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A B S T R A C T

Bioelectrochemical systems performing electromethanogenesis (EMG-BES) represent an emerging technology for
Power-to-gas as well as wastewater treatment. Moreover, EMG-BES can be used as a high-capacity energy sto-
rage system to absorb surplus energy in the electrical grid. This paper presents a modelling approach, which is
based on building an equivalent electric circuit of the EMG-BES, which can be used to emulate static and dy-
namic non-linear behaviour of EMG-BES for different input voltages, which is advantageous if compared to other
existing models. This model is a suitable choice for future studies in the development of the electric converters
for EMG-BES plants connected to the electrical grid. The proposed model consists of practical and commercial
elements, including capacitors, resistors, voltage sources, and a diode. The modelling of non-linear behaviour is
achieved by adding a diode to the model. Four simple tests were performed to determine the equivalent circuit
parameters in a medium-scale EMG-BES prototype. This prototype was built by stacking 45 cells together and
connecting them in parallel, and it was long-term operated and tested under different electric inputs to de-
termine the model parameters. A comparative study was finally conducted as reported in this paper in order to
validate the proposed model against experimental results and values collected with other models.

1. Introduction

In the electric power sector, energy storage systems are claimed to
play a decisive role in order to overcome issues like the lack of balance
between power fluctuations and energy demand in electrical energy
grids, specifically to deal with their temporal component [1–3]. De-
pending on the time scale, there are different roles that storage can play
[4,5], as well as different technologies. Nowadays, different available
technologies (e.g., supercapacitors, batteries) allow short-term energy
storage and fast power dynamics, but they are characterised by a lim-
ited capacity [6,7]. On the other hand, pumped hydro or compressed air
storage are good candidates for large-scale storage, but they require
large investment costs and significant construction efforts [8–10]. The
power-to-gas (P2G) technology is an attractive alternative that can
contribute to the conversion of a high amounts of surplus electric en-
ergy from renewable energy resources into more easily storable gaseous
fuels, like H2 or synthetic natural gas (SNG) [11,12]. In the latter case,
the P2G technology aims at the production of SNG, containing CH4 as a
major component [13]. This SNG can be injected into the natural gas

grid or directly used as vehicle fuel [3,14]. Storing energy in the shape
of methane permits to provide an alternative to overexploited electro-
chemical batteries (Li-ion, lead-acid, etc.), especially for large-scale
storage applications, resulting in a more stable and flexible power
system [15]. The interconnection of gas and electrical networks gives
rise to almost unlimited storage capacity, linking two existing large-
scale infrastructures already available [16]. A recent modelling study
showed that the utilisation of P2G as energy storage facility could re-
duce the levelised cost of energy in energy systems with a high share of
intermittent renewable energy sources [13] Furthermore, for each CH4

molecule produced, a CO2 molecule is consumed, reducing the climate
impact of burning natural gas and moving forward towards a circular
economy concept [15]. Moreover, the production of CH4 from renew-
able energy and CO2 will allow decreasing EU dependence from fossil
fuels importation, accelerating the decarbonisation of industrial, re-
sidential and transport sectors [17].

At the present time, chemical and biological methanation are the
two industrial processes available for P2G installations [18], both re-
quiring an external H2 source for the subsequent reduction of CO2 to
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output and multi-stage multi-output AC/DC converters have been
proposed for interlinking stacks and the electrical grid [25,28,30,31].
For designing this converter, it is mandatory to have an accurate elec-
tric model, able to cover the static and dynamic behaviour of EMG-BES
cells for different operation modes [32]. Moreover, this model must be
implementable using practical electrical elements. This is one of the
main aims of this paper as few contribution are available in the lit-
erature, and none related to control strategies for electric converters
under a changing input power.

In general, there are two approaches to model BES. On the one
hand, the knowledge of microbiology and bioelectrochemistry can be
used to characterise the cell behaviour [33]. On the other hand, the
electrical equivalent circuit (EEC) modelling method can emulate the
reactor as an electrical circuit to represent fast electrical processes,
while neglecting the relatively slow dynamics of biomass metabolism
and growth [34]. It was demonstrated in [35] that electrical circuit
models of a microbial fuel cell (MFC) could be used to adequately de-
scribe the dynamics of an EMG-BES system, as both of them share the
same anodic bioreactions. Both MFC and EMG-BES are complex and
hybrid systems involving several bioelectrochemical coupling reactions,
which leads to strong non-linear characteristics and significant hyster-
esis properties.

