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a b s t r a c t

This work has investigated the scale-up potential of microbial fuel cells (MFCs) under stacking mode.
Stacking was done in batch mode and continuous mode. Batch feeding mode stacks were operated in
electrical series (S) and parallel (P) mode. Continuous feeding mode stacks were kept in electrically par-
allel mode with different hydro-dynamic patterns. The two continuous stacks were connected hydro-
dynamically in series (i.e. Parallel Dependent; PD) and parallel (i.e. Parallel Independent; PID) configura-
tions. The performance of the continuous stacks was evaluated on the basis of COD consumption rate,
power generation and coulombic efficiency. PID obtained highest power (0.47 mW) which was approx-
imately 3.6 times that of PD configuration (0.13 mW). The rate of COD consumption was also highest in
PID stack (3091.75 mg�L�1�d�1). Coulombic efficiency of the PID stack was 14.26% which was approxi-
mately 292.8% of the PD stack. The results confirmed that the parallel electrical connection hybridized
with the independent hydro-dynamic flow gives the best possible results when working with stacking
of MFCs.
� 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Microbial fuel cells (MFCs) are the bio-electrochemical system
that facilitates the conversion of chemical energy stored in the
bonds of the organic substrate into the electrical energy using
exo-electrogenic bacteria. They are being extensively researched
for an alternative source of energy in place of conventional fossil
fuels [1–3]. Therefore, in the last two to three decades, many
researchers had been working extensively to make this technology
feasible for domestic and industrial effluents [4–7]. Though
wastewater contains many forms of contaminants that may have
a negative impact on public health and the environment, it has
been seen as a potential source of recyclable water. A large amount
of energy is stored in the wastewater in the form of chemical bonds
which can be utilized to gain electrical energy with the simultane-
ous treatment of wastewater [8].

A typical MFC consists of three basic components: two cham-
bers for anolyte and catholyte, a cation exchange membrane work-
ing as a separator and the electrodes. The organic substrate is
oxidized in the anodic chamber, whereas, the cathodic chamber
is where the oxygen gets reduced to water [9,10]. Many factors
that are responsible for the performance of MFCs are electrodes

materials and types, membranes as a separator, inoculum (pure
or mixed culture), substrate concentration, reactor design, etc.
[11–14].

Although extensive research is done in the field of MFCs, still
the energy output of a single MFC unit is very low and can’t be uti-
lized for real-time applications [15–17]. Therefore, there is a need
for a scale-up of the MFC technology. The stacking of small volume
microbial fuel cell seems to be the most fitting way to scale up.
This is because the larger electrodes used in the large MFCs could
increase the ohmic resistance in the system [18–22].

In recent years, many researchers have worked on the stacking
of microbial fuel cells [23,24]. Electrical connections were studied
in series and parallel. The electrical series connection can be used
to increase the voltage, while the current increases in parallel
stacking [25,26]. Still, many problems are associated with the pro-
cess of scaling up. While working with the series connection, the
researchers have faced the problem of voltage reversal, which
harms the performance of the stacked MFCs [27,28]. Researchers
have also worked on the hybrid connection in microbial fuel cell
establishing a series-parallel connection for the generation of
simultaneous voltage and current to enhance power [28,29]. The
hydro-dynamic flow pattern of the wastewater into the MFCs
may also have impact on the overall performance along with the
electrical stacking. Literature are available for the case of hydro-
dynamic series connection or the cascade of MFCs [18,23,27,30]
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but for the case of hydro-dynamic parallel connection, very limited
work is available. Many studies are available on the independent
flow of feed into the MFCs. But all these studies used either a series
electric connection or hybrid electric connection [17,19] but not
the parallel electric connection. Also many authors have reported
the use of earthen membranes in the stacking of MFCs [21,31]
but no study is available which had reported the use of modified
earthen membranes in MFC stacking. All the physical and chemical
properties of the modified membrane had already been analyzed in
our previous work [32].

Therefore, in this work, considering the above limitations,
hydro-dynamic flow arrangement in parallel mode is studied. As
there was no comparative assessment available for electrical and
hydro-dynamic stacking together, this paper presents a thorough
study for finding out the best stacking arrangement with real
wastewater. Six air cathode MFCs with novel modified earthen
membrane were tested in (i) batch mode with series (S) and paral-
lel (P) electrical connections, (ii) parallel electrical connections for
continuous mode varying the hydro-dynamic flow of wastewater
in dependent (series) (PD) and independent (parallel) (PID) mode.
Performance parameters were evaluated in terms of COD con-
sumption rate, coulombic efficiency and overall power production.
A viability study was also done to find out the effect of each indi-
vidual MFC in both the hydro-dynamic configurations.

