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ABSTRACT

Microbial Electrolytic Cell (MEC) is an electrochemical reaction device that uses electrical energy as an energy
input and microorganisms as catalysts to produce fuels and chemicals. The regenerative electrochemical system
is a MEC improvement system for methane gas produced by biological carbon sequestration technology using
renewable energy sources to provide a voltage environment. In response to the influence of fluctuating distur-
bances of renewable electricity and the long system start-up time, this paper analyzes the characteristics of two
strategies, regulating voltage parameter changes and activated sludge pretreatment, on the methane production
efficiency of the renewable gas electrochemical system. In this system, the methane production rate of regenera-
tive electrochemical system is increased by 1.4 times through intermittent boosting start-up strategy; based on
intermittent boosting, the methane production rate of regenerative electrochemical system is increased by 2 times
through sludge pyrolysis pretreatment start-up strategy, and the start-up time is reduced to 10 days. Meanwhile,
according to the simulation test results of power input fluctuation and intermittency, the stability standard devia-
tion of its system operation is 75% of the original one, and the recovery rate is about 1 times higher. This study
can provide a theoretical basis and technical reference for the early industrial application of microbial CO2 metha-
nation technology based on renewable energy.
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1 Introduction

In 2020 General Secretary Xi proposed at the 75th United Nations General Assembly that China would
ensure that it would achieve peak carbon emissions by 2030 and strive to become carbon neutral by 2060 [1].
This commitment has given a strong impetus to CO2 reduction efforts in China and globally. As a resource,
the production of chemicals and fuels from CO2 through the use of physical, chemical and biological
technologies is one of the most effective ways to control and reduce CO2 emissions. As CO2 is a
chemically inert and thermodynamically stable gas, the key to its resource conversion is the effective
activation of CO2, which breaks down its chemical structure and transforms it into other usable
substances. At present, there are two main types of CO2 resource utilization: physical utilization and
chemical utilization, and the main methods include biological fixation, electrochemical reduction,
photocatalytic conversion and catalytic hydrogenation reduction. After a long period of research and
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progress, electrochemical reduction technology is an ideal way to reduce CO2 to high value-added products
with low energy consumption, while the choice of catalysts for redox reactions using biocatalyst has the
advantages of environmental friendliness, mild reaction conditions (atmospheric pressure and room
temperature) and high product selectivity [2]. Therefore, Biological carbon sequestration, as one of the
highly promising CO2 capture and utilization technologies, has gained much attention in recent years.

Microbial electrocatalytic reduction of CO2 to produce methane system (MEC) can produce hydrogen or
reduce CO2 to produce methane by treating wastewater through the microbial electrocatalytic process. This,
this system coupled energy, municipal environment, biology, and other fields. The, the process operation is
simple, energy saving, low investment cost, and operation cost. The, environmentally friendly methane gas
application technology field is more mature and, has great potential for development [3]. Microbial
electrocatalytic reduction of CO2 to produce methane is a highly efficient and low-cost carbon-neutral
energy storage technology that can store excess renewable energy and convert CO2 into easily stored
methane through the catalytic action of anaerobic microorganisms in wastewater sludge. It, which not
only effectively reduces CO2 emissions, but also converts them it into another important energy material,
and treats organic wastewater and organic solid waste. The conversion of CO2 into easily stored methane
is not only effective in reducing CO2 emissions but also in converting it into another important energy
source and treating organic wastewater and solid waste. However, there are still many challenges that
need to be solved, and the main technical bottlenecks are the need to significantly improve the
operational performance and the lack of practical technology research. The operational performance of
the dual-chamber MEC methanogenic system is mainly limited by the biocathode environment, which
has a long start-up time, low current density and methane production rate, and poor operational stability.
For example, the low methane production rates reported in the literature for CO2 methanogenic systems
based on microbial electrolysis cells and the difficulty in rapidly enriching efficient and electrically active
methanogenic biofilms at the cathode [4]. In addition, since the electrical input is the only source of
energy to produce the reduction equivalent at the cathode, one of the greatest challenges for this
technology is to improve its stability in the face of fluctuations and interruptions in the electrical input
from renewable energy sources. Instability in power input may lead to changes in the structure and
metabolic pathways of the biocathode microflora, resulting in reduced methane production [5]. Therefore,
a large number of studies have been conducted to review the factors affecting the performance of
microbial electrolytic cell CO2 methanogenesis systems, such as: electrochemical start-up strategies,
cathode materials and reactor structures, pretreatment methods, voltage, temperature, pH, etc., to clearly
identify the influence of these factors on the promotion of efficient microbial methane synthesis, with the
aim of finding effective and easy-to-implement electrochemical start-up strategies to overcome these
problems [6].

