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Bioelectrochemical power-to-gas represents a novel solution for electrical energy
storage, currently under development. It allows storing renewable energy surplus in the
form of methane (CH4), while treating wastewater, therefore bridging the electricity and
natural gas (and wastewater) grids. The technology can be coupled with membrane
contactors for carbon dioxide (CO2) capture, dissolving the CO2 in wastewater before
feeding it to the bioelectrochemical system. This way, the integrated system can achieve
simultaneous carbon capture and energy storage objectives, in the scenario of a
wastewater treatment plant application. In this study, such technology was developed in
a medium-scale prototype (32 L volume), which was operated for 400 days in different
conditions of temperature, voltage and CO2 capture rate. The prototype achieved the
highest CH4 production rate (147 ± 33 L m−3 d−1) at the lowest specific energy
consumption (1.0 ± 0.3 kWh m−3 CH4) when operated at 25◦C and applying a voltage
of 0.7 V, while capturing and converting 22 L m−3 d−1 of CO2. The produced biogas
was nearer to biomethane quality (CH4 > 90% v/v) when CO2 was not injected in
the wastewater. Traces of hydrogen (H2) in the biogas, detectable during the periods
of closed electrical circuit operation, indicated that hydrogenotrophic methanogenesis
was taking place at the cathode. On the other hand, a relevant CH4 production during
the periods of open electrical circuit operation confirmed the presence of acetoclastic
methanogenic microorganisms in the microbial community, which was dominated by
the archaeal genus Methanothrix (Euryarchaeota). Different operational taxonomic units
belonging to the bacterial Synergistes phylum were found at the anode and the cathode,
having a potential role in organic matter degradation and H2 production, respectively.
In the panorama of methanation technologies currently available for power-to-gas, the
performances of this bioelectrochemical prototype are not yet competitive, especially
in terms of volumetric CH4 production rate and power density demand. However, the
possibility to obtain a high-quality biogas (almost reaching biomethane quality standards)
at a minimal energy consumption represents a potentially favorable business scenario
for this technology.

Keywords: carbon capture, electromethanogenesis, energy storage, methanation, microbial community,
renewable energy
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INTRODUCTION

The European Commission fixed a target of 80% CO2 emissions
reduction by 2050 (European Commission, 2011). The challenge
of economy decarbonization requires the development and
implementation of massive amounts of renewable energy sources
(RES) and methods for carbon capture and use (CCU).
However, a high penetration of renewable energy in the
electricity market requires the simultaneous deployment of
energy storage systems, to cope with both short-term and
long-term fluctuations of the electricity grid (Denholm et al.,
2010). Nowadays, electrical batteries can provide a solution for
the short-term storage of RES peaks, while pumped hydro or
compressed air storage can deal with the long-term storage,
although with large investment costs and construction efforts.
The development of alternative technologies is required for
long-term, high capacity and potentially strategic energy storage
(Blanco and Faaij, 2018). Power-to-X (PtX) technologies can
convert surplus electrical energy into more easily storable gas
or liquid fuels. The PtX technologies currently at higher TRL
(technology readiness level) are the ones producing H2 or
CH4 as gaseous energy storage vectors (Bailera et al., 2017).
Especially the methanation technologies, converting CO2 to CH4,
were spotted by the energy industry, as the ones allowing an
immediate integration into the existing infrastructure and the
interconnection between electrical and natural gas distribution
grids, with several advantages in terms of energy cost, system
resilience and security (Zeng et al., 2016). Furthermore, for
each CH4 molecule produced, a CO2 molecule is consumed,
reducing the climate impacts of burning natural gas. Methanation
can be performed through thermal, chemical, electrochemical,
biological or bioelectrochemical processes (Geppert et al., 2016).
Moreover, it can be efficiently coupled with a biogas upgrading
unit for cheap CO2 supply (Leonzio, 2019). This possibility
opened the way to the idea of a distributed PtX application
in wastewater treatment plants (WWTP), instead of centralized
plants that would require huge piping of water and/or gaseous
reactive streams (Inkeri et al., 2016).

In the recent years, bioelectrochemical systems (BES) emerged
as a novel alternative for PtX plants (Geppert et al., 2016).
BES use electro-active microorganisms as biocatalysts for
wastewater treatment, with simultaneous recovery of energy
and/or resources (Harnisch et al., 2011). The standard BES
architecture is composed by an anode, where organic matter
content of wastewater is oxidized, and a cathode, where a
counter reaction occurs. In case of BES-based PtX, the desired
energy vector is produced by the cathodic reaction. Cheng
et al. (2009) were the first to propose cathodic reduction of
CO2 (dissolved into an aqueous medium) into CH4 by an

Abbreviations: ηCOD, organic matter removal efficiency; ηCONV, carbon
conversion efficiency; BES, bioelectrochemical system; CCU, carbon capture
and use; COD, chemical oxygen demand; EAB, electro-active bacteria; EMG,
electromethanogenesis; HRT, hydraulic residence time; IC, inorganic carbon; OCV,
open circuit voltage; OTU, operational taxonomic unit; PtX, power-to-X; RES,
renewable energy source; SHE, standard hydrogen electrode; TC, total carbon;
TRL, technology readiness level; VOC, volatile organic compound; WWTP,
wastewater treatment plant.

