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HIGHLIGHTS

® Bioelectrochemical systems can be used as power-to-gas technology for energy storage.

® A BES prototype was long-term operated to store electric energy in the form of biomethane.
® The prototype produced 4.4LCH,m~2d ™" with an energy storage efficiency of 42-47%.

® Electric behavior of BES prototype was simulated to design its electric converter.

® Future research increasing current density demand can lead to positive business case.
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ABSTRACT

The development and implementation of energy storage solutions is essential for the sustainability of renewable
energy penetration in the electrical system. In this regard, power-to-gas technologies are useful for seasonal,
high-capacity energy storage. Bioelectrochemical systems for electromethanogenesis (EMG-BES) represent an
additional power-to-gas technology to the existing chemical and biological methanation. EMG-BES process can
be retrofitted in traditional anaerobic digesters, with advantages in terms of biologic process stability and high-
quality biogas production. Nowadays, there are no reported studies of scaled-up EMG-BES plants for energy
storage. The present work describes the setup and operation of a medium-scale EMG-BES prototype for power-to-
gas, storing energy in the form of biomethane. The prototype was built by stacking 45 EMG-BES cells, accounting
for a total volume of 32 L. It was continuously fed with 10 L day ~! municipal wastewater, and it was long-term
operated at different voltage and temperature ranges. A steady-state current density demand of 0.5 Am™? was
achieved at 32 °C while producing 4.4 LCH,m~>d "~ and removing 70% of the initial organic matter present in
wastewater. Microbial competition between electro-active bacteria and acetoclastic methanogens was observed.
Energy storage efficiency was estimated around 42-47%, analyzing surplus CH4 production obtained when
applying voltage to the stack. A first order electric model was calculated, based on the results of a series of
electrical characterization tests. The model may be used in the future to design the converter for EMG-BES plant
connection to the electrical grid. The obtained results show that energy storage based on EMG-BES technology is
possible, as well as its future potential, mixing renewable power overproduction, biomethane generation and
wastewater treatment under the circular economy umbrella.

1. Introduction

increase of renewable energy share (RES) to at least 27% by 2030 [1].
Public and private entities are investing heavily in RES, with wind and

The European Commission set ambitious decarbonization and en- solar being the predominant technologies, but these energy sources are
ergy efficiency targets in an attempt to fight climate change, including intermittent by nature and subject to major seasonal variations. It is
the reduction of greenhouse gas emissions by 40% by 2030 and the therefore becoming more difficult to match energy production and
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Fig. 1. Possible reactions taking place in an EMG-BES reactor. Acetate (CH3COO 7) is used as a model of organic matter in the anode chamber.

demand. Electricity surpluses are becoming an issue for dedicated grid
operators, with the potential to compromise the stability of the entire
electric grid, and with associated economic losses [2]. In general, when
installed RES power is higher than 30-40% of the overall energy mix
[3], the problems of integrating this variable electricity supply into the
distribution grid result in flexibility issues [4], finally impacting on the
voltage and frequency stability. In order to overcome these issues, en-
ergy storage systems will play a decisive role in the future.

Energy storage can provide both upward and downward flexibility,
storing energy either when there is generation surplus or lower de-
mand, and discharging in the opposite case. Depending on the time
scale (milliseconds up to months), storage technologies can play dif-
ferent roles [5]. At the present time, there are many solutions dealing
with short-term energy storage, such as supercapacitors, batteries or
flywheels. These technologies work well when it is necessary to deal
with fast power changes and almost instantaneous energy delivery or
absorption (from kWh to MWh scale) [2]. In addition, they can be
scaled up rapidly but still they cannot deal with the need of achieving
large-scale storage (TWh scale), as it is not either technically or eco-
nomically feasible. On the other hand, pumped hydro or compressed air
storage are good candidates for large-scale storage, but they require
large investments and construction efforts. These technologies accom-
plish with the mismatch between energy production and demand over
long periods (seasons). This is of great interest, as flexibility markets are
being developed and a high amount of large-scale dispatchable storage
will be necessary [6].

Conventional power-to-gas (P2G) technology is an alternative that
can help converting high amounts of surplus electric energy from RES
into more easily storable gas fuels [7]. This technology, based on the
Sabatier process, relies on water electrolysis to obtain H,. This H, can
be used in a second reaction step to convert CO5 (pure or from biogas)
to synthetic natural gas (SNG), containing CH, as a major component
[8]. According to EU regulations [9], SNG can be injected into the
natural gas grid (unlike H) or can be directly used as vehicle fuel [10].
Therefore, P2G technology permits the interconnection between the
electric and natural gas distribution grids, reducing the overall energy
cost while improving system resiliency and security [11]. The tech-
nology can handle fast power changes, although its potential is espe-
cially interesting for handling large amount of kWh for several hours,

with a relative low investment that takes advantage of the existing gas
infrastructure. Currently, there are two methods to obtain CH, by P2G
under development and with industrially reliable production capacity:
the chemical and biological methanation.

The P2G by chemical methanation is based on the use of a chemical
catalyst (e.g. nickel-based catalysts) and is characterized by high re-
action rate and efficiency [12]. However, it is limited by high tem-
perature (150-800°C) and pressure (8-30bar) requirements [13].
Several projects applied this methanation process on pilot scale P2G
plants. For example, the company HZI Etogas designed and operated
the largest P2G industrial plant in the world (6 MW electric power) for
Audi in 2013; this plant was able to produce 325 Nm® SNG h ™! with an
energy efficiency of 54% [14]. On the other hand, biological metha-
nation relies on microorganisms (hydrogenotrophic methanogens) as
catalyst to produce biomethane from CO,. The term biomethane defines
a biogas rich in CH4 (> 95% v/v), obtained from a biological source,
which can be injected into the gas grid or used as vehicle fuel [15,16].
Biological methanation has lower efficiency but also some advantages
compared to chemical methanation, operating at lower temperature
(40-70°C) and pressure (1-8 bar) [17]. Successful biological metha-
nation performance has been reported at both pilot and industrial scale.
For example, MicrobEnergy is operating since 2013 the first industrial
P2G plant based in biological methanation, producing 5.4 Nm>® SNG
h~! at 75% CH,4 content [18]. Nevertheless, both methanation pro-
cesses have on-site H, requirements and its solubility in water (com-
pared to CO,) represents a limiting step [12]. In addition, the dwell
time in electrolysis and methanation steps has a direct impact on SNG
production cost, due to the availability of storage capacity for H, or CO,
[19].