Cheng et al. set a potential of −0.5 V by the constant potential method and spent approximately one
month to complete the initiation of a methanogenic biocathode in a single chamber EMG reactor with a
methane production rate of 0.034 m3m−3d−1 [7]; Riedl et al. found that a continuous change in potential
from −0.6 to 0.4 V with a continuous change in scan rate of (5 mVs−1) resulted in an increase in
bioelectrode current density and turnover, mainly due to the enrichment of a more efficient electroactive
biofilm [4]; Li et al. converted the electrode potential by polarity reversal from bioanode of −0.4 to
−0.7 V at the cathode by polarity reversal. This was found to promote direct electron transfer and
increased biomass in the biofilm, thereby promoting direct electron transfer and increased biomass in
reducing the start-up time by approximately 40% [8]. Wang et al. found that intermittent power supply
was more beneficial in promoting methane production than the commonly used continuous power supply,
mainly because the intermittently applied electric field increased the biofilm charge storage capacity and
electron mobility [9]. Xiang et al. operated at different voltages microbial electrosynthesis systems using
bioenergy from wastewater to convert carbon dioxide to acetic acid, with high biomass on the anode and
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cathode surfaces of the bipolar membrane (BPM) and the relative abundance of acetic acid bacteria in the
cathode [10]. Fu et al. applied a resting potential of 0.5 V to SHE in a two-chamber reactor and increased
CH4 productivity of the biocathode by approximately 6-fold after 160 h of incubation, showing that the
ability of the biocathode to catalyze electrogenic methanogenesis via direct electron transfer was
enhanced during the adaptation process [11]. Borole et al. measured changes in anode, cathode, and
solution/membrane impedance during enrichment of anodic microbial consortia and found that biological
systems have the unique ability to reduce the electron transfer resistance of MFCs and their potential for
stable energy production over long periods of time [12]. In addition, some researchers have tried to
artificially lower the cathode potential during start-up to up-regulate the input power and found that dense
biofilms with high metabolic and electrical activity were enriched at the cathode, allowing the biocathode
to maintain stable coulombic efficiency despite fluctuations in electrode potential or current [13–15].
Rossi et al. also found that up-regulating the current was able to reduce the charge transfer impedance
and diffusion impedance, fundamentally altering the performance of the bioelectrode [16]. In summary,
the performance and stability of the biocathode can be significantly improved by adjusting the cathodic
potential and current.

