, respectively.
Nco, is defined as

co,,, — CO
7 — 2in 2out % 100%
o COy, ©)

2

where CO,;, and CO,, represent the CO, flow rate fed into
the reactors and the CO, flow rate in the output biogas,
respectively. R is defined as

_ CH4out
Vo X 1y 3)

where CH,,, represents the CH, flow rate in the output
biogas and Vy represents the working volume of the reactor. Ry
and R, are defined as follows

CH

_ 4out

B VY X 1y X TS (4)
— CH4out

BV X Iy X TS X VS (5)

3. RESULTS AND DISCUSSION

3.1. Reactor Performance. This study presents a novel
HBM reactor that achieves a high conversion rate by
incorporating a spiral structure that increases the bubble
path length and the overall retention time. During the
microbial enrichment stage, CO, and H, were injected into
the SGAD at a ratio of 1:4, at 1.5 L L,”' d™". After 30 days of
operation, a methane content of approximately 80% was
achieved (Figure 2).

100 -
B CH, ® CO, AH,

80 - - oyH In
u

604 4 A
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>
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20 4 =8 4 5 %CO, In

o
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1 o
° >
o)
allh

Time (day)

Figure 2. CH,, H,, and CO, contents in the biomethanation reactor
(SGAD over time). Operational conditions: GFR of 1.5 L L, ™' d7%;
CO,/H, ratio, 1:4.

Next, the feed gas was pumped in at different rates (Table
1). Notably, when the GFR was increased to 3.1 LL, ™" d7/, the
methane yield in the biogas decreased, and the amount of
excess H, exceeded that of CO, by approximately 7 times,
indicating a high ratio of H, in the feed gas. Burkhardt et al™*
reported that the optimum H,/CO, ratio was 4. However, the
current findings suggest a slightly lower H, requirement, at just
below 4 parts. This implies that a fraction of the CO, was
consumed by microorganisms for biomass build-up. These
findings align with the conclusions of Rachbauer et al.*
Similarly, an H,/CO, ratio below 4:1 was reported in a study
investigating the influence of different pressures on biological
hydrogen methanation.”® Wahid et al.”” showed that excess H,
would increase the pH to >8.0 and destabilize the system,
leaving the excess H, unutilized and diluting methane levels.
The impact of the feed-gas ratio requires further investigation.

To explore the optimal conversion rate using the SGAD and
to obtain high-quality biogas while adjusting the GFR, it is
essential to modify the feed-gas ratio based on the current load
and the composition of the gas that is produced. Next, we
increased the CO,/H, ratio in the feed gas (Table 1). The
maximum content of CH, (CH, 97%, H, < 1%, CO, 2%) was
obtained at a GFR of 3.9 L L,~' d”". Increasing the GFR
further did not achieve better results, revealing that 3.9 L L,
d™! is the optimal GFR for the SGAD. In order to assess the
stability of the SGAD, the system was operated under optimal
load conditions (3.9 L L,”! d™') for a duration of 15 days,
maintaining a CO,/H, ratio of 1:3. The obtained results
revealed an average methane content of 91 + 4.5% in the
produced biogas, with average hydrogen and carbon dioxide
conversion rates of 96 + 3.0 and 98 + 0.4%, respectively.
Importantly, the data exhibited minimal fluctuations over the
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Table 1. Performance of the SGAD Biomethanation Reactor under Steady-State and Operating Conditions”

GFR 2.4 BAll 3.6 3.9 42
CO,/H, LL'd! 1:4 1:4 1:3.5 1:3 1:3

outflow gas composition

CH, % 69 + 9.9 66 + 5.3 85 + 5.4 91 + 4.5 84 + 2.3

H, % 14 + 64 29 + 8.5 7.3 +£43 78 £52 10 £ 1.7

CO, % 17 £ 4.5 44 £ 26 7.7 +23 1.5+0S 59+ 11

conversion rate

Ny, % 90 + 5.7 82 + 5.7 95 + 2.8 96 + 3.0 94 + 1.1

Nco, % 80 £ 7.0 94 + 3.0 92 +£29 98 + 0.4 93 £ 13
methane production rate

R LL~'d! 0.41 + 0.07 0.57 £ 0.1 0.69 + 0.1 0.72 + 0.03 0.88 + 0.08

Ry Lkg' TS d! 9.79 + 1.1 13.60 + 1.7 1647 + 1.0 17.18 £ 0.5 21.00 + 1.3

R, Lkg™ VS d™! 23.69 + 2.5 32.94 + 4.1 39.87 + 2.3 4161 + 1.1 50.85 + 3.2

“Nu, and 7o, conversion rates of H, and CO,, R, methane production rate; Ryg and R,,, methane formation rate from TS and VS; L,, effective

volume of the reactor.

observation period, providing compelling evidence of the
robust stability of the SGAD.

