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ABSTRACT

This dissertation studies the influence of selected electric and non-electric parameters on
microbial fuel cell (MFC) performance. It explores the relationship between voltage, current, pH,
and chemical oxygen demand parameters on energy efficiency and wastewater treatment. The
new mathematical model is proposed to estimate MFC performance under different load
conditions and environmental scenarios. The study also presents a mathematical model for
predicting MFC performance and investigates the effects of different electric operating conditions

on power generation and wastewater treatment.

STRESZCZENIE

W niniejszej rozprawie doktorskiej zbadano wplyw wybranych parametrow elektrycznych
i nieelektrycznych na dziatanie mikrobiologicznych ogniw paliwowych (MFC). Zostat zbadany
zwigzek miedzy parametrami, takimi jak napiecie, natezenie, pH i chemiczne zapotrzebowanie
tlenu, na efektywno$é energetyczng i oczyszczanie $ciekdw. Zaproponowano nowy model
matematyczny do szacowania wydajnosci MFC w réznych warunkach obcigzenia
i scenariuszach srodowiskowych. W badaniach laboratoryjnych zbadano takze wptyw obcigzen

zewnetrznych na generowanie energii elektrycznej i oczyszczanie sciekow przez MFC.

RESUMEN

Esta disertacion examina la influencia de parametros eléctricos y no eléctricos seleccionados en
el rendimiento de la celda de combustible microbiana (MFC). Explora la relacion entre parametros
como voltaje, corriente, pH y demanda quimica de oxigeno en la eficiencia energética y el
tratamiento de aguas residuales. Se propone un nuevo modelo matematico para estimar el
rendimiento de la MFC bajo diferentes condiciones de carga y escenarios ambientales. El estudio
también presenta un modelo matematico para predecir el rendimiento de la MFC e investiga los
efectos de diferentes condiciones operativas eléctricas en la generacion de energia y el

tratamiento de aguas residuales.
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1. SUMMARY

Fuel Cells (FCs) are power source technology with associated energy harvesting for the
hydrogen economy. There are many types of FCs, and all have a similar feature: a gaseous form
of hydrogen as fuel. Most conventional FCs require a high concentration of hydrogen as fuel,
which is rare in nature, particularly on Earth. Preparing hydrogen with the proper parameters is
an energy-demanding process, which may be challenging to obtain in some geopolitical regions.
The solution may be Microbial Fuel Cells (MFCs), which couple sustainable energy generation
and wastewater treatment. As FCs, MFCs contain an anode, usually called a bioanode, and a
cathode. The MFCs harvest energy from wastewater by electroactive bacteria with biocatalytic
redox reactions. Depending on the microorganisms used to construct one reactor/cell, it is
possible to obtain energy from different types of wastewater. MFCs are an up-and-coming
technology for wastewater treatment. However, it is still at an early stage of development and

requires further research.

The Microbial Fuel Cell (MFC) is described by nonlinear parameters such as substrate
concentration, pH and flow rate of medium, and hydraulic retention time (HRT), which could be
defined as the ratio between the reactor/cell volume and the flow rate and represents the average
time of substrates stay inside the reactor/cell, temperature, and varying load parameters (incl.
voltage, current, power, and more) that affect the performance. This dissertation aims to evaluate
various electrical parameters, such as voltage and current, under different load conditions, as well
as non-electrical parameters, including COD and pH, in MFCs. Additionally, it explores the
relationship between these electrical and non-electrical parameters and their impact on energy
efficiency (EE) and the wastewater treatment process. This thesis presents the influence of the
most critical parameters on anodic performances, such as hydraulic retention time and varying
load parameters. The presented work also includes the new quasi-empirical mathematical
scalable MFC models and the description.

Chapter 2 includes the objectives and scopes of the work being carried out, and the dissertation's

structure is described.

Chapter 3 introduces the principles of FC technologies, including MFC technology, briefly
describing phenomena inside the cell. Both technologies were compared, emphasizing the
difference between MFC and other FCs. This Chapter defines the typical parameters that
characterize cells and their impact on performance. The review presents the current state of the

art in terms of MFC technology and examples of their applications.

Chapter 4 describes studies on one of the operational parameters, i.e., the varying flow rate
influence on MFC performance. The conditions and results of laboratory experiments of MFC
operated under a continuous flow of media are presented in this Chapter. The investigation was
focused especially on high flow rate fluctuations and their short-term effects. The design of the
test stand, the MFC laboratory model of MFC and the measurement methodology are presented.

During this study, the flow rate of the media was changed in order to verify the possible occurrence

11



of hysteresis of the processes. In order to assess the performance of the MFC and its
susceptibility to change in flow, the focus was aimed at the following indicators: COD removal
rates, which could be defined as delta of measures of the oxygen equivalent of organic matter in
a water sample that a strong chemical oxidant can oxidize in the beginning and in the end of
presses, electric power generation capability and coulombic efficiencies (CEs) which is a ratio

between changes of electrical and chemical energy.

Chapter 5 describes studies on the influence of varying external loads on the performance of
MFCs. The study focused on the MFC's short-term performance changes under varying external
passive loads in the form of power resistors. The construction of the test stand, the design of the
MFC laboratory model, and the measurement methodology are presented. The load changes
were based on a stepwise modification of the external resistance value to record the hysteresis
of the processes. This Chapter presents the results of the effect of the external load on the output

current, power generation capabilities, fuel consumption, and pollutant removal by MFCs.

Chapter 6 presents the mathematical description of MFC performance to estimate and extrapolate
the experiments for other possible load types and environmental parameters scenarios. This
Chapter includes proposed mathematical models. It was decided to develop a model
incorporating such physical phenomena as voltage dependencies on the COD of wastewater and
internal resistance. The critical aspect of accurate system modeling is model parameter
estimation. For this estimation, the terminal behavior of the MFC was studied, and it was used to
estimate the MFC parameters as functions of its physical properties. The MFC model has been
implemented in the MATLAB Simulink simulation environment. Laboratory measurements on the

early-stage device of MFC have been performed to validate.