In order to speed up the anaerobic digestion of activated sludge and to shorten the digestion reaction
time, a pre-treatment of the sludge is necessary. Zhang et al. used a high-pressure homogenization
method to pretreat residual sludge and investigated the effects of homogenization pressure,
homogenization cycle, and total sludge solids concentration on the sludge cracking rate [17]. Dohányos
et al. used centrifugal lysis for anaerobic digestion of residual sludge after pretreatment for methane
production, with methane yields ranging from 8.1% to 86.4% for different properties of sludge [18].
Jeong et al. used high-efficiency pulse technology for pretreatment of residual sludge, and the values of
SCOD/TCOD and the content of extracellular polymers were increased compared to the untreated sludge
by 4.5-fold and 6.5-fold [19]. Baier et al. increased the percentage of SCOD from 5% to 47% after
pretreatment of the residual sludge using the rotating grinding ball method [20]. Boungier et al. used
pyrolysis to pretreat the residual sludge, and the results showed that the cracking rate, protein and
carbohydrate release rate, and methane yield of the sludge were more beneficial under 190°C compared
to 135°C [21]. Feng et al. investigated the effect of heat treatment on the physical properties and
dewatering properties of municipal residual sludge, and the results showed that: after heat treatment, the
results showed that the dewatering properties, particle size and viscosity of the sludge decreased after
heat treatment [22]. Tang et al. investigated the effect of three different garden wastes on the
methanogenic effect of anaerobic digestion of kitchen waste using freeze-thaw pretreatment and found
that freeze-thaw pretreatment could increase the gas yield by 25.0% and 85.4%, respectively [23]. Tang
et al. performed anaerobic fermentation of mixed sludge from primary and secondary settling tanks after
freeze-thaw pretreatment to produce methanogenic firing, and the gas yield was 1.31 m3/kgVS, which
was 1.5 times higher compared to the original sludge [24]. In summary, sludge pretreatment technology
can effectively promote the release of organic matter from sludge flocs and microbial cells into the liquid
phase, improve sludge’s biochemical properties of sludge, accelerate the rate of sludge digestion rate, and
increase the energy recovery rate. In practical engineering applications, the sludge should be pretreated
according to the nature of the sludge, and the appropriate pretreatment method should be selected.

According to the literature review, better operational performance can be achieved when the biocathode
has a variable potential and current, and its two electrochemical parameters are able to respond to changes in
cathode kinetics during start-up and change simultaneously, but further studies are lacking. Therefore, this
paper proposes an intermittent boosting strategy to increase the electrical output based on simultaneous
changes in current, and potential is expected to further improve the methane production performance and
its stability of renewable electrochemical systems; meanwhile, among the many foundations of sludge
pre-treatment, there is a lack of a certain degree of research on the way in which pre-treatment
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technologies combine voltage and current influencing factors for incubation [25]. Therefore, this paper uses
three sets of comparative experimental start-ups of reduced CO2 methanogenic systems using constant
voltage start-up and intermittent boost start-up [26] and intermittent boost start-up after sludge pyrolysis
treatment to investigate the changes in methane production rate, pH of the cathode chamber solution,
current density, and the stability and recovery rate analysis of operation under fluctuating and intermittent
power input under the three start-up methods. The aim is to reveal the effects of intermittent boost start-
up strategies and activated sludge pyrolysis pretreatment processes on the performance of CO2

biomethanation, thus providing a theoretical basis and technical reference for the application of CO2

methanation engineering based on microbial electrolysis cells.

This paper presents the following innovations: (1) For the first time, the intermittent boosting strategy is
combined with sludge thermal treatment to analyze the biofilm formation and enrichment characteristics of
bacterial strains, which in turn affects the performance and stability of methane production in regenerative
gas electrochemical systems. (2) The methanogenic performance and stability of the regenerative
electrochemical system is characterized by simulating fluctuations in power input and intermittency to
further validate the practical application results.

2 Experimental Materials and Methods

2.1 Construction of Reactor
The reactor used in this experiment is an H-type double-chamber reactor, the main body of which is

made of Plexiglas material and Its physical diagram is shown in Fig. 1. Three sets of control experiments
were set up as shown in Table 1. three sets of single-chamber type H-type double-chamber reactors of
100 mL, the effective volume of both cathode and anode chambers is 155 mL, and the cathode and anode
chambers are filled with 110 mL and 120 mL of electrolyte solution (PH = 7), respectively. The first set of
two-chamber reactors provided an applied voltage of 0.8 v and was inoculated with 35 g of centrifuged
sludge; the second set of two-chamber reactors provided a changing applied voltage and was inoculated
with about 35 g of centrifuged sludge and the third set of two-chamber reactors provided a changing
applied voltage and was inoculated with about 35 g of sludge that had been pretreated by pyrolysis and
then centrifuged to extract water. The anode was made of platinum sheet electrode, and the reference
electrode was Agcl electrode. The cathode was made of a 1 mm diameter titanium wire connected to a
high-purity graphite felt.