Bioelectrochemical systems (BES) emerged as a novel alternative for
P2G plants. BES use electro-active microorganisms as renewable cata-
lysts for wastewater treatment, with the concomitant recovery of en-
ergy and/or resources [20]. Standard BES configuration comprises an
anode, where organic matter is oxidized, and a cathode, where a
counter reaction occurs (if needed, separated by an ionic exchange
membrane) [21]. Cheng et al. [22] were the first to propose cathodic
reduction of CO,, (dissolved into an aqueous medium) into CH4 by BES.
The technology is based on microbial electromethanogenesis (EMG),
where the cathode acts as electron donor for the biotic reduction



reaction. This can be achieved by either the direct reduction of CO, to
CH,4 (direct EMG) or via H,, as electron mediator (indirect EMG). It was
demonstrated for direct EMG to be more efficient th an H,-mediated
one, the former taking place at a higher reduction potential (Fig. 1)
[23]. At the anode, electrons can be provided by water electrolysis
(abiotic reaction) or organic matter oxidation by electro-active bacteria.
Therefore, biomass waste is not strictly required as electron donor for
biological methane production, contrarily to anaerobic digestion.
However, from an energetic point of view, a bioanode performing
oxidation of organic matter is more valuable, reducing the potential
difference w ith t he c athode c ompared t o w ater e lectrolysis, i .e. the
voltage that must applied to the electromethanogenic BES (hereafter,
EMG-BES). From authors’ experience, a voltage of 0.7-1.2'V is required
to run the EMG-BES process at a significant rate. In the present work, a
single-chamber EMG-BES reactor architecture was employed. Thus,
wastewater treatment can be achieved at the anode side, while pro-
duced CO, was reduced to CH, at the cathode side.

This strategy can be retrofitted also in traditional anaerobic diges-
ters by introducing a pair of electrodes in the reactor body, an appli-
cation known as BES-improved anaerobic digestion [24-27]. In this
case, EMG (mainly driven by cathode produced H,) adds up to acet-
oclastic methanogenesis as CH, production mechanism, leading to ad-
vantages including: (i) higher biogas productivity and quality (in terms
of CH, content) [28]; (ii) improved process stability, as acetate oxida-
tion at the anode can reduce acid regression phenomena [29]; and (iii)
possibility to operate at lower temperatures than mesophilic range
[30]. Parasitic reactions can also take place in BES-improved digesters,
like sulphate reduction, producing H,S which can affect process effi-
ciency and contaminates biogas (Fig. 1).

Bioelectrochemical P2G has several potential advantages compared
to the previously mentioned methanation technologies. Besides being a
single step process (no separate reactor for water electrolysis to Hy), it
can occur at lower temperature and pressure (25-35 °C, atmospheric
pressure) than the other two methanation alternatives, potentially re-
ducing the operational costs without affecting t he g enerated bio-
methane quality. Moreover, microbial catalytic activity is not lost over
time, as it occurs for chemical processes. On the other hand, the EMG-
BES technology is not characterized by fast dynamics. So, its niche is
not to deal with power peaks but to play a significant role in large-scale
storage. This does not mean that the system would not be able to absorb
power peaks (in fact it does), but it is not able to release this energy
with the same dynamics. Power absorption capacity of the system re-
presents an aspect to study more in detail, once higher power densities
will be achieved in the future.

Despite the potential of EMG-BES technology, it is in its early stage
of development (its technology readiness level is around 3-4). Obtained
CH,4 production rates and power densities are still low compared to
other methanation technologies [17]. For these reasons, no scaled-up
EMG-BES plants for P2G have been reported so far, to the best of the
authors’ knowledge, although they may prove the process efficiency in
a relevant environment. Scaling-up from laboratory to pilot-scale plants
in previous experiences (related to different BES applications) showed
that the strategy should be based on a combination of stacking in-
dividual reactors and increase of reactor volume, maintaining geo-
metric invariables like the ratio between electrode surface and reactor
volume [31-33]. A stacked architecture may also facilitate plant op-
eration, allowing to power the stack at a higher voltage than the single
EMG-BES cell (in case of series connection), and/or to take out and
replace the defective modules without switching off the entire plant.

In order to use EMG-BES as a P2G energy storage technology, an
electric converter must be installed upstream the plant, connecting it to
the electric grid [34]. This because grid voltage is AC, while required
voltage for EMG-BES is a regulated DC voltage (Fig. 2). Depending on
grid conditions and electricity price, the converter should have two
operation modes:

(1) Standby mode: feeding current is kept around zero, and there is no
power exchange between grid and EMG-BES stack. The converter
goes to this mode when the frequency of the grid is below a certain
nominal value or if the electricity price is high;

(2) Power mode: the converter applies a variable and regulated voltage
to the stack to adjust the value of the exchanged power with the
grid. The converter changes to this mode when the electricity price
is low or under episodes of RES surpluses.

The electric behavior of the EMG-BES plant must be determined,
both in steady state and transient conditions, to design the proper
electric converter. This engineering aspect is rarely discussed in BES
literature, even though is key for a successful industrialization of the
technology in near future.

In terms of electric optimization, some approaches have been pro-
posed for the real-time monitoring and operation of BES reactors
[35,36]. In one study, H, production of a microbial electrolysis cell
(MEC) was maximized by conducting a real-time optimization of the
applied voltage [37]. In a more recent study, an equivalent electric
circuit model of MEC was developed to monitor in real-time its internal
resistance and capacitance [38]. The model was then capable of
tracking changes of the reactor operating conditions, including varia-
tions in the influent chemical oxygen demand (COD) [39]. However, no
similar studies were proposed up to date in the field of EMG-BES for
energy storage.

This multidisciplinary study describes the operation of a medium-
scale EMG-BES prototype for CH, production and electricity storage. A
complete assessment in terms of wastewater treatment efficiency, CHy
production, current and power consumption was performed. The en-
ergy storage efficiency of the prototype was estimated, in order to
evaluate the potential of the technology in view of a P2G approach. A
series of electric characterization tests were finally performed to model
the prototype electric behavior.