2. Materials and Methods

2.1. Experimental set-up for the stacks

Single chamber air cathode microbial fuel cells were fabricated
using plexiglass through a local vendor with an effective volume of
0.2 L. The fabricated MFCs were 70 mm long and the internal diam-
eter was 62 mm. The anodic chamber had openings for copper wire
attached to the anode, for the feed inlet and outlet of the effluent.
Carbon felt (Vinpro Technologies, Hyderabad, India) was used as
both anode and cathode material with the surface area of 16 cm2

and 31 cm2 respectively. Anode chamber was provided with a lid
with the opening for the cathode to fit. The copper wire was cov-
ered with a non-corrosive coating. The ends of the wire connected
to the electrodes was coated with epoxy mixed with graphite pow-
der to not affect the conductivity of the wire. The earthen mem-
brane used in this study was made up of red soil and
montmorillonite in the ratio of 1:5 and coated with a Nafion solu-
tion (Sigma Aldrich, USA). Various physical, chemical, and electri-
cal properties of the used membrane were evaluated in our
previous study [32]. Four different stacks of MFCs were used in this
study as given in Table 1. The schematic diagram of various con-
nections is shown in Fig. 1.

The electrode spacing was kept at a minimum distance of 1 cm
to reduce the ohmic resistance as much as possible [30]. In batch
mode, the stacks were connected electrically in series (S)
(Fig. 1a) and parallel (P) (Fig. 1b). While in continuous mode, the
stacks were connected electrically in parallel and the hydro-
dynamic flow was altered in both the stacks keeping them
hydro-dynamically dependent (PD) (Fig. 1c) and hydro-
dynamically independent (PID) (Fig. 1d).

2.2. Inoculum and substrate

Anaerobic sludge was collected from a sewage treatment plant
of the city and was used as inoculum for the anodic chamber.
Domestic wastewater was collected from a local pumping station.
The setups in batch mode were fed after every cycle of 3 days. The
continuous mode stacks were fed continuously with domestic
wastewater using a peristaltic pump (Miclins PP-20-EX-2C, India).
Hydraulic retention time (HRT) was kept same for both the contin-
uous mode stacks (3 d). All batch mode stacks were operated at the
same time, keeping all input parameters same. This would help to
avoid any change in conditions and parameters that could possibly
affect the electricity generation in the stacked-MFCs. Similarly, the
continuous mode stacks were also operated at the same time keep-
ing all input values same.

2.3. COD removal and rate of COD consumption

Duplicate samples were analyzed for COD using HACH DRB 200
digester and a HACH DR5000 spectrophotometer (HACH, USA) by
using the standard protocol mentioned in APHA [33] and accord-
ingly COD removal efficiency was evaluated. The rate of COD con-
sumption was calculated using Eq. (1) for continuous system [34]
and Eq. (2). for batch stacks:

qCODi � qCODo þ rCODV ¼ V
dCODo

dt
ð1Þ

CODi � CODo

t
¼ rCOD ð2Þ

where ‘q’ represents the daily flow rate, ‘V’ represents the total ano-
dic volume and ‘rCOD’ is the rate of COD consumption, subscript ‘i’
and ‘o’ refers to the inlet and outlet.

The continuous stacks PD and PID were fed continuously with
domestic wastewater at the COD of (730 ± 67) mg�L�1. The contin-
uous mode of operation was maintained using a peristaltic pump.
The domestic wastewater was fed into the PD stack from the first
MFC unit and the effluent was gathered from the sixth MFC unit
(Fig. 1c). Whereas, in the PID stack, each individual MFC unit was
fed with the same wastewater and the effluent was collected from
the individual units as well (Fig. 1d).

2.4. MFC performance study

Performance evaluation of the stacks was done in terms of volt-
age (V), current (I) and power (W). All the stacks were continuously
monitored using a data logger (34972A, Keysight Technologies,
USA). Open circuit voltage (OCV) was monitored until the stable
voltage trend was visible. After the stacks reached a stable open
circuit potential, the polarization studies were performed by vary-
ing the external resistance from 100 kX to 1 X. Dissolved oxygen
and pH were calculated using Hanna EDGE DO meter and Hanna
HI5521 pH meter (HANNA Instruments, Australia)

2.5. Coulombic efficiency

The coulombic efficiency (CE) of all the stacks was measured to
ensure the transfer of electrons from anode to cathode. It was cal-
culated in order to evaluate the efficiency of the stacks to transfer
electrons towards cathode from the anode. The CE for the stacks
can be calculated using the following equations for batch system
(Eq. (3)) and continuous system (Eq. (4)):

CE ¼ 8� R t
0Idt

FVanDCOD
ð3Þ

Table 1
Various stack configurations of the operated MFCs for experimentation

Stack
name

Electrical
connection

Hydro-dynamic
connection

Mode

S Series No connection Batch
P Parallel No connection Batch
PD Parallel Dependent Continuous
PID Parallel Independent Continuous
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CE ¼ 8I
FqDCOD

ð4Þ

where ‘F’ is faraday’s constant, ‘q’ is daily flow rate and ‘I’ is current
[35].