Figure 1: Three sets of reactors during start-up
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2.2 Pretreatment Types and Conditions
The thermal pretreatment method refers to the heating of the residual sludge, where the microbial cells

are ruptured by the pressure difference generated in the heat process, and the organic matter inside the cells is
released and rapidly hydrolyzed and dissolved under the action of high temperature. The temperature range
of sludge heat treatment is generally in the range of 60°C–270°C, and the most commonly used temperature
range is 60°C–180°C. Take 38.76 g of sludge in a beaker, add 1.2979 g of NaOH solids, stir well, and then
place the beaker in a water bath at 65°C for 30 min to complete the pretreatment. The purpose of adding
NaOH solid is to increase the degree of hydrolysis of sludge, reduce the temperature tolerance of
biological cell walls in sludge, and promote the efflux of cellular organism inclusions, which improves
good conditions for accelerating the process of anaerobic digestion of colonies.

The activated sludge was treated by pyrolysis, and after centrifugation at 5000 r/min for 10 min, the
sludge obtained was 35.5624 g, and finally, the treated sludge was put into the reactor for methane
production experiment.

2.3 Reactor Operation
Three start-up strategies, constant voltage, intermittent boosting, and intermittent boosting after

pyrolysis pretreatment, were used to study the effect of the start-up process of the microbial electrolysis
cell system on the operational performance of the methanogenic biocathode. The constant voltage start-up
group was set at 0.8 v; the intermittent boost start-up group was increased from 0.2 to 0.8 v, and the
voltage was increased by 0.2 v at an interval of 24 h; the intermittent boost start-up group after pyrolysis
pretreatment was operated in the same way as the second group. Other conditions were kept constant, and
after normal operation of the reactor, 1 ml of gas was extracted from the sampling place with a sampling
needle at every measurement interval of 24 h and injected into the gas phase spectrometer for gas detection.

At the same time, aeration treatment was carried out, and CO2 with a flow rate of 0.3 L/min was passed
into the cathode chamber for aeration, in which the aeration time was 30 min and the period was 24 h. During
the period, the appropriate amount of cathode chamber solution was excluded using the air pressure
difference for PH measurement, and the solution was reinjected into the cathode chamber at the end of
the test.

2.4 Analysis and Calculation Methods

2.4.1 Calculation Method
After the MEC reactor started operation, 1 ml of gas produced in the cathode chamber was removed

every 24 h with a feeder and injected into a gas chromatograph (GC9800, Shanghai Tech
Chromatography Instruments Co., Ltd., China) for detection. The different gases were distinguished

Table 1: Comparison of three experimental groups

Experimental group Voltage range On and off power
duration

Pre-processing
methods

Constant voltage group 0.8 v Non-stop -

Intermittent booster group 0.2–0.8 v, 0.2 v per
power-up

Power on for 20 h,
power off for 4 h

-

Intermittent booster group after sludge
heat treatment

0.2–0.8 v, 0.2 v per
power-up

Power on for 20 h,
power off for 4 h

Sludge pyrolysis
treatment
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according to their peak times, and the yields of each gas component were calculated from the peak areas. The
equation for the production rate of methane gas is shown below:

VðCH4ÞðA=m2Þ ¼ DCH4

T
(1)

Among them, VCH4 is the volume change of methane produced by the reactor (m3) and T is the time of
reactor operation (S).

During the operation of the H-type dual-chamber reactor, the current variations of three different starting
strategies were recorded in real time with a data logger, and the desired current values were selected from the
logger at the end of the experiment. During the operation of the MES reactor, the current density is the
magnitude of the current generated per unit area of the cathode electrode and is calculated as follows:

IAðA=m2Þ ¼ I

A
(2)

Among them, I is the circuit current (A), and A is the surface area of the cathode graphite felt (m2).

2.4.2 Solution PH Test Method
During the experiment, the pH value of the cathode chamber solution was measured every 48 h with a

pH meter (PHS-3E type, Shanghai Yidian Scientific Instruments Co., Ltd., China). This was done by
withdrawing a small amount of cathode chamber solution with a syringe before CO2 aeration at the end
of each experimental cycle, and then measuring and recording it with a pH meter, and re-injecting the
withdrawn solution into the cathode chamber after the measurement.