2. Materials and methods
2.1. Design and construction of EMG-BES prototype

A medium-scale EMG-BES prototype was designed and built by
stacking 45 cells together, grouped by 3 into 15 single-chamber,
membrane-less reactor modules (Fig. 3). The volume of each module
was 1.78 L (plus 5.2 L due to recirculation tank and piping volumes),
reaching a total volume of 32 L. Anode and cathode electrodes (170 cm?
projected surface, each one) were made of thermally activated carbon
felt (SGL group, Germany). The total cathode surface accounted for
0.77 m?. The electrical connection to the external circuit was made by
stainless steel frames as current collectors. The complete stack of cells
was electrically connected in parallel and powered at 0.7 V by a power
source (TENMA 72-2715, Farnell, Spain). The value of applied voltage
was based on previous laboratory experience.

In order to maintain homogeneous internal condition, the modules
were connected hydraulically in parallel to a single recirculation tank
(5L volume, glass-made, jacketed), through 4 multi-channel pumps.
These were recirculating wastewater at a rate of 50 mLmin~' per
module. The recirculation tank was kept in mixing conditions by a
stirring plate, and at a constant temperature by a heating system con-
nected to the external jacket (Huber thermostat CC-K6, Huber,
Germany). The gas produced by the prototype was trapped by 3 ex-
ternal chambers (each one connected to 5 modules). A process and
instrumentation diagram (P&ID) is available in Supplemental
Information (SI), Fig. S1.

2.2. Inoculation and operation strategies

The prototype was inoculated in batch mode by a mixture of
anaerobic sludge (collected from the anaerobic digester of Terrassa
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Fig. 2. Diagram of power-to-gas (P2G) energy storage.

wastewater treatment plant - WWTP), effluent from previously oper-
ating lab-scale EMG-BES [34] and acetate-based medium (more details
in SI, Tables S1-S3). The mixture was changed in proportion over time,
as detailed in Table 1, in order to increase the organic matter available
in the feed (hence the organic loading rate, OLR) and cycles’ duration.
Medium 1 was used to fill the entire prototype volume in the first in-
oculation cycle, which lasted 5 days. Afterwards, the prototype volume
was only partially replaced by steps of 5 L. The duration of batch cycles
was determined following the trend of electric current consumption,
until a steady-state peak current could be detected. In particular, the
cycles were closed when current density decreased below a value of
0.2 Am™2 The EMG-BES cells were kept at a constant temperature of
32°C during all the inoculation process. After 20 batch cycles (corre-
sponding to 62 days), an open circuit voltage (OCV) test was performed
(cycle 21), disconnecting the electrodes from the power source. A last
cycle at 0.7 V allowed verifying if the period in OCV had any negative
influence on the biological system.

Once the inoculation finished, the hydraulic operation was switched
to continuous feeding with municipal wastewater (primary settler ef-
fluent, collected at Terrassa WWTP), maintaining an average hydraulic
residence time (HRT) of 3.0 + 0.5days. The wastewater was initially
pre-treated as detailed by R. Rodriguez-Alegre et al. [40], however,
wastewater saturation with CO, was not performed, being foreseen for
a future experimental step. The wastewater was kept in a pre-treatment
tank at ambient temperature, where NaOH was added (35mL of 3M
NaOH solution per L of wastewater) and the resulting precipitates were
let to settle. After 24 h, wastewater was poured to a homogenization
tank of 50 L maintained at 4 °C. Here, the pH was neutralized by ad-
dition of 26 mmol CH3;COOH per liter of wastewater, increasing organic
matter concentration to 1.3gCODL™' and conductivity to
10.2mScm ™. A variable quantity of H,SO4 was used to reach a uni-
form pH of 7.5 (41 + 14 mmol H,SO,4L™"). More details of wastewater
characteristics, before and after pre-treatment, are available in SI, Table
S4. During continuous operation, the prototype was operated at dif-
ferent conditions, varying the voltage and temperature parameters as
detailed in Table 2.

2.3. Liquid and gas phase characterization

Samples of influent and effluent wastewater were collected twice a
week, and characterized according to Standard Methods in terms of pH,
conductivity (by HQ40 multimeter, Hach Lange, Spain) and chemical
oxygen demand (COD, by LCK 514 kits, Hach Lange, Spain) [41]. The
organic matter removal efficiency (nCOD) was determined by Eq. (1).

CODyy — CODour | o

nCOD =
COD 1)

where CODyy is the COD concentration at the beginning of a batch cycle
(during inoculation) or the concentration of influent wastewater
(during continuous feeding operation), while CODgyr is the COD con-
centration at the end of the cycle (inoculation) or the one of effluent
wastewater (operation).

Gas samples were collected regularly. Their volumetric content in
terms of CO,, CHy, O, and N, was determined by a Micro-GC (Agilent
490, Spain) with dual channel cabinet and thermal conductivity de-
tector. During the inoculation period, CH4 production was evaluated in
terms of accumulated gas volume at the end of each batch cycle. On the
other hand, during continuous feeding operation the CH,4 production
rate was determined by multiplying the gas production rate (measur-
able through the external collection chambers) by its relative CH,4
content. A normalized value of CH, production was achieved dividing it
by cathode surface (0.77 m?).

2.4. Electrical monitoring of EMG-BES prototype

The 45 EMG-BES cells composing the prototype were connected in
parallel. The current (I) consumed by each cell was calculated through
Ohm’s law by measuring the voltage drop across 4.8 Q2 shunt re-
sistances, installed in series to each cell. Three 16-channels DAQ boards
(PicoLog 1216, Farnell, Spain) were adopted at this purpose. Current
was evaluated in terms of single cell (I;;), reactor module (I; = Z;:I I;

with i = 1-15) and complete stack (I = Zilill,-). Current density was

Ref. Electrode

REC

Fig. 3. Design of the individual reactor module: (A) isometric view; (B) cross sectional view.



Table 1

Composition and characteristics of the media adopted for prototype feeding during inoculation period.