electromethanogenesis BES (hereafter, EMG-BES). The EMG
process has been generally developed with double-chamber BES
architectures, where anode and cathode are separated by an
ionic exchange membrane, focusing on the optimization of
the carbon conversion and Coulombic efficiency (Zhang et al.,
2019) and aiming to a clear speciation of the microorganisms
catalyzing the substrate oxidation at the anode, and the ones
performing CO2 reduction at the cathode (Mayer et al., 2019).
The single-chamber EMG-BES represents a different approach
for PtX, in the panorama of BES-based technologies. It can
be coupled directly with anaerobic digestion (Park et al., 2018)
and it reduces maintenance, energy losses and complexity of
the reactor. This has proven to be effective for biomethane
generation, from laboratory to prototype scale (Muñoz-Aguilar
et al., 2018; Ceballos-Escalera et al., 2020). In both cases of single
and double-chamber EMG-BES, the methanation process is
performed within a single step process, not requiring preliminary
H2 production and occurring at mild temperature and pressure
(25–35◦C, 1–3 bar). Also, EMG-BES reactors treat wastewater at
the same time than performing methanation, representing this
an added value, compared with competitive PtX technologies.
In this regard, EMG-BES can connect electrical, wastewater and
natural gas grids, reducing overall energy cost and improving
its resiliency. Previous studies summarized the factors affecting
the performance of bioelectrochemical CH4 production in
EMG-BES: microbial communities, cathode potential, electrode
materials, among them (Zhen et al., 2018; Noori et al., 2019;
Zakaria and Dhar, 2019).

The single-chamber EMG-BES process requires the presence
of both organic matter and CO2 in wastewater, to sustain the
complementary reactions of oxidation at the anode and reduction
at the cathode. As organic matter oxidation generates CO2,
the process can be run efficiently with a regular feeding of
wastewater, or sludge (Moreno et al., 2016; Xu et al., 2020).
On the other hand, CO2 injection can contribute to EMG
(and generally to bioelectrochemical processes) by increasing
the electrical conductivity of the medium, reducing cathode
overpotentials and voltage requirements (Rodríguez-Alegre
et al., 2019). Water scrubbing is the most used downstream
technique for CO2 capture, adopted by 33.8% of the European
biogas upgrading plants (Batlle-Vilanova et al., 2019). Being
a pressure-driven technology, it can present operational issues
including channeling and flooding. On the other hand, the
use of membrane contactors avoids such problems, being
a diffusion-driven process. Moreover, the contactors have a
compact and scalable architecture, allowing to reach high gas-
liquid contact areas (Nogalska et al., 2017). The integration of
membrane contactors with a stack of laboratory-scale EMG-
BES reactors was previously tested by the authors, achieving
good results in terms of CO2 capture and CH4 production
(Rodríguez-Alegre et al., 2019).

To the authors’ knowledge, no up-scaled studies have
been reported previously about the integration of membrane
contactors for CO2 capture in wastewater, and single-chamber
EMG-BES converting the dissolved CO2 into biomethane. This
study reports for the first time the long-term operation of a stack
of EMG-BES cells fed with municipal wastewater, which was
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integrated with a stack of membrane contactors for CO2 capture
in wastewater. The effect of different operational parameters
was evaluated, among which temperature, applied voltage and
CO2 capture (ON/OFF). A complete assessment in terms of
wastewater treatment efficiency, biomethane production rate
and quality, current and power consumption was performed.
Coulombic efficiency of anode and cathode, and the conversion
efficiency of CO2 to CH4 were estimated. Finally, the microbial
community colonizing different areas of the EMG-BES cells was
evaluated, to get a better understanding of the potential metabolic
reactions taking place in the biological reactor.

MATERIALS AND METHODS

The developed prototype was composed by a membrane-based
CO2 capture system coupled to a stack of EMG-BES cells for
biomethane production and energy storage (Figure 1). Three
polypropylene membrane contactors (3M Liqui-CelTM EXF-
2.5 × 8, United States) of 2.5 m2 each one were installed in
parallel hydraulic configuration and used for CO2 capture and
dissolution in wastewater.

A medium-scale EMG-BES prototype was built by stacking 45
cells together, grouped by 3 into 15 single-chamber, membrane-
less reactor modules, as described by Ceballos-Escalera et al.
(2020). The volume of each reactor module was 1.78 L
(plus 5.2 L due to recirculation tank and piping volumes),
reaching a total prototype volume of 32 L. Anode and cathode
electrodes (170 cm2 projected surface, each one) were made of
thermally treated carbon felt (SGL group, Germany). The total
anode/cathode surface was 0.77 m2. The electrical connection to
the external circuit was made by stainless steel current collectors.
The stack was connected in parallel and powered at 0.7 V by
an external power source (TENMA 72-2715, Farnell, Spain). An
electrical monitoring system based on several shunt resistances,
installed in series to each cell, and three 16-channels DAQ boards
(PicoLog 1216, Farnell, Spain) allowed measuring the current
consumed by each cell of the stack.