In bioelectrochemical systems, electrical charge is accumulated at
the interface layer between the bioelectrode and the electrolyte, thus a
step change of voltage results in a fast change of current traced by a
slow transition towards equilibrium [36]. BES electrodes work as a
biological supercapacitor, enabling thus to store energy and to perform
a fast delivery of electrical charge. A common and straightforward way
to model the double layer capacitance is an EEC with the charge storage
represented by an electrical capacitor [35].

On the other hand, the electrochemical impedance spectroscopy
approach was proposed to illustrate polymer electrolyte membrane fuel
cells using an EEC with a resistance (R) and a capacitor (C) [37,38].
These processes are emulated by connecting those elements in parallel
or series. A similar method was proposed for MFC by Ramasamy et al.
[39] to study the biofilm growth impact on the anode impedance, as
well as to determine the internal resistance, as shown in [40]. The
parallel connection of a resistor and a capacitor (R–C) was adopted to
represent the charge transfer resistance and the double layer capaci-
tance effect. A resistance connected in series with the R–C element
represents the ohmic resistance of the electrolytes and the membrane.
Adding more R–C branches to the basic circuit allowed a more detailed
description of the MFC dynamic activities. To solve the drawbacks of
the conventional EEC with parallel R–C branches for simulating the

Fig. 1. Schematic of power to gas energy storage.

CH4. This H2 is generally produced by water electrolysis [19]. Among 
the available electrolysis types, the alkaline electrolysis was the first 
one to be developed and is nowadays a mature technology, showing a 
competitive costs [20]. However, its H2 production efficiency (63–70%) 
and response speed is limited (1–10 min) [21]. Proton exchange 
membrane (PEM) electrolysis shows higher response speed (seconds to 
minutes), higher current density and H2 purity than alkaline tech-
nology, although at higher costs and lower efficiencies (50–60%) [21]. 
High-temperature electrolysis is the newest technology, showing the 
highest energy conversion kinetics and efficiency (74–81%) but is the 
less mature technology, only demonstrated at laboratory and small 
demonstration scale [22]. Moreover, it shows high CAPEX cost and the 
operation at high temperature (650–1000 °C) limits its applicability.

An alternative P2G technology is under development, based on 
bioelectrochemical systems for electromethanogenesis (EMG-BES) [23]. 
In this case, wastewater treatment is coupled with CO2 conversion to 
CH4 by means of bioelectrochemical systems [24]. Therefore, EMG-BES 
technology can connect electric, wastewater and natural gas grids, re-
ducing the overall energy cost and improving the overall system re-
siliency.

Moreover, EMG-BES has several potential advantages compared to 
previously mentioned methanation technologies. In addition to be a 
single step process, not requiring preliminary H2 production, it can 
occur at mild temperature and pressure (25–35 °C, atmospheric pres-
sure) [25]. This can potentially reduce the operational costs without 
affecting the quality of generated biomethane. However, this tech-
nology is nowadays in its early stage of development, and achievable 
CH4 production rates are still low compared to the other methanation 
technologies [23]. A few attempts of scaling-up EMG-BES reactors were 
reported in the literature [26,27], demonstrating that the technology is 
not yet ready to be industrialised. Among others, scaling up these sys-
tems involves the development of different aspects, including (1) re-
actor architecture and electrodes materials, which should improve 
current density and reactions rate, (2) control and monitoring of input 
wastewater and output effluent, (3) injection of produced methane into 
the natural gas grid, (4) electric control system for linking the EMG-BES 
plant to the electric grid. In this regard, the use of an electric converter, 
as shown in Fig. 1, is required to connect EMG-BES to the electrical grid 
because its input voltage is direct current (DC) while the grid is alter-
nating current (AC) [28]. The converter must convert the AC input 
voltage to a variable DC voltage. Then, the amount of electric power 
converted to CH4 as well as the level of wastewater treatment are 
controlled by changing the input voltage of the EMG-BES system, using 
the converter [29]. Several topologies including single-stage single-



each one connected to 5 reactor modules (gas traps in Fig. 2). The re-
actor modules were hydraulically connected in parallel, maintained at a
constant temperature of 25 °C and continuously fed with 10 L d−1 of
municipal wastewater (collected at the local treatment plant), as de-
tailed in [26].

