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The intensive energy requirement of conventional wastewater treatment for aeration demands an alternative technological
option that requires less energy for its operation. Due to its cost-effectiveness, biological processes such as activated
sludge have been widely used for wastewater treatment. However, this technique depends on the ability of bacterial
population to maintain acceptable effluent quality. If the treatment is interfered with, the bacterial population respond to the
varying influents. When this occurs, exceeding effluent limits lead to environmental damage and costly fines.
Consequently, treatment facilities have to be overhauled, resulting in a loss of time and financial resources.
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| 1. Mechanism of Electricity Generation by Microbial Fuel Cell (MFC)

Scientific exploration in MFC results from its ability to operate at varying weather and pressure using Geobacter
sulphurreducens that form biofilms onto electrodes. The biofilms promote electron flows to electrodes and release a c-
type cytochrome that accumulates at the biofilm—electrode interface to promote electron transfer to electrodes . The
bacteria attached with the MFCs remove the need to isolate costly enzymes, as they provide inexpensive substrates for
its operations. The process occurs in a small bioreactor, where the microbes are retained in stable conditions for a period
of time as biofilms, thus saving operational and maintenance (O&M) costs .

An MFC acts a battery-like energy generator that produces electricity through an electrochemical process. As MFCs
convert chemical energy directly into electricity, they have the potential to operate at high efficiency. By exploiting their
electron transfer abilities, MFCs produce energy directly, without combusting the organic compounds in wastewater, while
treating them without requiring traditional energy. This facilitates users to comply with their obligations at a lower cost.

However, it has the same ability to eliminate organic matter as efficiently as conventional wastewater treatment plants do
]

An MFC is dependent on biofilms for electron transfer. When it is used, a large surface area is required to accumulate on
the anode’s chamber. It is important to develop bioelectrodes with capability of resisting fouling. A key to the disparity lies
in the fact that MFCs must operate at neutral pH in the anode chamber to maximize growth and activity of the micro-
organisms that catalyze the reactions. At the cathode, OH™ causes an increasing pH due to the limiting rate of their
transport. Furthermore, every unit of pH increase at the cathode leads to an energy loss of 59 mV El. The cathode’s pH
could reach pH > 12, implying a major loss 1. To ensure that they do not re-mix, the membrane is placed to separate the
electrode from the other, while ensuring that there is no leakage from the cell's assembly &I,

By harnessing bacterial metabolism for energy generation that can be sold to produce income for wastewater treatment
operators, the income not only defrays the cost of MFC operations, but also keeps on enhancing its prototype design for
operations. The power produced by the MFC’s operation supplies the need for energy, while the value of energy produced
by the MFC creates a jobs. Decentralized electricity production also makes cities livable, with low-voltage applications that
could be powered using MFCs, supplying a sustainable energy system for water treatment €. This provides an affordable
and practical way to operate the system for a decentralized process using a wide range of wastewater for water reuse and
energy supply .

MFCs are eco-friendly because they produce far fewer CO, emissions. Furthermore, MFCs can continuously generate
electricity as long as the fuel and the oxidant are provided to the cell. As the fuel in the cells is stored externally, it is not
internally depleted. Hence, the MFC is ideal, as the device does not have moving parts, making it a reliable source of
power 8],



With this paradigm in mind, researchers aim at developing an anaerobic MFC with efficient electrodes that can be used to
generate electricity from wastewater, while at the same time treating it with a minimum amount of waste generated during
its operation. In the short-term, the MFC represents a temporary solution to the unresolved issue of providing energy to
undeveloped areas without requiring changes to existing network facilities. By using bioenergy from MFCs, GHG
emissions can be reduced substantially. It would be an important breakthrough in the field of energy recovery if energy
produced from MFCs could be integrated into electricity networks. Successful operation of MFCs can open the door to
their commercialization and deployment. Although the systems are promising in generating clean energy, there are
improvements needed to enable their widespread application to attain carbon neutrality &,

MFC utilization contributes to sustainability such as by GHG emission reduction, energy generation, and reduction of
carbon footprints. When applying a certain voltage to bacteria for biodegradation of organic pollutants, this leads to water
electrolysis, generating H, from the wastewater (Figure 1). To contribute to decarbonization, MFC can reverse the
process by producing hydrogen (H,). One metric ton of H, contains 33.3 MW-h of clean energy 1. Hydrogen may be the
safest gas known with high diffusion rate for CO,, and it burns in air to form water. For a sustainable zero-emission energy
and carbon-neutral future, hydrogen is considered a next-generation source of energy, which has potential to replace
fossil fuels such as oil, gas, and coal. The annual production of clean hydrogen, a low-carbon energy carrier, would need
to increase more than sevenfold for the world to hit net-zero emissions in 2050.
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Figure 1. Unique selling points of MFC.

Energy production in the recovered H, would help industries offset the treatment costs of wastewater. This
decarbonization strategy is more beneficial than landfill gas (LFG) that not only generates a bad odor, but also contains
CH, that contributes to climate change. As society is benefited from technological revolutions, using H, gas as a fuel
benefits it in the long-term. Unlike fossil fuels, during its production, H, does not emit CO5 into the atmosphere, reducing
environmental impacts and protecting the environment [,

As compared to natural gas that takes millions of years to develop, hydrogen or electricity can be produced on-site by
MFCs for a relatively short time with much less CO, emission. This provides net GHG savings with respect to carbon
neutrality. As compared to MFCs, hydrogen production from the extraction of natural gas contributes 2% to all
anthropogenic CO, emissions into the atmosphere, accelerating climate change. With the hydrogen being produced



originating from fossil fuels, there is a growing need for a cleaner and more environmentally friendly option for its
production.