The modules were hydraulically connected in parallel,
continuously recirculating the wastewater to a recirculation tank
at a rate of 50 mL min−1 per module. A heating system (Huber
thermostat CC-K6, Huber, Germany) was connected to the
external jacket of the recirculation tank, allowing to control the
operating temperature of the stack. Finally, the gas produced
in the prototype was trapped by 3 external chambers (gas trap
columns in Figure 1), each one connected to 5 reactor modules.

Wastewater Pre-treatment and CO2
Capture Protocol
The stack of EMG-BES reactors was successfully inoculated in
68 days, using anaerobic sludge collected from the anaerobic
digester at the local WWTP. Then, the stack was continuously fed
with municipal wastewater (primary settler effluent, collected at
the local WWTP). Preliminary batch tests identified a hydraulic
residence time (HRT) of 22 h as the one guaranteeing the best
performances in terms of current density consumption and CH4
production rate (Ceballos-Escalera et al., 2020). However, due to

practical constrains related to wastewater supply, adopted HRT
was increased to 3.0± 0.5 days. The wastewater was initially pre-
treated as detailed by Rodríguez-Alegre et al. (2019): wastewater
was kept in a pre-treatment tank (60 L) at environmental
temperature and basified to pH 13 by NaOH addition (35 mL
of 3M NaOH solution per L of wastewater). After 24 h settling,
the wastewater was poured to a homogenization tank (50 L)
maintained at 4◦C.

For a first experimental period (days 69–174), CO2 capture in
wastewater was not performed. Therefore, its pH was neutralized
by addition of 26 mmol CH3COOH per L, increasing the
organic matter concentration to 1.3–1.4 g COD L−1 (where
COD stands for chemical oxygen demand) and the conductivity
to 10 mS cm−1. A variable quantity of H2SO4 was used to
reach a uniform pH of 7.5 (41 ± 14 mmol H2SO4 L−1), before
feeding the wastewater to the EMG-BES stack. For a second
experimental period (days 175–400), the stack of membrane
contactors was activated. Pure CO2 (Carburos Metálicos, Spain)
was introduced in the contactors on their lumen-side, from the
bottom to the top, while NaOH-basified wastewater was pumped
in counter current configuration on the shell side. The wastewater
was continuously recirculated to the homogenization tank at a
flowrate of 2 L min−1. The pressure of influent CO2 was set at
1 bar (manometer pressure), while its flowrate was regulated at
2 L min−1. The pH of wastewater was continuously measured
during the CO2 capture process (by HQ40 multimeter, Hach
Lange, Spain). The process was stopped when the wastewater
reached a pH of 10, which should have allowed a total carbon
(TC) concentration near 1 g L−1, based on previous experience
(Rodríguez-Alegre et al., 2019). Then, the wastewater pH was
neutralized to 7.5 by addition of acetic acid (same amount as
before) and H2SO4 (16 ± 5 mmol L−1), before feeding it to the
EMG-BES stack. The entire sequence of operations performed is
resumed in Figure 2.

Operational Conditions Tested
The EMG-BES prototype was tested under different operational
conditions. While the influent wastewater was not saturated
with CO2, two operation temperatures were tested. During days
69–132 the prototype was operated at 32◦C, while for days
133–174 the temperature was decreased to 25◦C. For both
temperature conditions, both closed circuit (0.7 V) and open
circuit voltage (OCV) tests were performed. For the rest of
the experiment (days 175–400), the prototype was maintained
in stable conditions (25◦C, non-stop voltage application, CO2
capture ON) to evaluate long-term performance. The Table 1
resumes the tested operational conditions. Each condition is
identified by a binary code, assigning letters A/B to the three
independent parameters CO2 capture, temperature and voltage.

Liquid and Gas Phase Characterization
Influent wastewater was sampled after the pre-treatment protocol
(either the CO2 capture was activated or not), to analyze its total
and inorganic carbon concentration, TC and IC, respectively,
(SHIMADZSU TOC-L CSH/CSN analyzer, Spain). The amount
of absorbed CO2 (for the condition BAB) could be estimated
as the difference between TC values measured before and after
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FIGURE 1 | Photo of the prototype. Left side: CO2 capture system. Right side: EMG-BES stack.

FIGURE 2 | Flow-chart showing the sequence of operations performed, from wastewater pre-treatment to CO2 capture and EMG-BES stack operation.

the CO2 saturation process. In addition, samples of effluent
wastewater were collected twice a week. All the samples were
characterized according to Standard Methods in terms of
pH, conductivity (HQ40 multimeter, Hach Lange, Spain) and
chemical oxygen demand (COD, by LCK 514 kits, Hach Lange,
Spain) (APHA, 2005). For the last condition BAB, also the TC
and IC concentrations of effluent wastewater were evaluated.
Punctual sulfate (SO4

2−) analysis of the effluent were performed
during conditions AAB and BAB, to investigate the dynamics of
sulfur species in the prototype.