The current (I) consumed by each cell was calculated using a shunt
resistor of 4.8 Ω, installed in series with each cell. Three 16-channels
DAQ boards (PicoLog 1216, Farnell, Spain) were adopted for this pur-
pose. The current density was obtained by dividing it by the cathode
surface. The complete setup with EMG-BES stack, input power source,
gas traps and data loggers for BES monitoring is shown in Fig. 2.

For using the EMG-BES stack as an electrical energy storage system,
one power converter has to be interfacing the stack and the grid, be-
cause the grid voltage is AC, but the required voltage for the bioelec-
trochemical process is determined by DC voltage (see Fig. 1). De-
pending on the grid situations and the electricity price, this converter
has two working modes:

1) Standby mode: In this mode, the current of EMG-BES stack is kept
around zero, and there is not any power exchange with the grid. The
converter goes to this mode, either if the frequency of the grid is
lower than the nominal value or the electricity price is high.

2) Power mode: The converter switches to this mode when the grid
price is low, or the EMG-BES stack is going to work in frequency
support mode in grid over-frequency case. In this mode, the con-
verter applies a variable and regulated voltage to the stack for ad-
justing the value of exchanged power with the grid.

For designing this converter, the electrical behaviour of the EMG-
BES stack in steady-state and dynamic situations has to be determined.

2.2. Electric characterisation

Four electrical tests have been performed to explore the behaviour
of the stack:

1) Constant voltage test: This test is done in order to determine the
behaviour of the stack in steady-state under nominal voltage.

2) Short circuit test: Feeding the stack with a pulse modulated wave
shape voltage is one option to supply it with variable voltage, in
which voltage toggles between zero and a specific value. Zero vol-
tage equals to short circuit condition (SC); hence, this test is useful
to determine the behaviour of the stack in SC State. Also, the test

Fig. 2. Stack of reactor modules composing the EMG-BES prototype.

behaviour of the discharge in the double-layer capacitor, the work in 
[41] proposed an EEC which had advantages in describing the anodic 
electron flow and electric charge storage behaviour of an MFC system. 
The proposed model in [41] used an equivalent capacitance in parallel 
and a series resistances to accurately model MFC. The work published 
in [42] proposed an EEC based on parallel R–C branches for microbial 
electrolysis cell (MEC) operation and introduced a parameter estima-
tion procedure for real-time monitoring.

Nevertheless, all these contributions are not able to cover the 
modelling completely. In a nutshell, EEC models use linear elements 
such as resistors and capacitors to describe BES cells; therefore, they 
cannot model any non-linear current–voltage characteristics. The ac-
curacy of the model is vital for designing a power management system 
for the EMG-BES system.

In order to overcome these drawbacks this study presents a new 
modelling of a medium-scale BES prototype for methane production 
and electricity storage. A series of electric characterisation tests are 
performed to model the prototype electric behaviour and to design a 
converter for grid integration of EMG-BES systems. A new electrical 
model with one resistor–voltage (R–E) branch and one diode–r-
esistor–voltage (D–R–E) branch is proposed to model EMG-BES non-
linearity. The obtained results are compared with experimental results 
and typical electrical models to verify its performance.

This paper is organised in 5 sections. Section 2.1 explains the con-
struction of the proposed EMG-BES stack. Recommended electrical tests 
for modelling are described in Sections 2.2 and 2.3, respectively. Then, 
the proposed electrical model is compared with typical methods in 
Sections 3 and 4. Finally, conclusions are covered in Section 5.