3. Results and Discussion

3.1. Performance of batch stacks

The COD removal efficiency of the stacks was measured in five
cycles to ensure that the substrates were being degraded inside the
system. The feed COD of the domestic wastewater was varied
between the range of 650–800 mg�L�1. In the case of batch stacks,
it can be clearly seen from Fig. 2a that the parallel stack removes
more organic when compared to the series stack. According to
the law of addition of resistances, when same set of resistances
are connected in series and parallel, the parallel circuit will have
the lower output resistance than the series circuit. So, when work-
ing under series connection, the stack works under higher resis-
tance compared to parallel circuit under the same conditions.
Lesser will be the flow of electrical current into the series connec-
tion and therefore lesser electrons will be transferred from the
anode [36]. Higher current corresponds to the better COD removal
efficiencies [37]. The fact can be summed up from the values of
COD removal efficiencies and current generated in both circuits.
The current generated in series circuit is lower than the parallel
stack because of the addition of the effect of all individual cells

[30]. Therefore the COD removal efficiency is higher in parallel
stack than in the serially connected MFC stack.

Due to the lower resistances into the parallel connection, more
current was produced when compared to the series connection.
Moreover the voltage in all the individual MFC units remains the
same and remains constant throughout the circuit. The current
produced was the sum of current produced by all the individual
MFC units [30]. It is clearly visible from Fig. 2(b), that the current
generated in the parallel circuit (0.07 mA) was approximately 10
times the current produced in the series circuit (0.007 mA). The
crest and trough pattern in the batch graphs shows the depletion
of substrate at the end of each cycle.

The rate of COD consumption in parallel batch stacks
(226.02 mg�L�1�d�1) was higher as compared to the series batch
stack (197.42 mg�L�1�d�1). The batch stacks were operated at the
same conditions, therefore, the rate of COD consumption depends
directly on the consumption of substrate in the system. In the par-
allel stack, the substrate is consumed at a higher rate when com-
pared to the series stack. Due to the lower overall resistance in
the parallel connection, there will be more current produced when
compared to the series connection which needs more electrons to
be transferred to the anode. So in a given time period, the number
of electrons transferred to the anode in the parallel stack will be
higher when compared to the series stack. Therefore, the rate of
COD consumption is higher in parallel stack.

A polarization study was done to evaluate the overall perfor-
mance of the batch MFCs. A voltage drop can be seen in the MFCs
in both the stacks with the increase in current density. It can be

Fig. 1. Stack connection and configuration for (a) series connection (S) in batch mode; (b) parallel connection (P) in batch mode; (c) electrically parallel and dependent hydro-
dynamic (PD) flow and (d) electrically parallel with the independent hydro-dynamic flow (PID).
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distinctly noticed from Fig. 3a that the voltage in the series config-
uration falls more rapidly than the parallel connection. Also, the
ohmic losses in the series connection exceed the parallel connec-
tion. Resistances obstructing the transport of electrons are the
causes of Ohmic losses occurring in the system. Rapid voltage drop
can be seen at higher ohmic losses [38]. Ohmic losses were evident
in all the stacks. The highest power density for the series circuit
was 1.6 W�m�3 which was lesser than the maximum power den-
sity generated in a parallel circuit (1.9 W�m�3) (Fig. 3b). The exter-
nal resistance at which the maximum power density is achieved, is
considered to be the value of the internal resistance of the system.

Based on these observations and fact that parallel connection is
better than series connection, further studies were conducted by
keeping the electrical connection in parallel and altering the
hydro-dynamic connection in dependent (series) (PD) and inde-
pendent (parallel) (PID) pattern and in continuous mode.

3.2. COD removal and rate of COD consumption in continuous stacks

It is significantly visible from Fig. 4 that the COD removal in PD
stacks is higher than the PID stacks. The reason behind the higher
COD removal in PD stack is that the domestic wastewater remains
in contact with the higher number of electrogenic bacteria as it

Fig. 2. Performance comparison of batch stacks: (a) COD removal efficiency; (b) Current generation.