Chapter 7 includes investigating other varying loads on the performance of MFCs. The MFC
external load has been forced by constant-current type, constant-voltage, and constant-power
active loads, unlike the used passive loads presented in Chapter 5. The studies have shown the
influence of different load parameters on MFC performances. In the first part, the effect of the
external load on energy generation and pollutant removal by an MFC was studied by stepwise

modifying the external load, and the results were compared with the resistive load.

Chapter 8 aims to analyze how modifying the external load, using maximization methods
presented in Chapter 7, affects the electric power generation and synthetic wastewater treatment
(COD removal) of the MFC. The specific goals include evaluating MFC performance under
different electric operating conditions, selecting electrical load values, and comparing the effects

of various electric operational parameters on MFC performance.
Chapter 9 concludes the work.

The bibliography provides an extensive list of literature concerning mainly the issues of MFC
operating parameters, with particular emphasis on the bond between electrical and non-electrical
parameters and their impact on the performance of the MFCs, as well as selected items on the

subject of MFC applications.
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2. OBJECTIVES AND SCOPES

This doctoral dissertation has been prepared based on an international collaboration
between the Faculty of Electrical and Control Engineering, Gdansk University of Technology
(Gdansk Tech), and the Instituto de Tecnologia Quimica y Medioambiental (ITQUIMA) research
group of the Chemical Engineering Department, University of Castilla-La-Macha (UCLM). It is
included in the Cotutelle agreement between Gdansk Tech and UCLM. The research group
ITQUIMA has been working on the development of wastewater treatment technologies through
electrochemical processes. The Faculty of Electrical and Control Engineering research group has
been working on modeling, control development, and power system integration of new power
sources. The presented studies required a multidisciplinary approach to the problem related to
MFC operations and their modeling. Through the collaboration of two research groups, it was
possible to perform an analysis of MFCs that fell within two disciplines: Chemical and Electrical

Engineering.

The MFCs study includes an analysis of the conversion process of ambient energy, presented in
the environment, into electrical energy. This energy conversion process, called energy harvesting
(EH) is characterized by low-power output because EH devices could be used as a part of self-
sustaining systems. The study of EH from wastewater was considered broadly, including different
MFCs operational configurations and parameters, to accomplish a better EE wastewater
treatment system. Recognition and evaluation of varying critical parameters and their influence
on the performance indicators of MFCs was the main component of the study. Recognition of

critical parameters describing MFCs was required to achieve a fully scalable mathematical model.

This doctoral dissertation is the continuation of research and development of the MFC technology
for different applications, including different types of wastewater treatment. This work identifies
the critical parameters influencing MFC performance and mathematically describes the
relationship between parameters and performance. Proposed models use the empirical and
physical approach to identify the phenomena occurring in MFCs. Based on the literature review,
the scientific gaps in MFC technology, such as the study of the effect of specific flow rates and
varying load parameters on MFC performance, have been identified and analyzed. Hence, this
work allowed to define the general, unsolved issues that were developed through laboratory
experiments and computer simulations. All these factors enable to formulate a research

hypothesis:

Accurate modeling of energy conversion in a microbial fuel cell allows for identifying the
mutual influence between non-electrical and electrical parameters and predicts maximum

performance in the operational context.
This doctoral dissertation attempts to answer the following questions related to MFC technology:

e How can changing the flow parameters of the fuel media affect the efficiency of

electrochemical processes in the flow-type MFCs?

13



e Can varying electric load parameters change the physicochemical properties of the

medium in flow MFCs in the long term?

e How can varying electrical load parameters (voltage and current) affect the performance

of electrochemical processes in MFCs?

e Can the reduced-order circuit lumped model of an MFC be sufficiently accurate to

represent the dynamics of the system?

The MFC power output is mainly affected by operational parameters, i.e., pH, temperature, solids
retention time, HRT, and external load. The individual parameters, as mentioned above, interact
non-linearly. Due to the nature of MFCs, it is challenging to isolate the appropriate operational
parameters that were the research subject. Because of that, all experiments were carefully
prepared and carried out. In the prepared and conducted laboratory experiments, efforts were
made to isolate the studied phenomena (e.g., external load and HRT influence on the MFC
performance) from the side effects of uncontrolled factors (e.g., fluid flow or medium pH
fluctuations, which may affect: the output voltage and current, power generation capabilities, fuel
consumption). Because of that, two different types of MFCs were used to conduct the
experiments. The MFCs were working under continuous and semi-continuous batch modes, that
is, 80% of the anolyte volume, and all catholytes were replaced by fresh synthetic wastewater
every cycle. In addition, MFCs measurements are affected by a long time of acclimatization of
microorganisms inside the chambers. Because of that, it was necessary to develop appropriate
mathematical models through which one could estimate and extrapolate the MFC parameters and
phenomena occurring in different modes of operation, environmental parameters, etc. Acquired
data from laboratory experiments have been used to develop and evaluate simulation models of
MFCs.

The research carried out as a part of the presented doctoral dissertation can be divided into three
main parts representing different issues. The influence of non-electrical parameters on the
electrical parameters and the EE and wastewater treatment process efficiency of MFC has been
analyzed. Different models have described the main and specific phenomena occurring in MFC.
The division into parts and the publications correspond to the individual issues studied by the

laboratory experiment.
The first part of the research includes:

e Critical review of the operational conditions regarding the electrochemical performance
of MFC;

e The short-term impact evaluation of the medium flow rate changes on the electrochemical

performance of an MFC;
¢ MFC mathematical model development and model parametrization.
The second part includes:
e Acritical literature review of the varying electric parameters impact on MFC performance;

14



e The evaluation of the influence of external active load variations on the electrochemical
performance of an MFC operating in a continuous load mode;

e The evaluation of the influence of external load parameters variations on the

electrochemical performance of an MFC working under continuous load mode;

e Analysis of the influence of varying external load parameters on energy generation and

fuel consumption.
The third part includes:

e A critical review of the selected MFC models dedicated to power analyses presented in
this work;

e Based on the laboratory tests, modeling approach validation, and advanced, general,

case-independent, and time-varying MFC terminal model verification.

e Model implementation and analysis of different load values for maximalizing electric
energy generation and intensive wastewater treatment.
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3. INTRODUCTION

3.1. Energy and environmental objectives

Nowadays, development efforts are focused on increasing the EE of sources and energy
saving. Additionally, modern power systems are designed with a focus on environmental
concerns. There is a global agreement to reduce and eliminate environmental pollution caused
by human activity. The carbon-neutral strategy of the European Commission assumes that in the
year 2050, the European Union will be able to reach carbon neutrality [1]. The proposed solution
to this problem was to use renewable energy sources for power generation combined with energy
storage systems [2], [3]. Due to the low energy density in batteries, compared to natural gas or
hydrogen, and relatively short lifetime (depending on fully the charge and discharge cycles),
battery energy storage systems can be treated as a part or intermediate stage in specific systems
[4]. The tendency towards more energy-efficient components and new conceptions based on EH
has set new standards for system designers and manufacturers. EH as the means for diversifying

energy production from renewable sources.