2.4.3 Stability Simulation Test
The effect of fluctuations in electrical power input on the operational stability of the regenerative gas

electrochemical system was simulated using an electrochemical workstation by increasing the current
density from 0.5 to 5 A/m2 (0.5 A/m2 every 2 h, with re-exposure to CO2 for about half an hour at the
end of each current density plateau).

Intermittent power input was simulated by interrupting the power input for 20, 40, 60 and 80 h after 2 h
of stable operation, and then reconnecting the power to test the system’s recovery rate of the system. The
recovery time was defined as the time to restore the methane production rate to 90% of that before the
power outage after the power input was restored, which was used to evaluate the recovery performance of
the regenerative gas electrochemical system.

3 Experimental Results and Discussion

3.1 Comparative Analysis of Methane Production Performance under Different Conditions

3.1.1 Analysis of Methane and Hydrogen Production Rates under Different Conditions
The start-up process of the three groups of biocathodes is shown in the Fig. 2a. After using constant

voltage start-up (0.8 v), the methane production rate of the cathodes increased slowly throughout the
start-up period, and the methane production rate was stable at 6.5 ± 0.03 m3d−1 after 15 days. After using
intermittent boost start (0.2–0.8 v), the methane production rate of the cathode increased faster in
0–15 days compared with the constant voltage group, and also the methane production rate was stable at
15.66 ± 0.02 m3d−1 after 15 days, and the start-up time of the methanogenic biocathode was about
15 days. After using activated sludge after heat treatment with intermittent boost start (Pretreatment,
0.2–0.8 v), methane production gradually increased from 1 to 5 days, and methane production rate
continued to accelerate from 5 to 10 days, and methane production rate stabilized at 20.18 ± 0.01 m3d−1

after 10 days methane production start time was about 10 days.
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The methane production of the cathode in the constant voltage start group and intermittent boost start
group increased continuously during the start and tended to be stable after 15 days and the methane
production of cathode in the intermittent boost start group after activated sludge was heat treated
increased continuously during the start and tended to be stable after 10 days and the start time of
biological cathode was significantly shortened after the activated sludge was heat treated; meanwhile, the
methane production of activated sludge after heat treatment in The methanogenic rate of the intermittent
boost start group was stable at 20.18 ± 0.01 m3d−1 about three times higher than that of the constant
voltage start group. It is inferred that the methanogenic bacteria in the sludge rupture under the effect of
pressure difference generated during the heat treatment, and the organic matter inside the cells is released,
which is rapidly hydrolyzed and dissolved under the effect of high temperature, which is favorable to the
formation of methanogenic bacteria biofilm on the cathode surface. The methanogenic rate of the
intermittent boost start group was stable at 15.66 ± 0.02 m3d−1, which was 2.4 times higher than that of
the constant voltage start group, and the cathode was enriched with dense methanogenic bacteria biofilm
with high metabolic and electrical activity by adjusting the cathode potential and current [13], while
the constant voltage start group, in which the hydrogen-producing bacteria grew more vigorously at the
beginning of the start, consumed excessive reduction equivalents, and the shear force generated by the
hydrogen bubbles had an adverse effect on The shear force generated by the hydrogen bubbles also had a
negative effect on biofilm attachment [27–29].

The process of H2 production from the three groups of biocathodes is shown in the Fig. 2b after starting
with constant voltage, the amount of hydrogen produced by the biocathodes increased continuously from day
0 to day 5, and decreased continuously with the gradual increase of methane from day 5 to day 10, and the
amount of hydrogen produced was stable at 5.13 m3d−1 after day 15. After the start-up of the activated sludge
with heat treatment, the hydrogen production from the biocathode increased slowly from day 0–5 and
decreased from day 5–10, stabilizing at 3.13 m3d−1 after day 15.