Medium Time Composition Sodium acetate Concentration of
concentration in organic matter
Mineral Anaerobic Effluent of mineral medium (g0, L7
medium sludge EMG-BES (gL™
(% v/v) (% v/v) (% v/v)
M1 Cycles 1-3 50 25 25 2.5 2.7 = 0.7
(days 0-8)
M2 Cycles 4-9 50 25 25 5 4.7 = 0.3
(days 9-22)
M3 Cycles 10-22 75 25 0 5 58 = 1.5

(days 23-68)

obtained dividing it by cathode surface. The distribution of current
within each reactor module was evaluated in percentage terms, through
the parameter “I ratio” (Eq. (2)).
15
Lzl g,
I

I ratio = with j=1,2,3

(2)

Power demand of the EMG-BES stack was calculated by multiplying
consumed current by applied voltage. The individual electrode poten-
tials were measured periodically in comparison with Ag/AgCl reference
electrodes (+0.197 V vs SHE, Xi’an Yima Opto-electrical Technology,
China), installed inside each reactor module.

2.5. Coulombic and energy storage efficiency

Cathode Coulombic efficiency (CE,y), representing the proportion
between the electrons recovered as CH4 and consumed current, and
anode Coulombic efficiency (CE,,), representing the proportion be-
tween the current and the electrons available by organic matter oxi-
dation, were determined by Egs. (3) and (4) respectively.

Electrode Inoculation period Continuous feeding period Eq.

Anode Moy [t Moyl 3)
_ 02 Jip 1dt CEgp = ————
CEqn = FbVrACOD F-b-Q-ACOD

Cathode CEeat = C-F-CH4,1;1 CEeut = C-\I;-CHLprt;d (&)
Vm(zsocy fig 1dt m(250C)-

In these equations Mo, is the molecular weight of O, (32 gmol 1), I is
the electrical current, Vr is the prototype volume and F is the Faraday
constant (96, 485C mol~!). The term b refers to the number of e~
moles exchanged per mole of COD (4), while c defines the e” moles
required to reduce 1 mol of CO, to CH4 (8). The term ACOD is equal to
the difference of COD between the beginning (to) and the end (t;) of a
batch cycle, during the inoculation period. The same term (ACOD) re-
fers to the COD difference between influent and effluent wastewater,
during continuous feeding period. Finally, Q is the feeding rate and
Vms-cy is the molar volume of an ideal gas at 25°C and 1atm
(24.5Lmol ™).

The maximum theoretical CH4 production by electromethanogen-
esis was estimated rearranging Eq. (4) and considering a cathodic
Coulombic efficiency of 100%. On the other hand, the specific energy
consumption of EMG-BES reactors (in kWh m~3 CH,) was calculated
dividing consumed electric power by CH4 production rate (this eva-
luation was performed only during the continuous feeding operation).

Considering Gibbs free energy of CH4 oxidation (AGcps, equal to
11 kWh Nm 3 CH,), it was possible to evaluate the energy storage ef-
ficiency of the prototype (EE) for the two tested temperatures of 32 and
25 °C. The surplus CH,4 production obtained bioelectrochemically (i.e.
applying voltage) was divided by the electricity consumption of the
power source (Eq. (5)).

_ (CH; — CH{”")-AGcuy 100
Eccll'I (5)

EE
In this equation, CH,® represents CH, production rate in closed
circuit (condition 1.1 and 3, Table 2) while CH4°®" stands for CH,4
production rate in OCV (condition 2 and 4, Table 2). The term E is
the applied voltage when the prototype was in closed circuit (equal to
0.7 V).

2.6. Scanning electron microscopy (SEM)

One reactor module (n. 15) was opened at the end of the experi-
ment, in order to check the general status of bioelectrodes and current
collectors. Samples of each electrode (3 anodes and 3 cathodes) were
collected for scanning electron microscopy (SEM) analysis of their
surface (SEM TOUCHSCOPE JEOL JSM-6010LV, Izasa S.A., Spain).
Samples were vacuum dried for 24 h, put in a laboratory drier for ad-
ditional 72 h and coated with 4 nm of gold before SEM observation.

2.7. Electric characterization and modelling

The I-V curve of prototype was obtained once EMG-BES stack
reached steady-state conditions, in order to model its electric behavior.
Before analyzing the I-V curve, a preliminary test was performed to
determine the time needed by the prototype to stabilize on a new

Table 2
Operation conditions tested along the experiment (OCV = open circuit vol-
tage).

Condition Time (day) Applied voltage (V) Temperature (°C)
1.1 69-118 0.7 32
2 119-128 ocv 32
1.2 129-132 0.7 32
3 133-149 0.7 25
4 150-156 ocv 25




applied voltage. The test was conducted varying the applied voltage
from its nominal value (0.7 V) to 0.8 V and measuring the current every
10s. Based on the results of this test, the I-V curve was traced by using a
potentiostat (SP-150, BioLogic), connected to a high-current booster.
Voltage was varied gradually from 0 to 1.25V, and consumed current
was measured every 2 min.

The nonlinear behavior of the EMG-BES stack was simulated in
MatLab by a series of black-box models, which output was compared
with the experimental data in order to choose the best model re-
presentation. Four models were tested for EMG-BES stack modelling.
Egs. (6)-(9) represent the transfer functions of the different equivalent
models.

B order model 1 _ 1024s + 0.3401

V s+ 0.0009131 (6)
2
o order model L = _S°F 3:5285 + 0.0006357
V524 0.004418s + 1.722-1076 @

d I 1074s3 + 0.2681s% + 7.844-10~% + 7.835-107°
34 order model — =
|4 53 + 0.0009803s2 + 2.02:1078s + 1.979-10~11

(€)]
4 order model I
1%
_ 1269s* + 2.319s> + 0.001461s? + 1.002-10~% + 3.671-10~1°
s* + 0.004306s% + 2.774-107%2 + 1.914-107% + 9.603-10~13 (C))

In these equations, V is the input voltage of the EMG-BES stack, I is
the resulting stack current and the Laplace operator is represented by
the well-known ‘s’ term. The model will be used in a future experi-
mental step to design the electric converter for grid integration of EMG-
BES, and effective energy storage application of the technology.