In this context, the MFC is a promising device that could generate energy by using waste, mainly
wastewater, as fuel [5]. In this application, the MFC couples sustainable energy generation with
wastewater treatment, which could reduce the environmental impact of the conventional energy
generation process. Comparing the energy demand of conventional wastewater treatment with
MFC wastewater treatment shows the possibility of reducing the energy demanded for the
treatment of one unit of sewage by up to 80% [6]. Unlike traditional renewable sources where
energy production is tied to environmental conditions such as solar or wind, the proposed energy

source is tied to human activity.

3.2. Fuel cells historical view

A FC is a low-voltage source continuously generating direct current through a redox
reaction. The Welshman William Robert Grove is considered a pioneer in FC technology. In 1839,
he developed a new form of the galvanic cell, which consisted of two electrodes: a positive
electrode containing platinum and a negative electrode containing zinc. The positive electrode
was immersed in nitric acid and placed in a porous ceramic cup surrounded by a larger jar
containing sulfuric acid and the negative electrode. Grove noticed a change in electrode potentials
during this experiment. This was the basis for his development in 1842 of the first FC, a gas

galvanic battery. It generates electric energy by combining hydrogen and oxygen [7], [8].

This discovery waited for practical application until 1965, when the National Aeronautics and
Space Administration used it as a power source for spacecraft in the Gemini and Apollo programs.
In the nineties of the twentieth century, FCs experienced their renaissance and were widely used
for testing and commercial purposes. The research led to the development of this type of energy
generation technology. Several different types of FCs have been developed based on the

oxidation reaction of not only pure hydrogen itself but also of a fuel-rich in this element, such as
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methanol and natural gas. The oxidant remained unchanged in these reactions and is oxygen,
either pure or directly from the air [9], [10].

3.3. Construction of a fuel cell

An FC has a straightforward structure. It consists of only a few parts, the most important
of which is: the electrolyte (membrane), electrodes, and plates that distribute the reagents evenly
over the entire cell surface. — Figure 3.1.

Load
Diffusion Layer Diffusion Layer

\ /

H2 - 2H2 — 4H + -47 02

+ 4e > 2H,0p "8 —— H.0

\ < )
Y lk' )

Electrode, Electrolyte/Membrane Electrode,
Anode (-) Cathode (+)
Chamber/Plate Chamber/Plate

Figure 3.1 Fuel cell general concept

A single cell in an FC consists of four basic elements: electrolyte, membrane, electrodes, diffusion
layers, and chambers or plates. Each of the basic elements of the cell will be presented and

characterized in the following sections.

3.3.1. Chambers

Depending on the form of fuel, FC can be divided into those powered by gaseous
hydrogen and fueled by a liquid mixture of hydrogen-containing substances. In the case of fuels
with a low concentration of hydrogen, FC requires a longer reaction time due to the presence of
other substances. Unlike the plates, the chambers have a simple construction and are not
structurally prepared for the flow of the medium, and there may be differences in solution
densities. Because of that, the chambers are responsible for distributing the fuel in the low-power
FC.
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3.3.2. Plates

Their main function is to distribute fuel and oxygen over the active surface of components
(membrane and/or electrodes) depending on the construction, and they must also act as current
collectors. They have the shape of small channels with different patterns so that the reactants
can flow through them. In the case of an FC consisting of many cells, the plates have channels
on both sides. This structure is called bipolar. The material used depends on the cell's operating
temperature, so the plates can be made of graphite for high-temperature cells or stainless steel

for low-temperature cells.

3.3.3. Electrolyte

The electrolytic diaphragm has three main functions in an FC. It conducts ions while
isolating electrons and separating anode and cathode reagents. The ions must pass through the
membrane to maintain the electrochemical balance between the anode and cathode. The
direction of the reaction depends on the type of the cell - Chapter 3.5. Therefore, the reaction
must occur without disturbance in the direction of the electric current flow or the reactants. For
some types of FC, the electrolyte function is performed by an anolyte in the anode chamber and

a catholyte in the cathode chamber, respectively.

3.3.4. Diffusion layers

This type of layer occurs only in low-temperature FCs and is responsible for the
distribution of reagents and removal of post-reaction products from the electrode surfaces. It is
this layer that is responsible for the drainage of water from the cathode. Therefore, it must be

highly hydrophobic and, at the same time, must have good conductivity.

3.3.5. Electrodes

Electrochemical reactions take place on the surface of the electrodes and drive the
generation of a potential difference and current flow. The fuel oxidation process happens at the
anode, while the oxygen reduction reaction takes place at the cathode. In acidic cells, platinum
or its alloys are required to construct electrodes, whereas in other types of cells, it's possible to

use various precious and non-precious metal alloys.

3.4. Fuel cell thermodynamics and theoretical potential

3.4.1. Fuel cell thermodynamics

Like any device that generates electric energy, an FC has principles describing how it
works. The chemical energy of the reactants (hydrogen and oxygen) and reaction products
(water) is converted into electric and thermal energy. Inside the cell, the following reactions take

place:
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Hydrogen oxidation at the anode:
H, - 2H* + 2e~ (3.1
Oxygen reduction at the cathode:
20, + 2H* +2¢” - H,0 (3.2)
Total proton exchange membrane fuel cell reaction:
H, +50, - H,0 (3.3)

The emission of energy released by the FC during the redox reaction is associated with the
change in the value of the free enthalpy in the system:
AG = AH —TAS (3.4)

where:

G - free enthalpy (Gibbs free energy);
H - enthalpy, S — entropy;

T - temperature expressed in Kelvin.