The production of by-product H2 is unavoidable for mixed strain inoculated biocathodes, and the
variation of by-product H2 production during the three groups of the biocathode start-up is shown in the
graph. The peak H2 production in the start-up phase (day 5) was six times higher in the constant voltage

(a) (b)

Figure 2: (a) Methane production rates for the three groups of experiments. (b) Hydrogen production rates
for the three sets of experiments
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start-up group compared to the intermittent boost start-up group, and 2.5 times higher in the stabilization
phase. It can be seen that this method significantly reduces the hydrogen production during the bio-
initiation and stabilization phases while increasing the methane production from the biocathode during
the same period. So the intermittent ramp-up strategy improves the product selectivity of the
methanogenic biocathode, which is probably due to the incomplete enrichment of the methanogenic
biofilm in the constant voltage start-up group, resulting in a lower utilization of CO2 and reducing
equivalents and the escape of H2 before it is utilized by methanogenic bacteria utilize it in time. The peak
H2 production rate in the start-up phase and the steady-state H2 rate in the intermittent boost start-up
group after thermal treatment of activated sludge were slightly higher by about 1.1 m3d−1 compared to
the intermittent boost start-up group, it is possible that not only the methanogenic bacteria are more
active in the activated sludge pretreated by pyrolysis, but also other microorganisms (e.g., hydrogen-
producing bacteria) are more active in reproduction and metabolism.

In previous studies of methane production from CO2 reduction in bioelectrochemical systems, hydrogen
and methane have always co-existed in a single system therefore, to increase the efficiency of methane
production, the amount of hydrogen produced must be minimised.

3.1.2 Analysis of the Variation of PH Values under Different Conditions
The pH of a solution is a key factor in the growth and metabolism of microorganisms. Therefore, it is

essential to control the pH in solution. As shown in Fig. 3, the pH of the medium solution was adjusted to
about 7 (phosphate buffer was added) when the medium was prepared before the start of each batch of
experiments. The change in pH decreased and then increased in all three experimental groups. The
activity of the biological strains was low at the beginning of the start-up phase and the H+ from the
anode chamber reached the cathode through the ion exchange membrane but was not yet fully utilised,
resulting in a low PH in the cathode chamber. The constant voltage start-up group had a PH value of
6.68 on day 4 (the lowest value) and the intermittent boost start-up group had a PH value of 6.17 on
day 4. The reason for this may be that the intermittent boost strategy favours the enrichment of the
methanogenic biofilm, with lower H+ utilization and lower H2 content compared to the constant voltage
group. In contrast, the activated sludge was heat-treated to a PH value of 6.28 on day 4 for the
intermittent boost start-up group, which was pre-treated by pyrolysis to improve the sludge cracking
rate, giving the reactor better electrochemical performance and enriching the more intensive hydrogen-
producing bacteria biofilm to synthesize lower H2 content at the biocathode. After day 4, the PH of all
three sets of experiments increased at an accelerated rate, while the methane production of all three sets
of experiments also increased at an accelerated rate. The reason for this may be that with the enrichment
of the bioactive biofilm at the biocathode, H+ was used to synthesize methane and the rate at which H+

was utilized in the cathode chamber was much higher than that passed from the anode chamber, so H+

was consumed in large quantities and methane was generated at the cathode leading to a rise in pH of
the solution. After the stabilization phase of the three sets of experiments, the pH is still slowly
increasing, and their methane production remains essentially constant, which will decrease in the long
term. The higher pH may also be one of the reasons for the inhibition of methane production, this is
because the optimum pH environment for methanogenic strains is between 7 and 8, and high pH (>8.5)
increases hydrogen production, as the alkaline environment induces the formation of an enrichment of
the dominant hydrogen-producing strains and the same reduction equivalents are used more for
hydrogen production, resulting in lower methane production of the target gas. At the same time the
activity of the methanogenic archaea was affected and consequently, the overall reaction equilibrium of
the fermentation system was disrupted, severely affecting the activity of the microorganisms and
resulting in their inability to efficiently convert H2 and CO2 to CH4 [30]. Therefore, ensuring that the ph
of the solution was maintained at a relatively stable level was more conducive to the stable synthesis of
methane in the MES.
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3.1.3 Analysis of Current Density under Different Conditions
As shown in Fig. 4, the constant voltage starter group showed a sharp and unstable drop in current during

the first 4 days of operation when the reactor was connected to voltage, probably due to the rapid loss of
protons and electrons from the culture solution after being connected to voltage, with the current density
gradually decreasing and slowly stabilizing after the 4th day. The change in methane production was also
observed to accelerate from day 4 and then slowly stabilize. It can be seen that the decrease in current is
due to the formation of a bio-cathode methanogenic biofilm resulting in an increase in the internal
resistance of the bio-electrosynthesis system, as the applied voltage provided is constant.