Gas samples were collected regularly from the gas trap
columns by means of Tedlar bags. Their volumetric content in
terms of CO2, CH4, O2, N2, and H2 was determined by a Micro-
GC (Agilent 490, Spain) with dual channel cabinet and thermal
conductivity detector. For the last condition BAB, also H2S
content of gas samples was determined. On day 365, a 10 L sample
of the produced biogas was collected in a Tedlar bag. The content

of volatile organic compounds (VOCs) was captured from the
sample by means of a Tenax-TA tube, then desorbed at 280◦C
and analyzed by gas chromatography (GC) coupled to mass
spectrometry (MS) (Agilent 7890B, Agilent Technologies, Spain).

TABLE 1 | Operational conditions tested.

Code Time CO2 capture Temperature Voltage
(days) (A = OFF/B = ON) (A = 25/B = 32) (A = OFF/B = ON)

ABB 69–132 OFF 32◦C ON

ABA 119–128 OFF 32◦C OFF

AAB 133–174 OFF 25◦C ON

AAA 150–156 OFF 25◦C OFF

BAB 175–400 ON 25◦C ON

The code identifies each condition by assigning letters A/B to the three independent
parameters CO2 capture, temperature and voltage.
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Analysis and Calculations
The organic matter removal efficiency (ηCOD) was determined by
Eq. 1, where CODIN and CODOUT are the COD concentrations
of influent and effluent wastewater, respectively.

ηCOD =
CODIN − CODOUT

CODIN
· 100 (1)

The CH4 production rate was determined by multiplying the gas
production rate (quantified daily through the measurement of the
accumulated gas volume in the external columns) by its relative
CH4 content. A normalized value of CH4 production could be
achieved dividing it by the prototype volume.

Current density was calculated by dividing the electrical
current by the cathode surface. Power demand of the stack
was calculated by multiplying the consumed current by
the applied voltage. The individual electrode potentials were
measured periodically thanks to Ag/AgCl reference electrodes
(+ 0.197 V vs. SHE, Xi’an Yima Opto-electrical Technology,
China), installed inside each reactor module. The specific energy
consumption of the EMG-BES reactor (in kWh m−3 CH4) was
calculated dividing the consumed electrical power by the CH4
production rate. Anode and cathode Coulombic efficiencies were
determined as explained by Ceballos-Escalera et al. (2020). All
these variables (measured and/or calculated) were statistically
treated in order to find the average and standard deviation values,
for each operational condition tested.

Based on average current density data (dI), the maximum
theoretical CH4 production rate achievable by EMG was
estimated (for the operation conditions ABB, AAB and BAB),
assuming a cathodic Coulombic efficiency (CEcat) of 100%
(Eq. 2).

CH4 · prod · EMG =
CEcat · Vmol · dI · S

c · F · V
(2)

In Eq. 2, Vmol represents the molar volume of an ideal gas,
calculated at the respective operation temperature (25 or 32◦C),
assuming a gas pressure of 1 atm. The term S refers to the total
cathode surface (0.77 m2), C are the e− moles required to reduce
1 mol of CO2 to CH4 (8), F is the Faraday constant (96485 C
mol−1) and V is the prototype volume (32 L).

Moreover, the carbon conversion efficiency (ηCONV) from
dissolved CO2 to gaseous CH4 was estimated (Eq. 3), as explained
by Rodríguez-Alegre et al. (2019).

ηCONV =
CH4 · prod · EMG · V

Vmol
·

Mm

ICIN · Q
(3)

In Eq. 3, Mm is the molar mass of C (12 g mol−1), ICIN is the
inorganic carbon concentration of influent wastewater and Q (L
d−1) is the measured feeding rate to the EMG-BES stack. The
values of theoretical CH4 production rate achievable by EMG
were used, instead than measured CH4 production values, as the
excess amount would be due to acetoclastic methanogenesis, not
contributing to CO2 conversion.

For these two last parameters (CH4 prod EMG and ηCONV),
the standard deviation values were not calculated as their purpose

was only orientative (not quantitative), as it will be explained in
the section “Efficiency Parameters.”

Microbial Community Analysis
In order to obtain a better understanding of the microbial
populations growing in the EMG-BES prototype, the bacterial
and archaeal communities associated with (i) bulk medium, (ii)
anode biofilm and (iii) cathode biofilm were determined by 16S
rRNA gene sequence analysis. On day 211 the reactor module 15
was opened and biofilm samples were collected from all anode
and cathode electrodes, together with two biomass samples from
the bulk electrolyte.

The samples were centrifuged and stored at −20◦C prior to
community analysis. DNA was extracted from each sample using
the Norgen Total Genomic DNA Purification kit (Norgen Biotek,
Canada). PCR amplification of the bacterial (and archaeal)
16S rRNA gene V4 region was carried out with the barcoded
primers 515F and 806R, using the DNA extracted from each
sample (Caporaso et al., 2012). Amplicons were sequenced on an
Illumina MiSeq. The amplicon sequencing data were processed
with the software SEED v2.1 (Větrovský et al., 2018). Briefly,
pair-end reads were merged using fast-join (Aronesty, 2013).
Chimeric sequences were detected and deleted, and sequences
were clustered using UPARSE implemented within Usearch, at a
97% similarity level (Edgar, 2013). The most abundant sequence
was selected for each cluster, and the closest hits at a genus
level were identified using BLAST against the GenBank database.
From 16S rRNA in DNA, bacterial and archaeal genome count
estimates were calculated based on the 16S copy numbers in
the closest available sequenced genome as described previously
(Větrovský and Baldrian, 2013). Relative abundance bar chart,
heatmap and statistics comparing abundance between bulk
medium, anode biofilm and cathode biofilm (multiple t tests)
were performed using the software GraphPad v7.04. Significant
differences between samples were confirmed by a probability
value (p) minor than 0.05. Sequencing data are available in the
SRA database with accession number PRJNA627951.