3. Results and discussion
3.1. Inoculation process

The prototype was inoculated in batch mode with a mixture of
synthetic mineral medium, anaerobic sludge and effluent from a run-
ning lab-scale EMG-BES. During each batch cycle, a peak in the current
density could be detected. This peak had a plateau around 0.9 Am ™2,
indicating the effective inoculation by electro-active bacteria taking
place at the anode (Fig. 4). In addition, the CE,, increased from 33%
(cycle 2) to 61% (cycle 20), confirming that exoelectrogenic bacteria
were growing on the anode (SI, Fig. S2-b).

The CH, production increased during this period, up to 1.3Lm ™2
cycle’1 in cycle 14 (SI, Fig. S2-a). This was due to both (i) the increase
of organic matter concentration in the feed, going from M1 to M3 (see
Table 1 for details), and (ii) the growth of methanogens. The CH,4
production stabilized around 0.5L CH, m ™~ 2 cycle ~* between cycles 16
and 20 while CE, representing the amount of electricity going to CHy,
was more variable (22 * 9%). The average CH,4 content of the biogas
was 38 = 10%, while the remaining volume was N5 (60 + 11%), CO,
(1.5 £ 0.7%) and O, (0.7 *= 1%) (SI, Table S5). The presence of N,
was due to air intrusion in the reactor, which could not be maintained
airtight during inoculation. However, the ratio between O, and N, of
produced biogas was lower than that of atmospheric air (0.01 compared
with 0.27). The O, content of the air entering in the reactor was likely
reduced to water at the cathode or consumed by heterotrophic bacteria,
that were also present due to the mixed microbial culture used as in-
oculum.

The cathode potential (E.,) varied along the batch cycles: E.,; was
around —0.83 * 0.06V vs SHE during first part of cycle (when or-
ganic matter concentration was higher), and it increased to
—0.66 = 0.02V vs SHE at the end of cycle (when organic matter
concentration was lower).

3.2. Batch tests

Batch cycle n° 17 was analyzed in more detail in terms of current
density, CH4 production and COD evolution (Fig. 5). The current den-
sity remained around 0.83 Am ™2 for the first 22 h of the cycle, while
organic matter gradually decreased from 1.24 g-COD L. to 0.60 g-COD
L™! (52% removal). The CH,4 production reached 0.31 Lm~2 in the
same time interval, corresponding to the 60% of total CH4 production in
the cycle. Below this critical COD value, the current decreased from 0.8
to 0.2Am™ 2 in around 24h. These observations indicate that con-
tinuous operation of the prototype at an HRT of 22h could likely
guarantee the best performance in terms of current density consump-
tion and CH,4 production rate. At the end of the batch cycle (48 h), the
organic matter concentration reached 0.45 g-COD L.~ ! corresponding to
a removal efficiency of 59% while CH4 production reached 0.5Lm ™2

The batch cycle n° 21 was conducted in OCV condition, in order to
assess if CH4 production was bioelectrochemically driven (SI, Fig. S3).
The cycle lasted 2days and the accumulated biogas production ac-
counted only for 0.06 Lm 2, with a very low content of CHy4 (3.5%).
The result indicated that CH, production in closed circuit condition
(applying voltage) was bioelectrochemically driven, and only residual
acetate was converted to CH, by acetoclastic methanogens. On the
other hand, organic matter followed similar dynamics than the test
performed at 0.7 V, reaching 60% removal efficiency after 48 h. It can
be inferred that non-exoelectrogenic bacteria were also present in the
reactor (most likely fermenters), with the capacity to consume the or-
ganic matter at a similar rate than exoelectrogens, although not pro-
ducing methane.

After the OCV period, a last cycle at 0.7 V was conducted to verify if
the EMG-BES prototype was resilient to short-term power supply fluc-
tuations. The production of CH, and consumption of current reached
similar values than those before the OCV test (Fig. 4).

3.3. Continuous feeding operation

Condition 1.1) On day 69, the prototype was hydraulically con-
nected to the homogenization tank containing real wastewater, which
was continuously fed at an OLR of 0.46 + 0.07 Kg COD m ™3 day*,
corresponding to an HRT of 3.0 = 0.5days. The voltage and tem-
perature were maintained at same values of inoculation.

The current density initially remained near 0.9 Am™“, a value si-
milar to that obtained in the peaks from the last cycles of inoculation.
Then, the current progressively decreased to 0.5Am ™2, while CH,
production increased from 0.9 L-CH,4 m-2d7! (day 69) to 4.4 = 0.5 L-
CH,m~2d ™! (day 90-118). Consequently, CE, increased from 40% to
values higher than 100%. The cathode potential remained stable at
—0.86 = 0.02V vs SHE during operation. On the other hand, CE,,
decreased from 63% (day 72) to 29 + 4% (day 90-118). These ob-
servations may indicate that acetoclastic methanogenic microbes were
growing in the electrolyte medium, competing with electro-active
biofilm for acetate as unique substrate (therefore, CE,, decreased).
Acetoclastic methanogens added their CH4 production to that of hy-
drogenotrophic methanogens already present at the cathode. As a re-
sult, CE.,; lost its physical meaning when turning to values higher than
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100% (i.e. CH4 production was higher than that achievable only by
EMG). In this scenario, it became more challenging to measure the
current going to CH,4, and Eq. (4) only gave a rough (and optimistic)
estimation of it. Indeed, current could have been consumed at the
cathode by competitive terminal electron acceptors like oxygen and
sulphate. Fig. 6 displays the results obtained during this experimental
period (see also SI, Table S6). The current distributed in an uneven way

between the cells composing each reactor module, slightly increasing
going from the inlet to the outlet section of the module. On average,
cells i.1 consumed a 30% of total current, cells i.2 a 33% and cellsi.3 a
38% (see Fig. 3 and SI, Table S7).

The effluent COD concentration decreased from 0.78 gL. ™! (day 72,
first day after inoculation period) to 0.40 = 0.09g L~! (days
111-118), corresponding with an increase of COD removal efficiency
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Fig. 5. Evolution in time of CH,4 production, current density and COD concentration for batch cycle n° 17 (at 0.7 V).
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CE,, and CE.,,, respectively.

from 42% (day 72) to 72 * 7% (day 90-118). These results were si-
milar than those achieved by Brown et al. [42] at similar OLR and
feeding conditions. This decrease of the organic matter concentration in
the reactor was partly responsible for the reduction of current density,
together with microbial competition between electro-active bacteria
and acetoclastic methanogens.