The gas contents of the SGAD for different GFR values are
presented in Figure 3. An average of 91 + 4.5% CH, was

1:4 1:3 1:3

| | | | |
100 4
| [l || | [l |

80 4

CO,:H, 1:4 1:3.5

60 -

Gas (%)

401

20

0
24
Il cH, | H, M co,

3.4 3.6 3.9
Gas-feeding rate (L L™ d)

4.2

Figure 3. CH,, H,, and CO, contents in the SGAD biomethanation
reactor under different operating conditions. The CO,/H, ratios are
shown above the bars.

obtained at a GFR of 3.9 L L,™ d™%. The levels of excess H,
and CO, were found to be low, at 7.8 + 5.2 and 1.5 + 0.5%,
respectively. In the experimental process, the combined
volumes of CH,, H,, and CO, exceed 98% of the total gas
volume, thus excluding the discussion of other impurity gases
such as N,, H,S, and CO. The high CH, content could be
attributed to the design of the SGAD, which prolongs the
bubble retention time owing to its S m total length. Ullrich et
al’® examined the effects of different pressures on the
effectiveness of biogas-upgrade processes, suggesting that
high pressures may improve H, gas—liquid transfer. Increasing
the retention time might have a similar effect on gas—liquid
transfer. Our findings are consistent with those of Ghofrani-
Isfahani et al,,'” who reported that increasing the gas retention
time increased the CH, content.

Figure 4 illustrates the CO, and H, conversion rate in the
SGAD. The highest 7o, and 7y, were obtained at a GFR of

39 L L,”' d7', at which the CH, content was consistently
maintained above 95%. This CH, content surpasses that
achieved by the novel process of Baransi-Karkaby et al,**
which yielded 80—89% CH, but consumed >93% of the H,.
Ghofrani-Isfahani et al.'” investigated the impact of diffusers
with different pore sizes on biogas-upgrade capacity. Miehle et

23205

CO,:H, 1i4 1i3

| | 1
o (N | B N s

80 ~

1:4 1:3.5 1:3

60 4

404

20 4

Conversion rate (%

0 4
2.4
HMH,HCO,

3.1 3.6 3.9
Gas-feeding rate (L L™ d™)

4.2

Figure 4. H, and CO, conversion rates in the SGAD biomethanation
reactor under different operating conditions.

al.”” used a diffuser with small pores (0.2 um) to achieve high-
quality biogas (99% CH,) with a high conversion rate. Gas
diffusers evenly distribute the bubbles in the reactor,
optimizing the use of HMs in the reactors, and better results
are obtained with diffusers that have smaller pore sizes. The
SGAD achieves a similar effect via its spiral structure, small
cross section, and long length, which enable the bubbles to be
distributed more evenly in the reactor than in a normal
cylindrical reactor. This may explain the high conversion
achieved here. As the GFR increases beyond the optimal rate,
the conversion rate declines potentially because the loading
exceeds the capacity of the SGAD, leading to inadequate
reaction of the feed gas.

Figure S reveals an increase in R with the rise in GFR. At a
GFRof3.9L L, d", Rwas 0.72 + 0.03 L L, "' d7', while at a
GFRof 42 L L, "' d™!, R was 0.88 + 0.1 L L,”" d7, although
the former GFR resulted in higher methane levels. To produce
high-quality biogas, a GFR of 3.9 L L' d™' is more
appropriate for SGAD-based biomethanation. This study
used a lower GFR to ensure the methane content and improve
the CO, and H, conversion rates. In contrast, previous studies
employed higher GFRs to maximize the biogas production
efficiency. Voelklein et al,'' using a continuous supply of gas
into a sequential ex situ reactor system, found that the
availability of low-methane biogas increased with increasing
GFR. To enhance biogas production efficiency in future
applications, in the absence of strict requirements for methane
content, a higher GFR can be used based on specific needs.
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Figure S. Methane production in the SGAD biomethanation reactor
under different operating conditions.

The operating temperature of the reactor plays a crucial role
in determining the methane production performance of HMs.
Mesophilic methanogens exhibit optimal activity at 35—45 °C,
while thermophilic methanogens prefer temperatures of up to
55 °C, and hyperthermophilic species prefer temperatures up
to 65 °C.>"*" Therefore, the activity of HMs has the potential
to increase in SGAD biomethanation.

These findings indicate that the feed gas was evenly
distributed in the reactor and that its residence time was
extended by the innovative SGAD design, which allows for the
full conversion of hydrogen and carbon dioxide. For future
GAD designs, our time is considering innovations such as
extending the bubble residence time and improving bubble
distribution to achieve better results.