The change in the free enthalpy is caused by the difference in the free enthalpy between the

products and the reactants:

AG = AG(products) - AG(substrates) (3-5)

If we assume that inside the FC, the reaction, according to equation (3.6), the reactants are a
mole of hydrogen and half a mole of oxygen, and the post-reaction product is one mole of water.
We can write it as a formula:

1
Ag = (@0 — @u, — > @o, (3.6)
where:

g- is the value of the free enthalpy function at a given temperature for one mole of the substance.

As the temperature changes, the value of the free enthalpy of substrates and products changes.
Therefore, to correctly calculate the efficiency of the cell, it is necessary to constantly monitor the

operating temperature of the FC.

The negative value of the free enthalpy indicates that the FC gives up energy to the environment.
If we know the values of the temperature and pressure of the substrates, we can determine the
total value of energy. The emission of this energy is related to the production of one mole of water,
and this energy is related to the orderly movement of electrons through the external electrical
circuit. Each mole of produced water is accompanied by a simultaneous flow of electrons with a
specific charge. The equation can determine the value of the charge flowing through the external

circuit:
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—2Nye = —=2F (3.7)
where:

N,- Avogadro's constant expressed for one mole (6.022141023 mol);

e - charge of 1 electron;

F - Faraday constant expressed for 1 mole (9.6485 104 C mol%).

The number 2 in equation 3.8 represents the number of electrons occurring in a single reaction

of the reactants described by equation 3.9.
Electric work is described by equation 3.8:
W, = —2FE (3.8)
where:
W, - electrical work;
E - a difference between cathode potential and anode potential.

Assuming that the processes taking place in the FC are lossless, a link can be derived that
connects the change of the free enthalpy with the difference of potential between the cathode and
the anode:

Ag = —2FE (3.9)

After transforming equation 3.10, we can express the potential for one proton exchange
membrane fuel cell:
_A_
E = _g (3.10)
2F

3.4.2. Fuel cell potential

The maximum value of E = E, is a theoretical value assuming that the electrochemical process
in the cell is reversible and the cell is no-load. The actual processes taking place in nature are
irreversible, and the connection of the cell with the load system is the source of losses. There are
three primary losses: n, - activation, n, - ohmic, and 7, - concentration. The partial losses are
easiest to present using the voltage-current characteristic called the polarization curve. Figure 3.2
shows the theoretical FC polarization curve with the contribution of partial losses. The total losses

7. are described by the equation (3.11):

Ne =10 +Nq+1n, (3.11)

When the potential difference between the cathode and anode is large enough that a current
begins to flow in the system, the value of which will exceed the value of the exchange current, a

nonlinear voltage drop will occur. This decrease is due to the limited reaction speed related to the
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charge transport through the electrode-electrolyte junction. That may cause impurities in the fuel
and the possibility of the reaction going in the opposite direction. The loss 7, is given by the
equation 3.12:

Mo = Eq — AUy, (3.12)

Another source of loss is the resistance losses in the electrodes and electrolytes, as the value of
the current flowing through the electrolyte and electrodes increases, the values of their resistance
increase. They are linear. The loss n,, is given by equation 3.13:

Na = (Ret + Rions) * 1, (3.13)

where:

R,;- electron resistance of the electrodes;
R;,ns- 10NIC resistance of the PEM,;

I - current cell value.

The third main source of losses is limited diffusion in the gas diffusion layers of substrates and
products of the processes taking place. They occur for high current values. Then, the voltage-
current characteristic becomes nonlinear, and there is a rapid increase in the share of

concentration losses in the balance sheet. The loss nc is given by equation 3.14:

RT I
f, = ———In (1 - ) (3.14)

where:
R - gas constant;

Iwax - the maximum current value can be obtained at the maximum speed at which the gas can

be supplied to the cell.
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Figure 3.2 Theoretical polarization curve of FC

3.5. Classification of fuel cells

The most popular method of dividing FCs is based on the material used to build the membrane,
and the type of electrolyte used implies the operating temperature of the entire cell. In order to
construct the table below, it was necessary to download news from various sources and even

from producer catalogs. Table 3.1 lists the types of FCs depending on the type of membrane.

Table 3.1 Fuel cells classification

Standard
Type of ) Energy
Cell type operating o Fuel Source
membrane efficiency
temperature
Low operating
Proton temperature
Exchange Solid state (60 + 100)°C [10],
) ] (60% + 80%)  Hydrogen
Membrane polymer high operating [11]
Fuel Cell temperature
(100+ 200)°C
Direct ) Methanol-
Solid state [12],
Methanol (25 + 90)°C About 40% water
polymer ) [13]
Fuel Cell solution
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Standard

Type of ) Energy
Cell type operating o Fuel Source
membrane efficiency
temperature
Low operating
temperature
Microbial Solid state (15 = 35)°C Glucose, [14],
) ] up to 50%
Fuel Cell polymer high operating Wastewater [15]
temperature
(50 + 60)°C
Alkaline The potassium [16],
(65 + 220)°C up to 70% Hydrogen
Fuel Cell base [17]
Low operating
] temperature (35 + 45)%,
Phosphoric ) )
) Orthophosphoric (130 + 180)°C in Hydrogen, [16],
Acid Fuel ) ) i _
Cell acid high operating cogeneration  natural gas [18]
ells
temperature (180 up to 80%
+220)°C
Molten ) up to 60%, in [19],
Potassium .
Carbonate (600 + 700)°C cogeneration ~ Hydrogen, [20],
carbonate
Fuel Cell ,upto 80%  methanol, [21]
o Medium operating natural gas,
Xygen .
yg- temperature _ digester
) ) ceramics, in [22],
Solid Oxide N (550 + 800)°C _ gas,
Fuel Cell stabilized hidh ¥ cogeneration [23],
uel Cells igh operatin i
zirconium, or gnop g up to 80% synthetic [24]
) temperature gas
yttrium
(700 + 1000)°C
Continued

3.6. Microbial fuel cells

3.6.1.