Moreover, chemical fouling on cathodes likely reduced the reduc-
tion capacity of electro-active bacteria, causing a decrease in mass
transfer rates of ionic species [43]. This consideration was partly con-
firmed by SEM analysis of cathode samples (see Section 3.5), but it still
requires additional tests.

At the stationary phase of condition 1.1 (day 90-118), the theore-
tical (and optimal) CH,4 production by EMG represented only 32% of
measured production (Fig. 7). The volumetric content of CH, in pro-
duced biogas was 87 * 3%, while CO, was present only at
0.9 + 0.8%. The content of N, represented 10 = 5% of the volume,
while O, was detected only in trace amounts. The low presence of CO,
was due to the high pH of the effluent (8.5 * 0.2), allowing CO,
(produced by acetate oxidation) to remain dissolved in the effluent,
mainly as bicarbonate. Therefore, the biogas produced had a high
quality, near biomethane standards.

I Methane production
] EMG contribution

i

Condition 1.1 Condition 2 Condition 1.2 Condition3 Condition 4
0.7V-322C OCV-32°C 0.7V-32°C 0.7V-25°C OCV-25°C

(=]
1

o
1

I
1

Methane production rate (L m-2 day'1)
N w

-
1

Fig. 7. Measured CH,4 production rate compared with theoretical EMG-driven
production. Average *+ standard deviation values are reported, for different
operation conditions tested (condition 1.1 refers to day 90 to 118).

3.4. Voltage and temperature effects

Condition 2) Once EMG-BES prototype reached a stationary opera-
tion, OCV condition (days 119-128) was tested again while keeping the
temperature at 32 °C. The objective was to test system resiliency to a
temporary absence of electric power. This aspect was crucial, since the
technology should be powered by fluctuant RES surplus energy.
Previous studies observed that OCV periods longer than 5days could
affect microbial populations’ dynamics in microbial electrolysis cells
[44]. Still, normal microbial electro-activity could be recovered after a
few days of voltage application.

In this case, the CH4 production in OCV decreased of 9.2% com-
pared to previous period at 0.7 V (days 90-118), reaching an average of
4.0 = 0.4 L-CH, m~2d ! (Fig. 7). This difference in CH, production
was lower than the theoretical EMG contribution, indicating (i) that
acetoclastic methanogenesis was favored in OCV condition, and (ii) that
EMG contribution was likely overestimated. In the biogas mixture, CH,4
content remained at 86 = 2%, CO, at 1.4 + 1% and N, at 12 = 7%
(04 was not detected). The CO, content remained low due to the basic
pH of wastewater effluent (8.4 + 0.2), which did not change con-
siderably in OCV condition. On the other hand, organic matter removal
efficiency decreased from 71% to 60% under OCV conditions, meaning
that the electrochemical system had an influence on the overall sub-
strate oxidation rate. Indeed, exoelectrogenic bacteria could not take
part in organic matter oxidation, reducing the overall microbial COD
removal capacity of the reactor (SI, Fig. S4 and Table S6).

These observations show that voltage application in EMG-BES re-
actors can accelerate traditional anaerobic digestion processes (hydro-
lysis, acidogenesis, acetogenesis, methanogenesis), thanks to the ac-
tivity of exoelectrogenic bacteria at the anode and hydrogenotrophic
methanogens at the cathode. The latter are characterized by faster ki-
netics and growth rate than acetoclastic ones [25].

Condition 1.2) After the OCV test, the previous operational condi-
tions were restored for a couple of days and CH4 production rate went
back to values similar than those of condition 1.1 (SI, Fig. S4 and Table
S6). The biogas composition did not change significantly (87.3% CHy),
while organic matter removal efficiency slightly increased to 81%.
However, the current density stabilized at a lower value than that of
condition 1.1, decreasing from 0.5 Am ™2 (day 118) to 0.3 Am ™2 (day
132). Coherently, CE,, decreased from 30% to 11% while CE., in-
creased from 286% to 624%. The fraction of CH4 produced by EMG
decreased from 34% (day 90-118) to 16% (day 129-132) (Fig. 7).
These observations indicate that electro-active bacteria were growing
slower than acetoclastic methanogens during the OCV period.



Comparing the results obtained before and after the OCV test, it can be
inferred that COD was consumed through different pathways, although
with similar efficiency in CH 4 pr oduction. Th erefore, th e prototype
demonstrated a certain resilience to power supply fluctuations, al-
though the OCV period likely affected microbial populations’ activity.

Condition 3) On day 133, the temperature was reduced to 25 °C in
order to: (i) slow down the growth of acetoclastic methanogens com-
pared to that of electro-active bacteria, and (ii) test the system at a
lower energy demand. There are no available studies in literature de-
scribing the effect of temperature over microbial consortia colonizing
EMG-BES reactors, especially regarding the competition between
electro-active bacteria and acetoclastic methanogens. However, pre-
vious studies investigated temperature effect o n t he g eneration of
electricity by microbial fuel cells, showing that exoelectrogenic bacteria
are able to adapt to different temperature [45]. Methanogenic microbes
are known to be more sensitive to this parameter.

In this experimental condition, CH4 production at 25 °C decreased
by 33% when compared to that achieved at 32°C (condition 1.2),
reaching an average of 3.4 + 0.4 L-CH, m~2d ™' (133-149). However,
the current density remained near 0.3 A m ™~ 2 and, thus, CE,, increased
from 11% (condition 1.2) to 16 = 3%, confirming t hat t he lower
temperature favored electro-active bacteria growth versus acetoclastic
methanogens (SI, Fig. S4). The current distributed between the in-
dividual cells of reactor modules on a similar fashion than that detected
during condition 1.1 (SI, Table S8). In terms of biogas composition, CH,4
increased to 91 * 2%, while CO, remained on low values of
0.1 + 0.1%. Organic matter removal efficiency decreased from 80%
(condition 1.2) to 64 = 6%, due to the slower microbial metabolism at
lower temperature.