RESULTS AND DISCUSSION

The prototype was long-term operated for 400 days. The
effects of different operational parameters were evaluated, as
presented in the following sections “Methane Production Rate
and Electrical Current Consumption,” “Wastewater Treatment,”
“Biogas Composition,” “Microbial Community Analysis,” and
“Efficiency Parameters.”

Methane Production and Electrical
Current Consumption
For the majority of the time, the EMG-BES stack was electrically
connected in parallel at 0.7 V applied voltage. The potentials
of anode and cathode electrodes, in all the reactor modules,
were stable for the whole experiment duration (−0.4 V and
−1.1 V vs. Ag/AgCl, respectively). Figure 3 presents the
statistical distribution of the experimental values obtained for
CH4 production rate (A) and current density (B), in the
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FIGURE 3 | CH4 production rate (A) and current density (B) measured in tested operation conditions. ABB condition refers to days 90 to 118, when stationary
phase was reached; current density was null in ABA and AAA conditions (OCV tests).

different experimental conditions tested. While the membrane
contactors for CO2 capture were disconnected, two operational
temperatures were tested (32 and 25◦C), in both closed and open
electrical circuit conditions. At 32◦C the CH4 production reached
105 ± 11 L m−3 d−1, with a simultaneous current consumption
of 0.56± 0.04 A m−2. However, the current density was not stable
and slowly diminished over time, as shown in Supplementary
Figure S1. That was due to the competitive growth of acetoclastic
methanogens in the electrolyte medium, competing with electro-
active bacteria (EAB) for acetate as unique substrate, as
previously reported (Ceballos-Escalera et al., 2020). At 25◦C
both CH4 production rate and current consumption decreased
(22 and 45% reduction, respectively), due to a slower microbial
metabolism. At both temperatures, when excluding the EMG
process, i.e., during the OCV tests (conditions ABA and AAA),
the CH4 production rate slightly decreased compared with the
periods applying voltage (conditions ABB and AAB), as shown
in Figure 3A. This reduction was lower than the theoretical CH4
production achievable by EMG (see Supplementary Table S1),
due to the microbial competition and dynamic equilibrium
existing between electroactive and acetoclastic methanogenic
populations. This behavior was previously reported when
coupling anaerobic methanogenesis and EMG processes (Zhao
et al., 2014). Even so, the surplus CH4 production obtained
applying voltage (versus the base production in OCV) allowed
the calculation of the energy storage efficiency of EMG-BES
technology, which was estimated around 42–47% (for calculation
details, see the work of Ceballos-Escalera et al., 2020). Strategies
to reduce the competition of acetoclastic methanogenesis in
the reactor, among other factors, must be developed to ensure
an efficient conversion of electricity to CH4 by electro-active
microorganisms (Flores-Rodriguez and Min, 2020).

On the other hand, it is interesting to note the significant
increase of CH4 production achieved in the last condition BAB,
when the CO2 capture process was activated. The membrane

contactors allowed to dissolve CO2 in the influent wastewater,
increasing the inorganic carbon availability from 170 ± 17 to
509 ± 241 mg-IC L−1. The average CH4 production, which was
equal to 81 ± 9 L m−3 d−1 during condition AAB, increased
by 81% reaching an average value of 147 ± 33 L m−3 d−1.
However, the wide whiskers in Figure 3A denote a fairly unstable
production (see also Supplementary Figure S1). The increment
of CH4 production was not matched by an equivalent increase
of current density, as shown in Figure 3B. Therefore, it can be
inferred that the surplus CH4 achieved by activating the CO2
capture process was not due to an increased activity of EAB at the
cathode. Indeed, considering a hypothetical cathodic Coulombic
efficiency of 100%, only 14% of the measured CH4 production
could be ascribed to EMG in condition BAB (see the difference
between CH4 prod. rate and CH4 prod. EMG for condition BAB,
in Supplementary Table S1).

Wastewater Treatment
Figure 4A shows the evolution of sulfate concentration in the
influent wastewater, for the tested operation conditions. Sulfates
presence was mainly due to wastewater pre-treatment, where
H2SO4 was adopted for pH neutralization (see Figure 2). This
neutralization was needed to balance NaOH addition, which in
turn was required to increase the pH and efficiently dissolve
the CO2 in the wastewater (Rodríguez-Alegre et al., 2019).
The same amount of NaOH was added for all the tested
conditions, in order to replicate the same pre-treatment process,
with and without CO2 capture. This turned into a significantly
higher acid requirement during first conditions, resulting in an
average SO4

2− concentration of 4.1 ± 0.9 g L−1 (condition
AAB). Sulfates could act as alternative electron acceptors for
the reduction process at the cathode, producing H2S and/or
elemental sulfur (Coma et al., 2013) and resulting in a lower
CH4 production rate and cathodic Coulombic efficiency (Batlle-
Vilanova et al., 2015), when CO2 capture process was not active
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FIGURE 4 | Sulfate concentration of influent wastewater (A) and COD removal efficiency (B) measured in tested operation conditions. ABB condition refers to days
90 to 118, when stationary phase was reached. ABA and AAA conditions are not reported here as not significative.