Historical view

The phenomenon of the release of electrical energy by bacteria and fungi was studied

and described by M. Potter in 1911 [25]. The same phenomenon of the release of electrons by

microbes was confirmed by Cohen only 20 years later. The inventor called this a half-cell electric

device [26]. Due to the characteristic feature of energy recovery devices, the low energy density

obtained, this technology was not developed so intensively. In 1962, Davis defined the Half-Cell

of Cohen as MFC [27]. A breakthrough period for the MFCs was the National Aeronautics and

Space Administration space programs in which it was planned to potentially use this technology

to convert biowaste into energy in spacecraft [28]. Since the late 1990s, research into MFC
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technology and its potential applications have become particularly important in the fight against

environmental issues [15], [29].

3.6.2. Principles

MFCs work much like FCs powered by gaseous hydrogen. Still, MFC fuel delivered to the
anode could be any organic matter containing hydrogen. MFCs convert the energy of substances
containing hydrogen, such as acids or hydrocarbons, into electric energy through microbial
consortia (also named microbial culture) metabolic processes. In the basic MFC, the anode and
cathode are placed in separate chambers filled with aqueous solutions separated by a membrane.
MFC has attracted great interest in the scientific community since the beginning of this century,
which has resulted in a significant amount of research focused on developing MFC technology.

The general concept of MFC is presented in Figure. 3.3 [14], [30].
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Figure 3.3 General concept of MFC

However, the MFC's energy-generating ability has not increased significantly. In recent years, the
power generated by MFCs has remained relatively low due to the difficulties in scaling the
technology. The use of MFC as a power systems is limited. Attempts to scale up by increasing
the size of the electrodes have failed because of the mistaken assumption that the relationship
between the amount of power generated by the MFC and its size is linear. The researchers note
that MFCs are more energy-efficient when used with miniaturized cells. Parallel to the cell size

reduction, the gross EE of the system increases. This led to a new approach to scaling based on

24



miniaturization and replication. The resulting MFC microcells can be electrically connected in
series to increase the total potential and, in parallel, to increase the total current. However, for
this approach to succeed, the cell voltage reversal and ion short-circuit issues must be addressed.

Figure 3.4 shows the typical polarization curves of the MFC with the contribution of partial losses.
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Figure 3.4 Typical polarization curve of MFC
3.6.3. Applications

Nowadays, using MFC technology in commercial solutions requires additional efforts from
scientists. However, MFCs can be used for combined wastewater treatment, power generation,

and other technologies such as biosensors and bio-inspired robots.

The global efforts focus on reducing greenhouse gas emissions and increasing the EE of the
waste treatment processes [31], [32]. In this sector, the MFC is a promising device that could
generate energy by using wastes, mainly wastewater, as fuel [5]. In this application, the MFC
couples sustainable energy generation with wastewater treatment, which could reduce the
environmental impact of the conventional energy generation process. Comparing the energy
demand of conventional wastewater treatment with MFC wastewater treatment shows the

possibility of reducing the energy demanded by treating one unit of sewage by up to 80% [6].

Additionally, to maximize the EE of the MFC wastewater treatment technology, it could be coupled
with the extraction of metals from mineralized wastewater [33]. The proposed solution is relatively
new and requires further electrochemical research and the development of energy harvesting

methods.

The proposed project investigates the correlation between MFC operating parameters and treated
wastewater or sewage quality. The experimental study focuses on treating the aqueous liquid

current from a mining site. Raw acid mine drainage effluent from the mine is processed
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simultaneously with general wastewater from urbanized areas. MFC will be used to perform the
cathodic electrodeposition of the metals in acid mine drainage. The anode fuel is a readily
biodegradable carbon source from easily accessible waste streams (domestic wastewater or

agro-food effluents).

A conventional wastewater treatment process consists of three stages: mechanical, chemical,
and biological. This treatment may be considered the final third stage in the wastewater treatment
process. Initial characterization of the chemical composition of the acid mine drainage is

necessary to design the synthetic acid waters used in the proposed solution.

3.7. Conclusions

In this chapter, fundamental information about FC technology is presented. Various types
of FCs are discussed, highlighting their basic characteristics. A more detailed examination is
provided for MFC technology, including its origin, construction, and potential applications. The
chapter delves into the development history of MFCs, explaining the principles behind their
operation, the materials and methods used in their construction, and the diverse range of

applications where this technology could be effectively utilized.
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4. INFLUENCE OF THE FLOW RATE ON THE PARAMETERS OF
MICROBIAL FUEL CELL

4.1. Introduction

MFCs are bio-electrochemical devices wherein the reduction and oxidation reactions,
typically carried out by microorganisms, occur in separate compartments. In MFCs, we can
distinguish four main areas of variables controlling the performance: fluidic, thermal, bio-chemical,
and electrochemical. One of the variables controlling the performance of the MFC is the change
in the flow rate profile. Variations in the fuel flow rate in conventional hydrogen FCs cause
changes in the partial pressure exerted on the PEM, thereby changing power output [34]. In the
case of the MFC, the analysis of the changing flow rate should also consider the biological factor.
The microbial consortia of MFC have been described based on a pure or mixed culture [35], [36],
[37], [38], [39], [40]. The MFCs with pure cultures are operationally stable and yield very high CE
values [41]. However, pure cultures are distinguished by several inherent limitations, including a
heightened susceptibility to microbial contamination and a high degree of sensitivity to low
substrate doses. The MFC operated with mixed cultures, and this type of limitation was
significantly reduced [42], [43], compared to MFCs where consortia of microorganisms compete
for the same substrates [44], [45]. The competition that ensues is indicative of the survival of the
fittest microorganisms [46]. Because of that, the MFCs operated using mixed cultures achieve
substantially greater output power densities than those operated with pure cultures. The activity
of the microorganism consortium depends on the operational conditions within the MFC.

Considering the electrochemical performance, it is imperative to acknowledge that the operational
conditions maintained throughout the process significantly influence the steady-state output
power density of the MFC [47], [48]. In the literature, it has been observed that the output power
is mainly affected by Organic Loading Rates (OLR) [49], pH [50], [51], temperature [52], [53],
solids retention time [47], [54], hydraulic configuration [55], [56], [57], [58], HRT [56], external load
[59], [60], the type of the membranes used [61], [62], reactor configuration [63], type of wastewater
[64], [65], anode potential, etc. Unfortunately, the impact of fluctuations in the flow rate of domestic
wastewater on the efficacy of MFCs has not been adequately documented in the literature. A
comprehensive understanding of this influence is required to successfully implement MFC

technology as a low-energy cost for a domestic wastewater treatment system.