Condition 4) A final OCV test was performed at 25 °C to determine
the effect of OCV on C Hy production. At this temperature, C H, pro-
duction decreased by 6% compared to operation at 0.7V and 25 °C,
reaching an average of 3.2 + 0.4 L-CH, m~2 d~'. Like previous OCV
test (condition (2)), the CH,4 content in generated biogas remained high,
around 90 = 2%.

In terms of volumetric gas production rate, the EMG-BES reactor
produced near 0.1 m3-CH, m~3 d~! at 32°C and a 20% less at 25 °C.
These values are lower than those achievable in biogas plants (around
0.5-1m3-CH, m 2 d™1) [46], due to the low OLR applied (0.5 kg COD
m~3d ™) compared to the 8-20 kg COD m 3 d ! typically adopted for
sludge anaerobic digesters [47].

3.5. Microscopy analysis

Bacterial morphologies on carbon-felt electrodes of module 15 were
observed by SEM microscopy once the experimental campaign was
finished. The images are reported in SI (Figs. S5 and S6).

Anode images) Sparse aggregates of microbial cells were identified
on all anodic electrodes. The carbon fibers were coated by a uniform
layer of extracellular polymeric substance (EPS), partly hiding the di-
rect observation of microbial cells. Biofilm-like s tructures ¢ ould be
detected on sample A15.2 and, on a greater extent, on sample A15.3,
while they were almost absent in sample A15.1. It appeared that mi-
crobial growth on the anodes proceeded at a different rate depending
on their relative position inside the module, increasing going from inlet
to outlet section. The observation is coherent with the distribution of
consumed current between the cells composing a module, as previously
explained in Section 3.3.

Cathode images) On the other hand, aggregates of crystalized ma-
terial were identified o n t he c athode e lectrodes. T hese w ere likely
carbonate and/or hydroxide species, appearing on cathode due to the
high pH caused by the reduction reactions hereby taking place. In this
case, crystals were present on a higher amount on sample C15.1 and
were decreasing gradually on samples C15.2 and C15.3. This pre-
cipitation can also explain the progressive reduction of the activity of
electro-active bacteria in the cathode.

3.6. Energy storage efficiency

The calculation of the energy storage efficiency is necessary to de-
termine the potential of EMG-BES technology as a P2G system. In this
context, the energy consumption of the prototype was evaluated and
compared to the equivalent electric energy recovered as CH,.

The specific energy consumption of EMG-BES cells was evaluated
dividing the electric power consumed by power source by the CH,4
production rate. On average, it reached 2.2 + 0.3kWhm™® CH,
during condition (1) (at 32°C) and 1.6 = 0.2kWh m~3 CH, during
condition 3 (at 25 °C), showing that the reduction of operational tem-
perature was beneficial in terms of energy consumption. These values
were lower than thermodynamic threshold required for CO, conversion
to CHy4 (11kWhNm ™~ 3CH,), due to contribution of acetoclastic me-
thanogenesis to total CH, generation, resulting in an energy storage
efficiency overpassing 100% if only EMG-BES energy consumption was
considered.

Therefore, the energy storage efficiency of prototype was evaluated
considering the surplus CH4 production obtained applying voltage
(versus base production in OCV), which was divided by the electricity
consumption of power source like previously shown in Eq. (5). Results
are shown in Table 3: around 42-47% of electric energy applied to
EMG-BES cells through power source was retrieved in form of (surplus)
CH,4 production.

Considering also the electrical consumption of the auxiliary equip-
ment present in the prototype, the energy storage efficiency would drop
down to considerably lower values. However, the scale-factor plays an
important role in prototype evaluation. Analysis of more mature tech-
nologies as electrolysers showed that the energy required by auxiliary
equipment generally accounts for 7-40% of the energy used by the
electrochemical cells. This would lead to an energy storage efficiency
ranging from 30% to 40%, still low in the panorama of P2G technolo-
gies. Though, the possibility to operate at ambient temperatures and
pressures (avoiding a heating system, and/or using solar heating) are
likely configuring key advantages of EMG-BES versus other methana-
tion technologies, which will result in a more favorable future scenario
for their application in energy storage.

On the other hand, the capital costs of this technology are still high
compared with the other available options for energy storage, reaching
approximately 10 k€ kW ™! for EMG-BES, versus 1k€ kW ™! of Ni-Cd/
Fe-Cr batteries (assumptions based on authors’ experience, calculations
not shown). The current low Technology Readiness Level of this tech-
nology shall be tackled in future research. Strategies looking for in-
creasing the power density of the system (modifying the reactor ar-
chitecture) should decrease the overall cost and allow EMG-BES to be
competitive (in terms of costs) to current state-of-the-art. In any case,
EMG-BES remains an interesting option when dealing with long-term
energy storage, and it could benefit of additional revenues due to
wastewater treatment and/or carbon valorization.

3.7. Electric characterization and modelling

The current density measured during the prototype operation varied
between 0.3 and 0.9 Am ™2, significantly lower than other P2G tech-
nologies, meaning that EMG-BES alternative would require higher
surfaces (and volumes) to store an equal amount of RES energy surplus.
This aspect, together with the complementary need of a wastewater
source, makes WWTPs to be ideal locations for this energy storage

Table 3

Evaluation of prototype energy storage efficiency.
Temp. (°C) CH,(Lm 2d™") CHS " (Lm ?d ") I1(Am™? EE (%)
32 4.4 = 0.5 4.0 = 0.4 0.56 = 0.04 47%
25 3.4 = 0.4 3.2 =04 0.31 = 0.02 42%
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solution.

In terms of electric characterization, it was important to perform an
I-V curve of EMG-BES prototype. A preliminary test was performed on
day 182 to determine the time required for voltage stabilization to a
value different than the nominal one. A stabilization time of 2h was
enough, as shown in SI, Fig. S7. On day 188, the I-V curve was obtained
through a series of stationary conditions at different incremental vol-
tages, from O to 1.25 V (see Fig. 8 and SI, Fig. S8). The current density at
steady-state was recorded and used to graph the I-V curve (Fig. 8). The
OCV was determined to be 0.112 V. At this point, the current consumed
by the EMG-BES cells was zero, and no bioelectrochemical reactions
were taking place. At applied voltages higher than OCV, current was
consumed by the prototype, while at voltages lower than OCV (down to
a short circuit condition) the current was reversing, i.e. electrons were
flowing from the cathode to the anode.