2. Material and methods

2.1. EMG-BES prototype characterisation

A medium-scale EMG-BES prototype was built by connecting in 
parallel 45 cells together, grouped by 3 into 15 single-chamber, mem-
brane-less reactor modules. The volume of each reactor module and the 
total prototype capacity were 1.78 L and 32 L, respectively. Anode and 
cathode electrodes (0,77 m2 each one) were made of thermally acti-
vated carbon felt (SGL Group, Germany). Stainless steel current col-
lectors made the electric connection to the external circuit. The com-
plete stack was electrically connected in parallel and powered at 0.7 V 
by an external power source (TENMA 72-2715, Farnell, Spain). The 
produced gas in the prototype was trapped by three external chambers,



will be used to find the value of a single equivalent capacitance in
electrical models.

3) I–V curve: The test is useful to determine the static and dynamic
behaviour of the EMG-BES stack for different levels of the input
voltage. An I–V (current–voltage) curve measurement is accom-
plished by applying a series of voltages to the stack.

4) Voltage step test: A voltage step test is used to determine the dy-
namic behaviour of the stack. The voltage changes between the two
specified values as quickly as possible, and the current waveform is
captured.

2.2.1. Constant voltage test
Before analysing the I–V curve, a preliminary test should be done to

know the time needed by the prototype to stabilise on a new voltage
level. The test was conducted varying the applied voltage from open
circuit to 0.7 V and measuring the current (every 10 s). The obtained
result is shown in Fig. 3, where it can be seen that the settling time of
the current response is around 2.3 h.

2.2.2. Short circuit test
A short circuit test is done by imposing a voltage of 0 V to the

prototype. The test lasted 30 min, and the current was measured every
0.1 s. Negative transient current peaked at −2.5 A, due to the short
sampling time (Fig. 4). The current stabilised on a negative value as the
applied voltage was lower than the open-circuit voltage (OCV), i.e.
electrons were flowing from the cathode to the anode of the system.

2.2.3. I–V curve
The I–V curve test is obtained using the potentiostat (SP-150,

BioLogic). The current was measured every 2 min. The obtained results
for the electrical characterisation of EMG-BES stack is shown in Fig. 5 in
which there are four working areas: In area 1, the current of the stack is
maintained around zero with applying 0.115 V to stack. This means
that the real converter has to apply a minimum voltage in standby mode
to prevent the current circulation. In area 2, when the input voltage
reduces to zero, the direction of the current is reversed. This area is a
forbidden area, and the electric converter has to avoid reverse current
with supplying stack continuously with a minimum voltage. In area 3,
the value of stack current changes corresponding to the amplitude of
the applied voltage. The converter has to control the stack voltage in
this voltage range, when it is working in power mode. Area 4 represents
the saturation stage for the stack (voltage higher than 1 V). The value of
the current is almost constant, and the stack becomes unstable while the

applied voltage increases. Thus, the converter must not enter this area.

2.2.4. Step voltage test
Several operation tests were performed with a potentiostat, varying

the applied voltage from its nominal value to OCV, at different duty
cycles. The current consumption was measured once per second. The
prototype was left at the nominal voltage for 5 h between each series of
tests. The current consumption was zero during the periods in OCV.

The obtained results of the two tests are shown in Fig. 6 and Fig. 7.
The experimental results show that: (1) the prototype was not nega-
tively affected by the periods in OCV, (2) current consumption at the
nominal voltage (in steady-state conditions) remained around 200 mA
during the whole experimental duration, (3) the peak of current for the
first voltage step is the highest current during the test (around 2.15 A),
then it reduces to around 1.8 A for the other voltage steps.

2.3. Chemical characterisation

The production of CH4 in the proposed prototype is due to two
factors: the electro-active bacteria, the ones storing electric energy in
the chemical form, and the methanogenic microbes, by transforming
the acetate content of wastewater into CH4 without electricity con-
sumption, therefore not contributing to electricity storage. Due to the
hydraulic configuration adopted, the measurable CH4 production rate is
quite variable in time, and any significant difference can be seen only
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with long sampling times like a week. Fig. 8 shows the current density
and CH4 production rate measured in a long-term test. It can be seen
that it is impossible to find a precise relationship between the consumed
current and the produced CH4. Still, it is clear that the rate of CH4

production is positive when a voltage is applied, and it stabilises around
a specific value.