Fig. 3. Polarization curve of the batch stacks: (a) current density vs. voltage and (b) current density vs. power density.

Fig. 4. COD removal in continuous stacks.
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passes through six MFC units before being eluted [34]. Whereas, in
PID stack, each MFC was fed with individual feed inlet and the
domestic wastewater maintains contact with the microbes from
that unit only. Since, the substrate entering the PD stack is entering
the stack from the first cell and coming out of the sixth cell remov-
ing COD in each cell. Whereas, in the PID stacks, the feed is inde-
pendently going into each individual cell of the stack and
therefore the COD removal is taking place in each cell individually.
Due to these facts, the COD removal is higher in the PD stack than
the PID stack.

Both the continuous stacks PD and PID were fed with the same
inlet domestic wastewater. But when we look at the individual
MFC unit in both the stacks, they had different retention times.
Since the PD was fed from the first cell, and the effluent was gath-
ered from the sixth cell at the end of the third day, the wastewater
remains in a single cell for a time duration of half a day. Therefore,
the HRT in the single unit of the PD stack was 0.5 d. On the other
hand, when we see the individual cell of the PID stacks, they all
have the HRT of 3d as all the units have individual inlet and outlet
and the wastewater took 3 days to elute from the unit. This differ-
ence in HRT of the individual cell of the stacks created a difference
in OLR (organic loading rate) of the stacks.

The rate of COD consumption depends directly on the OLR of
the MFC. As the individual MFC unit in the PID gets individual feed,
therefore, the COD entering into the PID stack was six times the
COD entering in the PD stack. Also, the OLR of the PID stack was
one-sixth as of the PD stack. When it comes to the rate of COD con-
sumption at that OLR, the PID stack has a better COD consumption
rate (3091.75 mg�L�1�d�1) than the PD stack (2816.49 mg�L�1�d�1)
despite showing lesser COD removal efficiency. The reason behind
the higher COD consumption rate is that the system is receiving
the higher inlet COD in comparison to the PD stack.

To match the OLR in both the continuous stacks, the OLR of the
PID stack was increased on the 20th day to match the OLR of the PD
stack by reducing the HRT of the system to 0.5d. As soon as the OLR
was increased, a fall in COD removal was seen in the PID stack. This
may be due to the lesser contact between the microbes in the
anode biofilm and anolyte with the domestic wastewater being
fed into the system at a higher loading rate [34]. The condition of
increased OLR was kept for 20 days and when there was no
improvement observed in the COD removal, the OLR was changed
again (Fig. 4). This time, the OLR was maintained at the value
which is the mean of the OLR of PD and PID by adjusting the
HRT of the system to 36 hours. By doing so, a gradual increase in
the current output was seen as well the COD removal efficiency
was increased to ~70%.

3.3. Electrical performance of the continuous stacks

Two different continuous hydro-dynamic patterns were oper-
ated: hydro-dynamically dependent (PD) and hydro-dynamically
independent (PID). Because of the continuous feed, there will be
no substrate depleting condition for the microorganism in the ano-
dic chamber. Therefore, there will be a continuous generation of
electrons. The stacks were initially kept at open circuit potential
to acclimate the biofilm at the anode surface. The OCV recorded
over time is shown in Fig. 5a. It took around 10 days to get the
OCV stabilized. The highest OCV achieved by PD and PID is
0.527 V and 0.789 V respectively (Fig. 5a). The PID stack achieved
stable OCV more rapidly than the PD stack. This may be due to
the reason that the PID stack received more overall COD than the
PD stack. This leads to the rapid electrogenesis onto the anode sur-
face leading to higher OCV in shorter time.

After the OCV was stabilized, the polarization study was done
for both the stacks. Polarization studies were performed for the
evaluation of voltage and current in both the continuous stacks

PD and PID with respect to change in external resistance. It is very
useful for evaluating the dependence of MFC performance on resis-
tance. The steep decrease in voltage was observed in Fig. 5b which
shows the activation losses. These losses are due to the require-
ment of activation energy for substrate oxidation by the microbial
cell culture [39]. The activation losses were almost similar in both
the stacks. The next portion of the current density vs voltage graph
represents the ohmic losses. When the ohmic losses are higher,
higher will be the drop in voltage with an increase in current den-
sity. It is significantly visible from Fig. 5b that the ohmic losses
were higher in PD than in PID stack.

The current density vs. power density curve is shown in Fig. 5c.
The maximum power density achieved by PID and PD stacks was
6.99 W�m�3 and 4.37 W�m�3 respectively at 100 X resistance.
The curves did not show any capacitive behavior as generally flat
polarization curve reflects the capacitive behavior of the system
[39].