This part of the Chapter presents research on the dependence of the short-term effects of varying
influent flow rate profiles on electric energy output and the quality of effluent purification of
wastewater treatment processes. During laboratory tests, efforts were made to isolate the flow
profile from other operating conditions, i.e. pH, substrate concentration, and external load. The
research was focused on the influence of the flow rate on the output current density and the COD

removal effect.
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4.2. Objectives

The main goal of the research presented in this Chapter is to analyze the short-term effect
of the influent flow rate on the output of electric power generation and (synthetic) domestic

wastewater purification level of the MFC system. Specific objectives are as follows:

e To study the effect of the base load profiles with polarization and power curves

on the cell performance;

e Analysis of the MFC performance related to electric power generation output

parameters, CE, pollutants removal rates at the selected operating conditions;

e Quantitive analysis of the quality of the treated wastewater by measurements of
Volatile Suspended Solids (VSS) and COD;

e Analysis of the flow-type MFC mathematical model performance and model

parametrization estimation.

4.3. Materials and methods

4.3.1. Experimental research assumptions

In the experimental study of the effect of the change of the flow rate profile on MFC
performances, attempts were made to perform the experiments taking into account the constancy
of the laboratory experiment conditions. For this purpose, the influence of individual phenomena
accompanying the normal operation of MFCs would be eliminated or negligibly small. The
proposed cells had a minimal volume to eliminate turbulent flow during the experiment. Care was
taken to keep the COD value constant to avoid the effect of the COD changes on the Open Circuit
Voltage (OCV) of MFC during the laboratory experiment. It was decided to use an air-breathing
cathode to minimize the energy demand needed to sustain the electrochemical reaction inside
the MFC. The laboratory experiment results of this study were used to parameterize the MFC
mathematical model. This study does not address the carbon footprint issues associated with
using MFC.

4.3.2. Experimental setup

Prepare the experimental conditions to be as close as possible to the natural conditions of the
wastewater treatment plant (WWTP). For this purpose, the synthetic wastewater was prepared
on the basis of the compositions presented in [66]. This study analyzes the effect of the influent
flow rate on the output of electric power generation, COD removal rate, COD removal efficiency,
and CE. Experiments were conducted at varying flow rates while maintaining a constant substrate
concentration at an approximate level of 322 mgCOD/L (chemical oxygen demand per liter), which
aligns with typical values observed in domestic wastewater [54]. Laboratory experiments
investigated the effect of a short-term change in the flow rate profile. Because of that, it was
assumed that the medium inside the cell should be exchanged in the range descending from 120

s to 12 s, which means HRT was changed from 120 s to 12 s. A shorter HRT was impossible to
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achieve due to the risk of washing out the bacteria from the MFC chamber. Initially, the influent
flow rate increased stepwise, from 0.72 to 7.20 L/d (liter per day), and afterward, the influent flow
rate decreased stepwise. The proposal experiment work was planned to evaluate the possible
hysteresis of the flow rate effect. Each level of the influent flow rate was maintained for 24 hours
to ensure a steady state and evaluate the short-term effects occurring in MFC [54]. The results of
the experimental investigation were used as the basis for parameterizing the mathematical model
of the MFC proposed in [67]. That model is further developed considering the influence of flow

rate on MFC performance determined in this Chapter

The experimental work was conducted in a two-chambered early-stage device of MFC. The
anodic and cathodic chambers had a volume of 0.93 cm?® and 0.53 cm?, respectively. Both
chambers were constructed using graphite plates. The electrodes of the anode and cathode had
active areas of 2.65 cm? and contained carbon papers of Toray TGPH-120 (E-Tek, USA). A layer
of 0.5 mg Pt/cm2 was deposited on the surface of the cathodic electrode to take advantage of the
catalytic properties offered by the Pt presence [61]. Due to the elevated flow rates of the medium,
it was necessary to improve the mechanical properties of the electrodes. Because of that, the
anodic and cathodic electrodes were doped with 20% and 10% Teflon, respectively. The anode
and cathode were connected by wires and an external resistance of 120 Q to close the electrical

circuit externally.

The anodic chamber was supplied with synthetic wastewater, although the cathodic chamber was
opened to the atmosphere to take oxygen from the air. A Proton Exchange Membrane (PEM) was
used for the anodic and cathodic chamber separation. The task of the membrane was to block
the flow of electrons while opening channels for the flow of hydrogen protons. Because of that,
the Sterion® membrane with high ionic conductivity (0.9-0.02 meqg/g) and low electronic
conductivity (8-102 S/cm) was used. The MFC was configured as an MEA to reduce the internal
resistance to a minimum. The preparation of MEA involved using a hot-pressing method between
two stainless steel blocks with heating surfaces and a system for controlling temperature. The
hot-pressing process took place at 130 °C with a load of 1 Ton applied for 15 minutes. A schematic

view of the MFC is presented in Figure 4.1.
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Figure 4.1 MFC schematic view of experiment setup

4.3.3. Anolyte composition

To facilitate the setup for experiments, such as in the case of the WWTP, the anodic
compartment of the MFC received activated sludge from the Ciudad Real WWTP. Afterward, the
mixed microbial culture underwent a four-month acclimatization process to adapt to the MFC
operational conditions. The anodic chamber was linked to a 0.25 L auxiliary tank during this
process. On the first day, this tank was filled with 0.2 L of activated sludge inoculum and 0.05 L
of wastewater, which was then recirculated at a flow rate of 0.75 L/d. Subsequently, a daily purge
of 0.05 L of the tank's liquid bulk took place, and it was replaced with fresh synthetic wastewater.
The synthetic water used in this study has biochemical properties that make it suitable for
assuming neutrality for microbes within the MFC. Following acclimatization, the MFC operated
continuously, and the wastewater was supplied at a flow rate of 0.75 L/d. The medium supplied
to the MFC was sterilized synthetic wastewater from a wastewater reservoir of 5 L. The

components and concentrations of the synthetic wastewater can be found in Table 4.1.