Focusing on the positive part of the I-V curve (i.e. voltage > OCV),
two sections at higher gradient could be identified, where current
density increased significantly when increasing the voltage. On the
other hand, two flat sections presented constant current density (sa-
turation zones in Fig. 8). Considering the mechanisms for CH, pro-
duction presented in Fig. 1 (direct and indirect EMG), and the relative
reduction potentials, it can be speculated that between 0.1 and 0.2V
applied voltage, direct EMG reaction was likely taking place. At vol-
tages higher than 0.6V the H, evolution reaction summed up, gen-
erating CH, via indirect EMG pathway, and increasing the total current
consumption of the prototype. Increasing the applied voltage to more
than 1V caused instabilities in current consumption, likely due to in-
sufficient electrons uptake from/to the biofilms grown onto both elec-
trodes. Additional tests are required to confirm this theory.

From the electrical point of view, 4 operating conditions can be
identified from Fig. 8 for the EMG-BES stack and its associated con-
verter:

(1) OCV condition, for which there is no current circulation, corre-
sponding to “stand-by mode” of the electric converter;

(2) Voltage < OCV, for which current direction is reversed, corre-
sponding to a “forbidden area” that converter must avoid by sup-
plying always a minimum voltage to EMG-BES stack;

(3) Voltage > OCV but < 1V, for which the value of stack current
depends on amplitude of applied voltage, corresponding to the
“power mode” of the electric converter;

(4) Voltage > 1V (saturation), where current is almost constant, and
EMG-BES stack become unstable at further increments of applied
voltage. Converter must not enter in this area.

The converter must be designed to work in area (1) during standby
mode and area (3) during power mode. The maximum stack current is

another critical factor to design the converter. It was observed that,
when a step voltage is applied to the EMG-BES stack, a current over-
shoot around 100% its nominal value takes place (SI, Fig. S7). The
reason is that carbon felts, used for electrodes manufacturing, accu-
mulate charge (like a capacitor) and quickly release it when the applied
voltage is perturbated. The converter must limit this current overshoot
by changing the voltage gradually in the stack. Moreover, the response
time of the converter should be set based on the dynamic response of
the stack. For these reasons, a mathematical model could be helpful in
the converter design.

Fig. S8 (SI) shows the evolution of current density when applying
different incremental voltages to the prototype. It appears that EMG-
BES stack has a nonlinear behavior. Artificial intelligence methods such
as genetic programming and artificial neural network could be used for
its modeling [48], but this approach is not straightforward. In Ref. [34],
Muiioz et al. used a 8th order differential equation to model a EMG-BES
system composed by a single cell (one pair of electrodes). A similar
modelling approach was followed in this case, for the stack of 45 par-
alle] EMG-BES cells. For electric grid integration of an EMG-BES plant,
mechanistic details of electromethanogenic process are not essential,
and a simple and practical model can fulfill the scope. Four models
were tested (Egs. (6)-(9)). Analyzing models results, it resulted that 1st
and 2nd order models could adequately fit experimental data, around
70% in steady and transient state (see Fig. 9 and SI, Fig. S9).

Higher order models could not represent well the EMG-BES stack in
steady state (SI, Figs. S10 and S11). Therefore, the 1st order model
represents the best choice for a future design of the electric converter,
being it simple and quite accurate.

4. Conclusions

The study was focused on the characterization of an EMG-BES
prototype for biomethane production and energy storage. The proto-
type was effectively inoculated in 68 days, applying a voltage of 0.7 V
and a temperature of 32 °C. Continuous feeding operation resulted in a
current density of 0.5Am™ 2 and CH, production rates up to
4.4Lm~2d"!. The competitive colonization of prototype by acet-
oclastic methanogenic microbes was observed. This aspect, although
reducing its energy storage capacity, suggested that EMG-BES process
could be retrofitted in traditional anaerobic digesters, with advantages
in terms of biologic process stability and high-quality biogas produc-
tion. A reduction of operation temperature from 32 to 25 °C (relatively)
favored the growth of electro-active bacteria, although causing an
(absolute) decrease of both current density and CH,4 production rate.
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Fig. 9. EMG-BES modelling with 1st order system.



The energy storage efficiency of pr ototype wa s es timated around
42-47%, analyzing surplus CH,4 production obtained when applying
voltage to the EMG-BES stack. Resiliency to fluctuations o f power
supply was tested by imposing two periods in OCV (5-10days dura-
tion), which caused a decrease of current density and (likely) affected
microbial populations’ activity, in terms of equilibrium between
electro-active bacteria and acetoclastic methanogens. From the elec-
trical point of view, a mathematical model was developed analyzing the
experimental data coming from the I-V curve. The model will be useful
to design the converter for EMG-BES plant connection to the electrical
grid.

In the panorama of methanation technologies currently available for
power-to-gas (chemical and biological methanation), the performances
of this EMG-BES prototype are not yet competitive, especially in terms
of specific CH4 production rate and energy storage density. On the other
hand, the possibility to operate the plant at environment temperature
and pressure is likely configuring a key advantage, in terms of energy
storage efficiency. Fu ture re search on no vel el ectrode ma terials and
architecture, among other themes, will likely lead to increased current
(and power) density demand, which will lower capital costs and facil-
itate the scaling-up, resulting in a more favorable scenario for EMG-BES
technology application to energy storage.
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Glossary

Acronym: Description

BES: Bioelectrochemical system

CE: Coulombic efficiency

COD: Chemical oxygen demand

EMG: Electromethanogenesis

EPS: Extracellular polymeric substance
HRT: Hydraulic residence time

MEC: Microbial electrolysis cell

OCV: Open circuit voltage

OLR: Organic loading rate

P&ID: Process & instrumentation diagram
P2G: Power-to-gas

RES: Renewable energy share

SEM: Scanning electron microscopy
SNG: Synthetic natural gas

WWTP: Wastewater treatment plant
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