The intermittent ramp-up starter group also goes through an unstable phase and the current density starts
to decrease gradually. However, the voltage in this experimental group changed in stages from small to large,
with the current density increasing again after day 10 and then gradually decreasing towards stability. In the
microbial electrochemical system, the magnitude of the current density also reflects, to some extent, the rate

Figure 3: Solution pH of cathode chamber for three groups of experiments

Figure 4: Variation of current density in three groups of experiments
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of electron transfer between the methanogenic bacteria and the electrode [14]. The cathode of the intermittent
boost group was probably enriched with highly efficient electroactive biofilm, which reduced the internal
resistance of the cathode. The reason why the intermittent boosting strategy results in a lower resistance
of the biocathode may be the method’s ability to achieve simultaneous changes in cathode potential and
current. By giving the flexibility that these two parameters can be adjusted simultaneously, the
intermittent boosting method buffers the drop in potential and current and achieves a relatively constant
current during start-up, thus steadily supplying the cathode biofilm with the appropriate reduction
equivalents to promote its enriched growth [28]. The current density in the stable phase of the heat-
treated activated sludge in the intermittent boost start group was 3.573 A/m2, slightly higher than the
current density in the intermittent boost start group. This may be due to the fact that the pyrolysis
pretreatment allows for an effective cracking of the activated sludge and a more complete release of
organic matter, leaving the methanogenic microorganisms in a dominant position and more active, using a
large amount of organic simple small molecules in the system for metabolism, synthesis of their own
nutrients and methanogenic activities.

3.2 Stability Simulation Test Analysis

3.2.1 System Stability Testing during Fluctuations in Power Input
The results of the test to characterize the stability of the methanogenic performance of the microbial

electrolyzer system through fluctuations in electrical input are shown in Fig. 5. As the input current
density I increased from 0.5 to 5 A/m2, the methane production rate of the constant voltage start-up group
started to decrease after I reached 3.5 A/m2, when the hydrogen production rate was gradually increasing,
while the methane production rate of the intermittent boost start-up group increased continuously from
2.23 m3d−1. The methane production rate of the intermittent boost start group increased continuously
from 2.23 to 16.84 m3d−1 and then started to decrease slowly; the methane production rate of the
intermittent boost start group increased continuously from 3.34 to 21.47 m3d−1 after the activated sludge
was heat-treated, and then also started to decrease slowly. The analysis of the graph shows that the
standard deviation of stability of the intermittent boosting group and the intermittent boosting group with
sludge heat treatment is 75% of that of the constant voltage group.

Figure 5: Impact of power input fluctuations on system operational performance
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The stability standard deviation of the intermittent boost group and the intermittent boost group of
sludge heat treatment was 85% of that of the constant voltage group. The intermittent boost starting
strategy significantly improved the stability of methane production performance and effectively
suppressed the by-product H2 production at high current density input. This may be attributed to the fact
that the intermittent boosting strategy induced the construction of multiple extracellular electron transfer
pathways for CO2 reduction methanogenesis through cathodic potential changes and increased the supply
rate of reduction equivalents through intermittent steps, so that the biofilm could obtain higher electron
mobility and electrical activity, thus forming an efficient and stable methanogenic biofilm [13].

Meanwhile, the intermittent step-up start-up strategy of activated sludge after thermal treatment was
tested with fluctuation of electric power input, and the change trend was consistent with the intermittent
step-up start-up strategy, except that the methanogenic production was high in all stages. The main reason
may be that the biological community has been treated by pyrolysis at high temperature and the
methanogenic bacteria are more active [31], meanwhile, the efficiency of biofilm using electrons has been
enhanced by adjusting the cathode potential in the start-up stage, so that the methanogenic performance
and stability of this group can reach the best.