(see Supplementary Figure S2). Sulfate analysis at the effluent
confirmed that 14% of it was removed, or accumulated inside the
prototype, during condition AAB. The produced H2S could in
turn inhibit the EMG process, affecting also the organic matter
removal on the anode side (Supplementary Figure S3). Indeed,
the average COD removal efficiency increased from 64 ± 5% to
91 ± 5% passing from condition AAB to BAB, when reducing
H2SO4 addition to wastewater (Figure 4B). In this last condition
(BAB), sulfates removal/conversion rate in the prototype was
highly reduced, and the effluent revealed a slightly higher
SO4

2− concentration than the influent wastewater (1.8 ± 0.7 vs.
1.6 ± 0.5 g L−1), likely due to the re-oxidation to sulfate of the
elemental sulfur previously accumulated in the reactor.

The ratio IC/TC of the wastewater varied depending on
the activation of the CO2 capture process. The influent IC/TC
ratio was approximately 26–35% without CO2 capture, and
increased to 50% when membrane contactors were activated
(Supplementary Table S1). Then, while organic matter was
oxidized at the anode of EMG-BES cells, additional CO2 was
released into the wastewater. The same CO2 was reduced at the
cathode to CH4, resulting in the (partial) volatilization of the
carbon content of wastewater. During the last condition BAB (the
only one with available IC/TC data for influent and effluent), an
average TC removal of 41% was estimated. The carbon remaining
in the wastewater after the EMG-BES treatment (0.6 ± 0.2 g-
TC L−1) was mostly inorganic (IC/TC ratio of 91%). Only 7%
of the inorganic carbon load was valorized to CH4 (see Section
“Efficiency Parameters”). Strategies to valorize the residual CO2
of the effluent wastewater must be developed, in order to avoid
its later emission to the atmosphere.

The pH and conductivity trends were similar along all the
experiment duration. While the pH increased around 1 point

from the influent to effluent section of the prototype (due to H+
consumption during EMG process), the conductivity remained
stable (Supplementary Table S1). No major variations were
expected for these parameters, due to: (i) single-chamber EMG-
BES architecture, (ii) natural buffering effect of used wastewater,
and (iii) low current densities achieved.

Biogas Composition
The composition of the biogas produced by the prototype was
routinely measured in terms of volumetric content of elemental
gases. Figure 5 shows the average biogas composition for the
different operation conditions. Generally, more than the 85%
(v/v) of the biogas was composed by CH4, demonstrating that
EMG-BES technology could store electricity in form of a valuable
energy vector, near the quality standards of biomethane, i.e.,
O2 < 1%, H2 < 2%, O2 + CO2 + N2 < 5% (DIN EN 16723-
1, 2017). The relevant presence of N2 in the biogas (6–11%) was
due to air intrusion in the reactor, which could not be maintained
completely airtight. On the other hand, the O2 content of biogas
was always minor than 1%, as it was likely reduced to water at the
cathode or consumed by heterotrophic bacteria, that were present
due to the mixed microbial culture used as inoculum (Ceballos-
Escalera et al., 2020). Th eventual inhibition effect of O2 over the
electromethanogenic population is still unclear at this stage and
will require further research to elucidate its impact on the overall
process efficiency.

When the EMG-BES stack was electrically powered (and
membrane contactors were not active), almost no CO2 could
be found in the biogas effluent (0.5% in ABB, 0.04% in AAB
condition). While a minor part of the inorganic carbon was
valorized to CH4 (see section “Efficiency Parameters”), the most
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of it remained trapped in the effluent wastewater, in form of
bicarbonate, due to the high pH (Supplementary Table S1).
Interestingly, some CO2 was released when EMG was stopped,
i.e., during the OCV tests (1.2% in ABA, 2.4% at AAA condition),
as it could not be converted to CH4 and due to the slightly
lower pH of the effluent. A few H2 was detected in the produced
biogas, at a higher amount during electrical closed-circuit
operation (0.01h in ABB, 0.004h in AAB condition) compared
with the OCV tests. This suggests that H2 was produced at
the cathode, operating indeed at a low potential (−1.1 V vs.
Ag/AgCl) compared with the thermodynamic limit required for
H2 evolution (−0.6 V vs. Ag/AgCl). The H2 was likely consumed
at the same moment of its generation by hydrogenotrophic
methanogens, this explaining the extremely low concentrations
detected in the biogas (Villano et al., 2010).