3.2. GAD-Evaluation Methodology. Methods to evaluate
GAD design have been lacking till now. Most studies have
relied solely on the methane production per unit volume as an
indicator of reactor performance. This approach not only
hinders the evaluation of reactor performance but also fails to
establish a standardized design. This study aims to propose an
evaluation methodology for the GAD that enables quantifica-
tion and assessment of bubble residence time and distribution,
providing a reference for GAD design. In the AD of gases, the
methane production efficiency is determined by the gas
residence time and distribution in the inoculum. These
parameters are both influenced by the reactor structure. If
the bubbles remain in the reactor long enough and are
distributed evenly enough, HM activity is stimulated
throughout the reactor and methane production per unit of
inoculum is high in terms of R, and R,. Conversely, the
inefficient use of space in the reactor results in relatively low Ry

and R, indicating a poor reactor performance and design. In
this study, R,, and R, were used to evaluate the ability of the
reactor to utilize HM. These indicators demonstrate how
effectively the reactor utilizes different concentrations of the
inoculum. The lower the TS and VS of the inoculum, the
higher the R,; and R, indicating a higher utilization rate of the
microorganisms in the reactor. Additionally, these indicators
can characterize the residence time and bubble distribution.

For the SGAD, the R, and R, obtained were 21.00 + 1.3 L
kg™' TS d™" and 50.85 + 3.2 L kg™' VS d', respectively, at a
GFR of 42 L L,”' d7' (Table.1). Each kilogram of the solid
inoculum produced 21.00 L of methane per day in the SGAD
(whereas 1 L of solid organic matter generates 50.85 L of
methane per day). These results directly reflect the relationship
between methane and its source (i.e., the HMs). Various
studies have evaluated the reduction of CO, to CH, using H,
(Table 2); in that of _]iang,32 a similar R was obtained using a
two-stage tandem fixed-bed and a trickle-bed reactor.
However, in the former, the inoculum had a higher water
content, resulting in higher R, and R, values, indicating that
HMs were more fully utilized by the two-stage tandem fixed-
bed reactor. Hao™” used a lower GFR and a thinner inoculum
to obtain biomethane; despite the low R obtained, the positive
evaluation results confirm the viability of that design. In
contrast, our evaluation of the SGAD method verified the
merits of using smaller amounts of HMs to produce more
methane. Our evaluation methodology correctly describes the
relationship between the reactor and HMs. However,
considering that normal operating conditions are not ideal
experimental conditions, this evaluation method possesses
certain limitations. For instance, a low-quality inoculum can
result in a lower Ry, which does not necessarily indicate
inadequate reactor performance. In the future, the develop-
ment of an improved evaluation methodology could provide
more reference values for the evaluation of the GAD.

4. CONCLUSIONS

The SGAD biomethanation reactor successfully reduced CO,
to CH, using H,. The spiral-pipe design significantly increased
the contact time between the gas and liquid phases, effectively
utilized microbes within the reactor, and provided favorable
conditions for the gas reactions. Despite the high methane
content of the biogas obtained from hydrogen and carbon
dioxide, this did not constitute a biogas upgrade. Moreover, we
presented a novel evaluation methodology for the GAD and
assessed its performance. The innovative design of the SGAD

Table 2. Evaluation of Various Types of GADs, Including the SGAD Biomethanation Reactor”

temperature TS VS
references reactor configuration °C) (%) (%)
this study SGAD normal 419 4137
(20.2—26.5)
4.19 41.37
(Jiang, two-stage tandem fixed 30 1523 26.04
2021)* bed
trickle bed normal 25.85 28.30
(6.4-27.5)
30 25.85 28.30
Hao, continuous stirred tank 37 6.23 33.26
2018)* reactor
37 6.23 33.26

GER R Ry, CH,
@CTr'd') R@L'd') (Lkg'TSd') (Lkg'VvSd') (%)
3.9 0.72 + 0.03 17.18 + 0.5 41.61 + 1.1 91
42 0.88 + 0.08 21.00 + 1.3 50.85 + 3.2 84
7.3 147 9.65 37.07 91
4.7 0.93 3.60 12.71 91
7.4 148 5.73 20.23 91
1.9 0.36 5.78 17.37 96
2.1 0.40 6.48 19.50 91

“R, methane formation rate; Ry and R,,, methane formation rate from TS and VS; GFR, gas-feeding rate.
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and its promising results suggest a potential alternative to
biogas upgrading. Further optimization of the SGAD reactor
and of this evaluation methodology is required to enable its
widespread application.
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