3. Physical and mathematic modelling

If the current vs voltage curve of EMG-BES stack in steady-state is
drawn based on I–V tests results of Section 2.2.3, then the Fig. 9 will be
obtained. Feeding the stack with a voltage higher than 1 V is forbidden
because the current saturation occurs, and the insulation of cells may
also be threatened. Besides, the stack has to be supplied with a voltage
higher than 0.115 V to avoid reverse current flow according to the
open-loop test. Therefore, EMG-BES voltage should be changed be-
tween 0.115 V and 1 V. As it can be seen from these curves, the non-
linear behaviour in the steady-state can be expressed with two lines.
Only one line models the behaviour between OCV and 0.5 V because
the level of current is low and unpredictable in this area. Moreover, the
obtained results of a real EMG-BES stack under a step voltage change
showed that its dynamics can be approximated to first-order system,
including resistor and capacitor.

This paper proposes a new model for modelling the EMG-BES stack
depicted in Fig. 10, able to represent its dynamic behaviour as well as
its non-linear characteristics in steady-state. This model has one re-
sistor-dc source branch and one resistor-dc source-diode branch, which
are connected in parallel with a capacitor, then a small resistor is in-
stalled in series with these branches. In fact, two lines are proposed for
achieving a better curve fitting of the EMG-BES stack, where each
branch corresponds to one line in Fig. 9. It is worth to mention that the
diode in branch 2 is used to model nonlinearity and to prevent the flow
of current between branches. Also, one RC circuit is considered in series
with R–E branches to model the dynamic profile of EMG-BES. The real
diode has a turn-on voltage drop and a forward resistance; however, it
does not affect the accuracy of modelling, since a resistor and a voltage
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Fig. 8. Current density and CH4 production rate in the long-term test (read-
apted from [12]).
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where Vst and Ist are voltage and current of the EMG-BES during the
startup. According to Fig. 9, it has two working modes based on the
value of the input voltage, which can be expressed with two lines in
steady-state:
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where A, B, C, D, E, and Vmax are constant values that can be found from
the I–V curve by curve fitting in Fig. 9 as follows:
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Next, the values of R1 and E1 of the proposed model can be ex-
pressed as follows:

= −R B R .1 0 (4)

=E A.1 (5)

Then, values R2 and E2 can be calculated as:
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1 1 (6)
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Finally, current in the short-circuit test can be integrated to de-
termine the equivalent capacitance C0 as follows [41]:

∫=C
V

i t dt1 ( ) ,
OC

sc0 (8)

The interpretation of the proposed model and its relationship with
the working principles of the EMG-BES technology will be done based
on Fig. 11. The technology is based on electromethanogenesis (EMG),

where the cathode acts as an electron donor for the biotic reduction
reaction. This can be the direct reduction of CO2 to CH4 (direct EMG),
or the production of H2 as an electrochemical mediator, which then
reacts with CO2 producing CH4 (indirect EMG). These two reduction
reactions take place at different reduction potentials: direct EMG at
−0.24 V vs SHE, indirect EMG at −0.41 V vs. SHE (where SHE stands
for standard hydrogen electrode). At the anode, the electrons are pro-
vided by the acetate oxidation due to the electro-active bacteria. As a
result, two voltage levels, one about 0.2 V and another about 0.4 V are
required to drive EMG reactions (direct and indirect one), which is well
included in the proposed model as E0 and E1. Also, three resistors and
one capacitor are proposed to consider ohmic and double-layer charge
characteristics of EMG-BES.

4. Results and discussion

A comprehensive comparison between the proposed model and
conventional models will be driven in this section of the paper in order
to evaluate its efficiencies. Two typical electrical models of BES, titled
model 1 [34,43] and model 2 [41], are shown in Fig. 12. Typically, the
model parameters are chosen based on data of experimental tests in the
nominal state. The obtained parameters for model 1 and model 2 are
listed in Table 1. The parameters of models 1 and 2 are the same, and
only components are connected in two different ways.

Parameters of the proposed model in Table 1 have been found from
the current–voltage curve (Fig. 9) and the short circuit test.