Table 4.1 Synthetic wastewater composition

Component Concentration (mg/L)
Fructose 161.0
Glucose 161.0
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NaHCO3 111.0

(NH4)2504 74.2

KH2PO4 445

MgCI2 37.1

CaCl2 30.7

(NH4)2 Fe(S04)2 3.1
Continued

4.3.4. Sampling and analytical methods

To evaluate MFC performance in terms of electric power generation parameters under
specific operating conditions, the MFC voltage (vmrc) between the terminals was continuously
observed with a digital multimeter (Keithley 2000). The MFC voltage is directly proportional to the
electric current (ivec) flowing between the electrodes through the Ohm Law. The power density
was determined by dividing the obtained power by the anode surface area. Polarization curves
were performed using potentiostat/galvanostat Autolab PGSTAT30 (Ecochemie, The
Netherlands), with a scan rate of 1 mV/s and a step potential of 1 mV. These curves allow for the
discerning of three critical parameters of MFC performance: the OCV (Vocv), the short-circuit
current (Imax), and the maximum achievable power (Pmax). The internal resistance (R;,:) is
calculated from the power Pmax and the current density at B, (Ipmax) USINg the formula as

follows:

P
Rine = ¢ e (4.1)

Imax)z

The Volatile Suspended Solids (VSS) were performed to assess the water quality. The standard
methods presented in [68] were used to determine VSS concentrations. The concentration of
COD was determined using a spectrophotometer (Pharo 100 Merck). The pH was measured
using pH meter PCE-228 (PCE Holding GmbH, Hamburg, Germany). The COD removal rate was
calculated through equation 4.2, and COD removal efficiency (CODem) Was obtained with

equation 4.3:
COD, — COD;) -V
r= ( 0 f) (4.2)
%
cop,, = 0P —CODr 4 ihy, 4.3
rem — CODO . 0 ( . )

where: COD, represents the influent COD concentration, grams per liter (g COD/L), CODs

corresponds to the effluent COD concentration, grams per liter (g COD/L), V is the flow rate, liters

per day (L/d), and V is the volume of the anodic chamber in liters (L)

The CE was calculated as follows:

31



t.
_ Mfo impcdt
" Fn,VACOD

where M is the molecular weight of oxygen (32), I corresponds to the current intensity generated

CE (4.4)

by MFC, F is Faraday's constant, n, the number of electrons transferred per mole of COD
removed (for glucose and fructose, 4 moles of electrons/mol of COD), V is the volume of liquid in
the anode compartment, and ACOD idicates the variation in COD concentration over the time

period.

The value of the number of moles of electrons produced per mole of substrate measured as COD
is 4 as can be observed in the reactions occurring in the anodic chamber of the MFC [68]. The
presented reaction in equations 4.5 and 4.6 requires additional comments regarding CO:
emissions. In this case, CO2emission is a metabolic product of bacteria and one of the side effects
of MFC electric energy generation. It is also observed with conventional WWTPs [32], and it is
worth mentioning that in this case, it is no energy gain such as in MFCs. There are concepts for
minimizing the carbon footprint of MFCs [14], [15], however, they go outside of the goals of this

study:

Global reaction:

C¢H,,0, + 60, — 6CO, + H,0 (4.5)
Anodic oxidation:
C¢H.,04 + 6H,0 - 6C0O, + 24H* + 24e” (4.6)
Cathodic reduction:
0, + 4H* + 4e~ - 2H,0 4.7)

Biomass characterization was conducted using a MALDI-TOF AXIMA (Shimadzu). The matrix
solution for the analysis was prepared by saturating a-cyano-4-hydroxycinnamic acid in
acetonitrile:water acid (1:48:2) solution. The microorganisms were dehydrated with 75% ethanol
and then centrifuged at 1000 rpm for ten minutes. Following centrifugation, the supernatant was
discarded. The biomass was then recovered from the precipitate using 20 pL of an
acetonitrile/formic acid/water (50:35:15) solution, according to established procedures in the
literature [69].

4.4. Results and discussion

4.4.1. Influence of the flow rate on output current density and chemical oxygen demand

removal

As previously stated, the medium flow was modified in a stepwise manner. In order to test
for the existence of hysteresis of electric MFC output, forward and reverse scans were carried

out. Figure 4.2 presents the voltage output for the different influent flow rates studied [D1].
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Figure 4.2 Effect of the influent flow rate on the steady-state voltage output

The voltage output showed a significant increase, rising from 6.5 mV to 10.0 mV, as the influent
flow rate surged from 0.72 to 7.20 L/d. This can be attributed to the fact that higher flow rates
provide more organic load for microbial oxidation. Gude [70], also demonstrated this
phenomenon, noting that higher OLR led to higher electrical energy outputs. Furthermore,
increased flow rates result in turbulence, which promotes more efficient mass transfer within the
biofilm along with the higher OLR. This, in turn, enhances diffusion and proton-motive potentials,
ultimately leading to improved electrochemical performance of the MFC in terms of electric power
generation [71]. In Figure 4.2, it can be observed that there was a linear trend with a slope of 0.85
mV per L/d during the forward scan, showing a regression coefficient of 0.957. Following the
completion of the forward scan, a reverse scan was conducted, revealing a decrease in the
voltage output from 10.0 mV to 8.0 mV. A linear trend was also detected during the reverse scan.
However, the decrease in the output current density was not as large as expected, at 0.47 mV for
each L/d decrease in the flow rate. The regression coefficient was 0.923, resulting in higher
voltages than those obtained in all cases in the forward scan at the same influent flow rate. The
behaviors observed in the forward and reverse scans made a hysteresis loop. This behavior may
be explained by the proliferation of electrogenic microorganisms or by the enhanced development

of electrogenic metabolisms during the experiments conducted at high flow rates.

The mineralization of the effluent was assessed to determine if the rise in electric power
generation was associated with increased COD removal. To accomplish this, the influent and

effluent COD was analyzed, and the COD removal efficiency and rate were determined. The COD
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removal efficiency and the COD removal rate as functions of the influent flow rate are presented
in Figure 4.3 [D1].