For this reason, the world needs to achieve carbon neutrality between 2050 and 2070 by accelerating the energy
transition to achieving a low-carbon and sustainable energy system. Measures to address climate change have shifted
course toward achieving carbon neutrality by 2050. In 2020, the EU unveiled a long-term strategy with a firm commitment
to climate neutrality by 2050. The roadmap toward decarbonization society has begun not only in Japan, China and
Korea, but also in Indonesia and Malaysia. This movement will inevitably lead to carbon neutrality in other countries 12,

| 2. Technological Strengths of MFC

Traditionally, wastewater treatment is costly due to energy consumption. In an aerobic process, existing conventional
technology using activated sludge consumes 60% of energy for aeration (Figure 2). The air cathode of an MFC uses
oxygen directly from air, lowering energy consumption cost. MFCs also reduce treatment cost by producing electricity on-
site to power plant’s operation. MFCs can efficiently operate at ambient temperature with low strength of wastewater, and
yields less solids to be disposed of in landfills, making it economically attractive compared to existing water technologies
[13]

.\Q

Aeration
60%
= Aeration = Clarifiers
= Grit Screens
= Wastewater Pumping = Lighting and Buildings
= Chlorination = Belt Press
= Anaerobic Digestion = Thickening

= Return Sludge Pumping

Figure 2. Energy consumption in activated sludge.

Unlike activated sludge, MFC-based treatment has the potential to treat wastewater without aeration, but through the
growth of bacteria while generating bioenergy. Although the idea of generating energy using bacteria may not be new, as
a practical technology of energy production, MFC utilization is promising. As a by-product of MFC operations, electricity
justifies the cost of operating this system by itself 14l By assuming that continuous operations of MFCs reach 15 Watts/m3
of wastewater flowing through it, if an MFC system is installed at a wastewater treatment plant for 5000 inhabitants, it
produces 0.75 MW, enough to power about 500 homes 12!,



When calculating the price/Watt installed, power output/m? and MFC's lifespan are important. As MFC’s power outputs
range from 0.25 to 3.75 W/m?, the price/Watt installed at its lower limit is over USD 4000 18, |f the higher limit is applied,
the price would decrease to USD 30/m?, less than USD 6/Watt, including operations and maintenance costs L4, |f
electrochemical techniques progress and the price of electrodes decrease, this treatment method can convert organic
materials of wastewater into electricity.

However, the removal of contaminants in wastewater at zero energy cost would warrant the use of MFCs for this goal.
MFC technology reflects a frontier science. So far, only a few works have been translated into a practical configuration
using an affordable and suitable material. An MFC reactor, designed with low-cost and compatible biomaterials for
bioelectricity production, paves the way forward for industrial application in the next stage (Figure 3). This technology is
expected to lead to another necessary step toward achieving carbon neutrality.

Nuclear
energy

Global Market of
Renewable Energy

Geothermal
Energy

Embryonic  Growth Mature

Figure 3. MFC among renewable energy.

Herein, well-designed and cost-effective MFC technology is essential to accelerating electrification in the developing
world. If enacted swiftly, favorable climate technology and energy policy could level the playing field between electricity
and other power sources. This will encourage the adoption of sustainable technologies, leading to less consumption of
polluting fossil fuels.

Principally, anaerobic MFCs are capable of generating electricity from municipal wastewater and treating wastewater with
low oxygen requirements using cost-effective and ecofriendly processes. Wastewater treatment plant operators can be
self-sustaining with power generated by MFCs on-site, where they can use the energy generated for operating water
treatment plants or for market commercialization. Eventually, the application of anaerobic MFC would enable treatment of



wastewater with minimal energy investment and less carbon footprint during water treatment, and recovery of chemical
energy laden in the wastewater in the form of bioenergy produced through anaerobic processes.

| 3. Bottlenecks of MFCs

In spite of their potential, a variety of bottlenecks need to be addressed before MFCs are commercialized on the market.
Low electricity production, high internal resistance and high material cost are the major obstacles of MFC technology
implementation. This could be explained due to the fact that MFCs depend on biofilms for promoting mediator-less
electron transfer. When MFC is utilized for wastewater treatment, a large surface area is vital to biofilm accumulation on
the anode chamber 2. Consequently, this needs electrodes with the capability to resist fouling, thus enhancing the
operational cost of water treatment plants.

In addition, as the material cost of an MFC is expensive; scientists need to develop suitable materials that can overcome
low energy production 8. To scale up the reactor, the cost of MFC components such as anodes, cathodes, and
membranes will increase to maintain its high performance. Stability, long-term performance, efficiency, and scaling up the
process from a lab scale to full scale are future challenges. MFC'’s bottlenecks also include low electricity production,
current instability, and high internal resistance. This makes them difficult to apply due to the high cost of MFC fabrication
(electrode, proton exchange membrane, and mediator), and low power generation. If the bottlenecks can be solved,
potential energy outputs and the MFC'’s versatility could transform the method of wastewater treatment universally. This
could generate electricity on-site to treat water off the grid in remote areas.
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