When the CO2 capture process was active, CO2 was constantly
detected in the biogas, sometimes at non-negligible concentration
(1.8 ± 1.5%). Indeed, the CO2 was intentionally dissolved in
excess in the wastewater, compared with cathodic reduction
capacity, in order to achieve non-limiting EMG conditions
(Rodríguez-Alegre et al., 2019). Interestingly, also H2 was
detected at the relatively high volumetric concentration of
0.02h. Hydrogen sulfide was likely always present in the
biogas (0.4 ± 0.2h), as the result of sulfates reduction at the

cathode, but its determination could be implemented only for
the last condition (BAB), and no values are available for the
previous period.

On day 365, a significant volume of biogas was collected, in
order to analyze its content of VOCs. Contaminants belonging
to the family of alcohols, ketones, non-aromatic hydrocarbons,
silicon and sulfur compounds, were found at concentrations
higher than 100 µg m−3. Their presence was likely related to
the adopted wastewater, which was collected at a municipal
WWTP and surely contained some industrial discharges. All the
contaminants were found at concentrations lower than threshold
values for biomethane quality (Supplementary Table S2),
confirming the good quality of the produced biogas.

Microbial Community Analysis
The bacterial and archaeal communities associated with bulk
medium, anode and cathode biofilm were determined for the
reactor module 15 (arbitrarily chosen). The Figure 6 reports the
relative abundance of identified phyla. The biomass contained in
the bulk medium was strongly dominated by the Archaea phylum
Euryarchaeota (60.2 ± 1.8%). Members of this phylum are well
known CH4 producers (Blasco-Gómez et al., 2017), while some
of them are also recognized as sulfate reducing bacteria (SRB)
(Muyzer and Stams, 2008). On the other hand, the abundance

FIGURE 5 | Average biogas composition measured in the tested operation conditions.

FIGURE 6 | Relative abundance (h) of the phyla identified in the bulk electrolyte, anode and cathode biofilms of module 15 (samples taken on day 211).
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of the phylum Euryarchaeota (41.2 ± 8.2%) significantly
decreased (p = 0.003) in the biofilm of the anodes, where the
Synergistes (21.7 ± 1.6%) and Chloroflexi (25.2 ± 4.2%) phyla
concurrently increased their presence (p = 0.003 and p = 0.013,
respectively). Synergistes are significant contributors in the
degradation of sludge for the production of biogas, in anaerobic
digesters (Rivière et al., 2009). The Chloroflexi phylum is also
common in anaerobic digesters (Flores-Rodriguez and Min,
2020). The presence of these two phyla on the anode (although
treating wastewater) likely originated from the inoculum sludge
and formed symbiotic relationships. On the cathode samples,
Euryarchaeota (44.4± 11.6%) and Synergistes (12.3± 5.0%) were
still the dominant phyla. As previously mentioned, Euryarchaeota
were surely responsible of CH4 production by EMG, and were
likely participating in sulfate reduction. Synergistes are known
also to be responsible of H2 production in anaerobic digesters
(Rivière et al., 2009), and could contribute in this case to H2
evolution at the cathode, confirming the indications coming from
biogas composition analysis (see section “Biogas Composition”).
However, in comparison with the wastewater filling the reactor
and the anode, Actinobacteria became the dominant phylum in
the cathode (23.7 ± 4.5%, p = 0.019 and p = 0.002, respectively).
Actinobacteria was previously reported as dominant phylum on
biocathodes performing EMG, co-responsible of H2 production
hereby taking place (Fu et al., 2015).

In order to obtain a deeper insight into the microbial diversity,
Figure 7 shows the relative abundance of the 20 most abundant
Operational Taxonomic Units (OTUs) found in the different
samples. This way, it can be observed that OTU 1, belonging to
the genus Methanothrix (Euryarchaeota) was the most abundant
genus within all the samples, and especially in the bulk medium
(58.1 ± 1.4%, p = 0.026 vs. anode, p = 0.044 vs. cathode).
Methanothrix can use both acetate and CO2 for CH4 production
(Enzmann et al., 2018; Liu et al., 2019), thereby confirming the
coexistence of acetoclastic methanogenesis and EMG processes
in the prototype. OTU 11 and OTU 7, belonging to the
genera Thermovirga (Synergistes) and Levilinea (Chloroflexi),
were more abundant in the anodes (7.9 ± 0.1% and 0.9 ± 0.1%,
respectively, p = 0.005 and p = 0.011 vs. bulk medium,
p = 0.053 and p = 0.016 vs. cathode). Thermovirga was previously
reported to accelerate hydrolysis of long-chain fatty acids in
anaerobic fermentation reactors, providing low-chain molecules
to methanogens for CH4 production (Du et al., 2019) and
possibly explaining the relevant presence of Methanothrix on the
anode (36.4± 5.7%, not previously reported for similar systems).
Equal considerations are valid for Levilinea (Zakaria and Dhar,
2019), which was previously reported in the anode bacterial
community of microbial electrolysis cells treating waste activated
sludge from municipal WWTPs (Zhao et al., 2016). Apart from
Methanothrix (32.4 ± 8.4%), the cathode samples revealed the