After the polarization study, the electrodes in both the stacks
were connected through an external resistance (Rext) of 100X dur-
ing the experiment based on polarization study. This Rext was kept
for the system to operate in a proper range of voltages and inten-
sities, preventing activation losses [8]. In the dependent connec-
tion, the effluent from the first cell will go as the influent for the
second cell and in independent connection, all the cells receive
feed from the reservoir. This means that all the individual cells in
the PID stack will receive same COD. The highest current was
obtained in PID with a value of ~2.4 mA whereas, the PD stack
attained the highest current of ~1.2 mA (Fig. 5d). The PID stack
was fed with separate feed into each reactor, thereby giving each
reactor higher COD in comparison to the PD stack. Higher the inlet
COD, higher will be the consumption of COD into the system and
higher will be the number of electrons generated and transferred
to the cathode giving rise to more current.

3.4. Effect of rate of COD consumption on power

The batch stacks were run for 5 cycles and the continuous
stacks were run for 60 days. The COD consumption rate and the
highest power that was attained during the run time are plotted
in Fig. 6. Since power generation relies directly upon the organic
matter utilization, it can be distinctly observed from Fig. 6 that
the power generation increases with the increase in COD consump-
tion rate. The batch (S and P) stacks received the organic load once
in 3 days while the continuous stacks (PD and PID) received a con-
tinuous supply of organic load. The overall COD entering into the
batch stacks is lower than the continuous stacks. Therefore, the uti-
lization of organic matter into the batch stack was much lower
than the continuous stacks which lead to lower rate of COD con-
sumption. Even among both the continuous stacks, the PID stack
had a better rate of COD consumption as discussed earlier. This
leads to highest power generation in PID stack. Higher power cor-
responding to the higher COD consumption rate suggests that both
the factors depend directly onto the generation and transfer of
electrons to the anode.

3.5. Coulombic efficiency

The series (S) stack showed the minimum coulombic efficiency
(0.16%). Parallel (P) stack showed higher CE compared to that of
the series stack (1.38%). Higher resistances in the series stack can
be the reason behind the lower CE obtained. The parallel batch
stack has lower overall resistance as compared to the series (S)
stack [30], which was the reason for higher CE in the parallel (P)
stack. The batch stacks face the substrate depleting condition at
the end of each cycle producing fewer electrons. The CE was
increased when the system was run in continuous mode. The rea-
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son behind the improved CE in continuous mode is that the stacks
PD and PID receive continuous supply of organic load. The microor-
ganisms present on the anode biofilm and anode chamber get the
continuous supply of substrate which helps in generating more
electrons through consumption of organic matter, thereby increas-

ing the CE in continuous mode. The CE of the PID was the highest
(14.26%) which was approximately 3 times that of the PD stack
(4.87%). The highest CE in the PID stack can be due to the highest
rate of COD consumption which facilitates transfer of the highest
number of electrons from anode.

3.6. Viability of individual cell in the continuous stacks

The purpose of this study was to find out whether all the units
of the stacks were performing efficiently or not at the end of the
60th day of performance evaluation. If the individual unit in the
stack goes faulty, it would affect the current production in the
stack ultimately lowering the overall performance of the stack.
While working with the parallel circuit, addition of two individual
MFCs would increase the current produced by single MFC and so
on with subsequent addition of other units. As we can see the trend
in Fig. 7 that on addition of individual units into the stack, the over-
all current of the stack increases subsequently. This can be deduced
from the ladder pattern of Fig. 7. After addition of each individual
unit into the stack, the stack was kept for 12 hours and the values
of the current were recorded hourly. After the addition of all units
into the stacks, the current generated was corresponding to the
highest current produced during the performance evaluation of
the PD and PID stacks.

Fig. 5. Performance of the continuous stacks: (a) OCV; (b) current density vs. voltage; (c) current density vs. power density and (d) current.

Fig. 6. Effect of rate of COD consumption on power.
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4. Conclusions

It can be concluded from the study that the rate of COD con-
sumption depends directly on the OLR and also the power genera-
tion corresponds directly to the rate of COD consumption. The
hydro-dynamically independent stack performs better than the
other stacks in terms of power generation despite having lower
COD removal efficiency. The maximum current produced by the
PID stack was 2.4 mA in continuous mode operation. The hydro-
dynamically independent pattern can be used in the stacking of
the MFCs for higher current production. Though it has lesser COD
removal efficiency, but when the purpose of the study is to gener-
ate higher power, PID stacks can be a useful way to stack the MFCs.
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