3.2.2 System Stability Testing during Intermittent Power Input
The results of the intermittent test to characterize the stability of the methane production performance of

the microbial electrolytic cell system by the power input (20, 40, 60, 80 h power outages in sequence) are
shown in Fig. 6. Compared with the constant voltage starter group, the intermittent boost starter group
showed a lower drop in methane production per power outage and a faster recovery rate, which was
about twice as fast as the constant voltage starter group, and the methane production during the
stabilization phase (13.84 m3d−1) was basically the same as that before the power outage (15.66 m3d−1)
as the power outage time increased. In contrast, the constant voltage starter group had not only difficulty
in recovering the methane rate before power failure after each power failure, but also its methanogenic
capacity gradually weakened with the increase of power failure time until the methanogenic rate
decreased to 0.43 m3d−1 at 80 h of power failure, because most of the methanogenic strains had lost their
activity, and thus the methanogenic biofilm formed by the colony was judged to be basically ineffective
in methanogenic function. Thus, the intermittent ramp-up strategy shortens the recovery time after power
input interruptions and enhances the stability of the methanogenic performance of the microbial
electrolyzer system, allowing it to withstand the adverse effects of power outages and maintain an
excellent recovery capability [32]. This may be due to the enrichment of the cathode with highly stable
methanogenic biofilm, which has a more stable extracellular electron transfer pathway compared to the
constant voltage group and is more resilient to the periodic polarization of the cathode caused by
repowering after a power outage [33,34].

Compared with the intermittent boost-start group, the activated sludge heat-treated intermittent boost-
start group had higher methanogenic production after each power outage and, subsequently higher
stabilization phase of about 18.44 m3d−1. Therefore, the heat-treated intermittent boost-start strategy
improved the methanogenic performance of its stabilization phase. The heat-treated intermittent boost
start strategy enriched biofilms in the start-up phase with more stable metabolic pathways (including
energy acquisition and carbon consumption) and a microbial community highly adapted to the cathodic
environment.
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4 Conclusions

In this experiment, an H-type dual-chamber MEC reaction system with anaerobic activated sludge from
Shanghai Bailonggang Wastewater Treatment Plant as the inoculated sludge and CO2 storage bottle as the
sole carbon source was constructed to investigate the effects on the performance of CO2 methanation
based on microbial electrolysis cell under three sets of strategies: constant voltage, intermittent boosting
and intermittent boosting after sludge thermal treatment, as well as system stability tests under fluctuating
and intermittent power input. The study showed that:

(1) The cathode potential, the regulation of current, and the pretreatment method of activated sludge all
affect the methane production by CO2 by the cathode-functional microorganisms in the MEC
reactor. Under the same conditions, the intermittent boosting strategy cathode enriched dense
methanogenic bacteria biofilm with high metabolic and electrical activity, which significantly
increased methane production; the sludge pyrolysis treatment on the basis of intermittent boosting
accelerated the formation of methanogenic bacteria biofilm on the cathode surface, which not
only increased methane production but also significantly shortened the whole start-up time. In
this experiment, the cumulative amount of methane material in the constant voltage experimental
group, the intermittent boosting experimental group, and the intermittent boosting experimental
group with sludge pretreatment were 6.52, 15.66, and 20.18 m3d−1, respectively, and the start-up
times were about 15, 15, and 10 days, respectively.

(2) Instability of power input can potentially lead to changes in the structure and metabolic pathways of
the biocathode microflora, which can result in reduced methane production. The intermittent
boosting strategy reduces the dependence on external energy and carbon sources by building a
stable and efficient biofilm. In this experiment, during the power input fluctuation test, the

Figure 6: Impact of intermittent power input on system operational performance
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stability standard deviation of its system operation is 75% of that of constant voltage; during the
power input intermittent test, the intermittent boost experimental group recovers faster, and its
recovery speed is nearly one times higher relative to the constant voltage start-up group.
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