FIGURE 7 | Relative abundance (h) of the 20 most abundant microorganisms (OTUs) identified in the electrolyte (2 replicates), anode and cathode biofilms of
module 15.
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significant presence of OTU 14 and OTU 3, belonging to
the genera Atopobium (Actinobacteria) and Methanobacterium
(Euryarchaeota) (1.3 ± 0.01% and 0.1 ± 0.01%, respectively,
p = 0.011 and p = 0.003 vs. bulk medium; p = 0.002 and
p < 0.001 vs. anode). While Methanobacterium is a well-
known H2-consuming methanogen and was often reported
in the microbial community of EMG biocathodes (Flores-
Rodriguez and Min, 2020; Xu et al., 2020; among others),
Atopobium was not previously reported and its role is not clear
at this stage. In conclusion, the description of the microbial
community colonizing the EMG-BES prototype indicated the
biological syntrophic relationships between its more relevant
members and, as a consequence, the opportunities of such
bioelectrochemical system for the simultaneous achievement
of electricity storage, CO2 conversion to CH4 and wastewater
treatment, due to the metabolic potential of the microbial
diversity inhabiting this particular ecosystem. The presence of
microorganisms linked to the sulfur cycle opens a potential new
field of research, to elucidate the relationship between them and
the electromethanogenic population.

Efficiency Parameters
The Coulombic efficiency of anode and cathode was estimated
for the different tested conditions. Once the current density
stabilized, the anode Coulombic efficiency remained stable
(16 ± 2% at condition AAB, 14 ± 4% at condition BAB),
showing that CO2 capture activation did not offer a competitive
advantage to oxidative EAB at the anode. On the other hand, the
cathode Coulombic efficiency increased from 399 ± 49% (AAB)
to 694 ± 226% (BAB). As explained by Ceballos-Escalera et al.
(2020), cathode Coulombic efficiencies higher than 100% indicate
situations where the measured CH4 production is higher than
that achievable only by EMG, i.e., acetoclastic methanogenesis
became with time the main pathway of acetate degradation in
the prototype (Zhao et al., 2014). However, it is meaningful
to observe that the specific energy consumption of EMG-BES
cells reached its optimum during condition BAB, i.e., when
CO2 was injected in the wastewater. A minimum energy input
of 1.0 ± 0.3 kWh was necessary to produce 1 m−3 CH4
(compared with 1.6 ± 0.2 kWh m−3 CH4 for condition AAA).
This confirmed the validity of the EMG-BES technology, already
proofed at laboratory stage by Rodríguez-Alegre et al. (2019),
merging the two complementary needs of carbon capture and
electricity storage.

In this regard, the CCU potential of the integrated technology
of membrane contactors and EMG-BES cells was estimated
in terms of (maximum) carbon conversion efficiency from
dissolved CO2 to gaseous CH4. The 30% of inorganic carbon
was potentially converted to CH4 during condition ABB (see
Eq. 3 for calculation details). Reducing the temperature from
32◦C to 25◦C, only 15% of the inorganic carbon load could be
converted. Injecting additional CO2 to the wastewater (condition
BAB), only 7% of the carbon was valorized, confirming the values
obtained in the laboratory by Rodríguez-Alegre et al. (2019).
It must be noted that the estimation of this parameter is not
easy, as organic and inorganic carbon can undergo different
metabolic processes at both anode and cathode of an EMG-BES

reactor. Therefore, the values of carbon conversion efficiency
hereby commented should not be taken as quantitative, but
only orientative.

CONCLUSION

A bioelectrochemical power-to-gas prototype was long-term
operated (400 days), integrating membrane contactors for CO2
capture in wastewater with a stack of BES cells performing
electromethanogenesis. Different operational conditions were
tested, acting on parameters like temperature, applied voltage
and CO2 capture (ON/OFF). The prototype achieved the highest
CH4 production rate (147 ± 33 L m−3 d−1), with a high gas
quality (CH4 > 85% v/v) and the lowest energy consumption
(1.0 ± 0.3 kWh m−3 CH4), when operated at 25◦C and 0.7 V,
while capturing and converting 22 L m−3 d−1 of CO2. Only
7% of the injected carbon load could be valorized to CH4,
because CO2 was dissolved in excess in the wastewater, compared
with cathodic reduction capacity, in order to achieve non-
limiting EMG. Traces of H2 in the biogas, detectable during the
periods of closed electric circuit, indicated that hydrogenotrophic
methanogenesis was taking place at the cathode. On the
other hand, a relevant CH4 production during the periods
of open electric circuit confirmed the presence of acetoclastic
methanogenic microorganisms in the microbial community. This
was dominated by the archaea Methanothrix (Euryarchaeota).
Different microorganisms belonging to the Synergistes phylum
were found at the anode and the cathode, having a potential role
in organic matter degradation and H2 production, respectively.
In the panorama of methanation technologies currently available
for PtX, the performances of this EMG-BES prototype are not
yet competitive, especially because of a low CH4 production
rate, a limited current/power density demand (<10 W m−3) and
a low CO2 conversion efficiency (7–30%). On the other hand,
the possibility to obtain a high-quality biogas (near biomethane
quality) at a minimal energy consumption leads to a potentially
favorable business scenario for this technology, compared with
biological methanation or anaerobic digestion.
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