SimPowerSystems toolbox of MATLAB software is used for com-
parison of models. As shown in Fig. 13, the proposed circuit and con-
ventional dynamic models are made using electrical elements in MA-
TLAB environment. The sample time of simulation is set 0.01 s because
the simulation must be done for 8 h and smaller sample time leads to
overloading of a computer with Intel Core i7 processor and 8 GB DDR3
RAM. Besides, ode23tb is used as a solver in this simulation. The ob-
tained results, applied voltage and measured current, taken from real
experiments were loaded in the simulation as in and out in Fig. 13. The
applied voltage in the experimental setup is applied as the input (in) to
all circuits, and the resulting results are captured and compared. In
Fig. 13, the currents of models and experiment current (out) are cap-
tured at the same time.

The comparison is made based on two cases: (1) step change from
open circuit state (0 V) to nominal voltage with two different duty
cycles, (2) variable voltage input (I–V curve).

The comparisons between models in case of voltage step from zero

Fig. 11. Experimental result: resume of the possible reactions taking place in an
MES reactor.
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Fig. 12. Conventional dynamic model of BES, (a) Model 1 [34,43], (b) Model 2
[41].

Table 1
Model parameters.

R0 (Ω) C0 (F) R1 (Ω) E1 (V) R2 (Ω) E2 (V)

Model 1 2.576 316.8 0.3193 0.115 – –
Model 2 0.3193 316.8 2.576 0.115 – –
Proposed 0.3193 316.8 4.1647 0.115 1.5539 0.4723

source are installed in series with diode. Therefore, the internal resistor 
and voltage drop of the diode can be considered as part of them in 
Fig. 10.

The parameters of the proposed model can be mathematically ob-
tained from real data. The value of R0 can be found based on a startup 
current when R–E branches are short-circuited by capacitor C0:



to nominal voltage in two different periods are shown in Fig. 14 for a
duty cycle of 2 h, and in Fig. 15 for a duty cycle of 1 h. The obtained
results show that models 1 and 2 and the proposed model can emulate
the static and dynamic behaviour of the stack accurately for step-
change to nominal voltage, and the steady-state errors of the models are
less than one percent, which is acceptable accuracy. Therefore, all
models work correctly at nominal voltage.

The response of the models for the current–voltage curve test is the
best criterion to demonstrate the superiority of the proposed model in
comparison with the conventional models because the stack has a
nonlinear behaviour. A comparison of the results is presented in Fig. 16,

where it can be observed that models 1 and 2 have the same response,
and they cannot model the non-linear behaviour of the real stack. The
inaccuracy of models 1 and 2 is more evident for operating the voltage
between 0.8 V and 1 V. On the other hand, the proposed model re-
presents the non-linear behaviour of the stack for different voltage
precisely, and the error of modelling is zero in steady-state. The abso-
lute magnitude of the differences between the experimental results and
the models' outputs are shown in Fig. 17, where the results show that
the proposed model has high accuracy in the modelling of the stack in
both steady-state and transient state.

In summary, the obtained results show that the proposed model has
more accuracy for modelling a BES with variable input voltage ac-
cording to the comparison of experimental results of real EMG-BES

Fig. 13. MATLAB simulation circuit.
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Fig. 14. Comparison of models for voltage step from open circuit (0 V) to
nominal voltage in 2 h.
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Fig. 15. Comparison of models for voltage step from open circuit (0 V) to
nominal voltage in 1 h.



stack with different models.

5. Conclusions

In this paper, a new equivalent-circuit-based model for EMG-BES
considering non-linear static and dynamic behaviours was proposed.
The proposed equivalent circuit explains the possible internal reactions
of an EMG-BES cell accurately compared to the conventional equivalent
circuits with one branch. This model consists of a resistor- dc source and
resistor- dc source-diode branches in parallel with a capacitor and in
series with a resistor. A medium-scale EMG-BES reactor is constructed
and tested with four simple test methods, fixed voltage, short circuit
test, current–voltage curve, and voltage step to identify the parameters
of the proposed equivalent circuit. The proposed and conventional

models with real input are tested in SimPowerSystems toolbox of
MATLAB software, and the obtained results verify that the proposed
model has higher accuracy than the other models.
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