In Figure 4.3, it is evident that the flow rate surged from 0.72 to 7.20 L/d, increasing the COD
removal rate by 235% and reaching the value of 331.6 g/(L d). This upward trend continued even
during the reverse scan. As the flow rate decreased from 7.2 to 5.4 and then to 3.6 L/d, the COD
removal rate further increased to 396.4 g/(L d). The inertia of the MFC may explain this behavior.
According to the literature, exposure to high OLR could lead to biomass growth and/or an increase
in microbial enzymatic production for maximum COD degradation [47, 70]. In this case, this effect
was sustained for about 60 hours, indicating enhanced enzymatic activity as a possible
explanation. Finally, when the flow rate decreased to 0.72 L/d (value of initial flow rate), the COD
removal rate decreased to 187.5 g/(L d). Notably, in all cases, the rates of removal of chemical
oxygen demand (COD) were higher in the reverse scan than in the forward scan. The removal

rates reached a peak of 396.4 g/(L d) in the reverse scan at an influent flow rate of 3.6 L/d.
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Figure 4.3 Effect of the influent flow rate on the COD removal efficiency and rate

Conversely, the efficiency of substrate removal dropped from 57% to 13% as the inflow rate
increased during the forward scan. The lowest COD removal efficiency was achieved when
operating at the highest inflow rate, specifically 7.20 L/d. Subsequently, the efficiency of substrate
removal increased from 13% to 75% as the inflow rate decreased in the reverse scan. Once
again, it appears that the MFC exhibits better electrochemical performance in the reverse scan

than in the forward scan, with an increase of approximately 25%. However, to finally verify the
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hypothesis, additional tests should be carried out in the opposite order of increases and
decreases in flow.

The relationship between influent flow rate, OLR, turbulence, and HRT in the anodic chamber can
explain the observed behaviors. With higher influent flow rates, there is an increase in OLR and
turbulence, and a decrease in HRT. This leads to enhanced mass transfer, making more substrate
available for oxidation by the mixed microbial culture. As a result, the amount of COD removed
increases, even though the percentage of COD removed decreases at higher OLR. Also, the
reduced HRT due to higher influent flow rates results in less time for microorganisms to degrade
the incoming substrate [14], [72], [73]. It can be seen in Figure 4.4, it is evident that the behavior
of MFC differed during the forward (decreasing flow rate) and reverse (increasing flow rate) scans,
in terms of both COD removal efficiency and COD removal rate. The presence of hysteresis also
indicates that behavior of the microbial culture shifted after the influent flow rate tests [52]. As in
the output voltage case, the hysteresis curve can be attributed to the expansion of electrogenic
microorganisms or the heightened synthesis of enzymes during periods of high load. In these
conditions, the increase of COD removal was maintained for about 48 h. Hence, in such
scenarios, the microbial culture in the MFC was capable of breaking down COD at increased
rates.
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Figure 4.4 Dependence of output voltage in the function of influent flow rate for forward and reverse scan

Once the current density output and the COD removal rate had been evaluated, similar trends
were observed for both parameters. In addition, it is important to analyze both cases and check
whether or not the incise was CE proportional. A parameter involving both variables, the CE, was
examined to do that.
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4.4.2. Influence of the flow rate on the coulombic efficiency

The CE in both forward and reverse scans was determined to assess the change in the
efficiency of converting chemical energy into electrical energy. Figure 4.5 [D1] shows how the
influent flow rate affected the CE in both scans. The CE experienced a decline from 0.27% to
0.20% with an increase in flow rate from 0.72 to 1.8 liters per day (L/d). As the flow rate continued
to increase from 1.8 to 7.2 L/d, the CE remained relatively constant. In the reverse scan,
decreasing the flow rate led to a decrease in CE from 0.22% to 0.14%. Surprisingly, by reducing
the flow rate to 0.72 L/d, the CE experienced a significant increase, reaching 0.25%. Figure 4.5
also showed that the CE for the same flow rate was lower in the reverse scan than in the forward
scan, demonstrating a shift in the behavior of the microbial culture. This trend can be attributed
to the fact that while microorganisms degraded more COD in the reverse scan, they utilized less
substrate for electric power generation, resulting in a lower CE value. The results are in line with
the data shown in Figures 4.2 and 4.3, indicating that the COD removal increased at a higher rate
compared to the electrical energy output.
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Figure 4.5 Dependence of CE on the influent flow rate

At higher flow rates and OLR, non-electrogenic microorganisms consumed more COD without
generating electric power. In Figure 4.5, it was observed that the COD removal efficiency was
lower at high OLR. This could be due to increased substrate consumption by non-electrogenic
microorganisms, including sulfate-reducing bacteria or methanogenic archaea [74] and also due

to the intrusion of oxygen through the PEM [75], whose dissolution is favored at high flow rates
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[76]. Based on previous research findings, it has been suggested that the increased OLR
encountered by the microorganisms capable of generating electricity may lead to a reduction in
CE. [77]. To verify the statements, the microbial population was characterized using MALDI-TOF
analysis. After the flow rate tests, it was noted that the distribution of microbial populations was
similar, with an increase in the presence of microorganisms from the Clostridium genus, a main
fermenter strain with limited electrogenic abilities. Additionally, a gravimetric analysis indicated
an increase in the concentration of microorganisms in the MFC. These results indicate that the
increased electric power generation was associated with higher concentrations of

microorganisms.

The most efficient CE and COD removal occurred at the lowest flow rate, based on the results.
However, higher influent flow rates led to improved COD removal and electric power generation
rates. Because of that, for practical applications in industrial-scale plants, the system design
should aim to meet discharge limits set for receiving water bodies by balancing the high
percentages of COD removal and CE achieved at low influent flow rates with the improved COD

removal rates and electricity generation observed at higher influent flow rates.

4.4.3. Performance modeling of the microbial fuel cell

To evaluate the short-term impact of influent flow rate changes on MFC performance,
polarization curves were modeled both before and after conducting stepwise flow rate tests. Both
tests (before and after) were performed at the initial flow rate value of 0.72 L/d. The polarization
and power density curves shown in Figure 4.6 [D1] have slight differences, suggesting that the
changes in influent flow rate during the test affected the behavior of the MFC. The maximum
power density, OCV, and internal resistance were determined from these polarization curves.
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Figure 4.6 Polarization and power curves of the MFC before and after the experiments

The polarization curves for theoretical FC have three distinct regions where various types of
losses contribute to reducing the output current. First, the kinetic limitation dominates at low
current densities. Second, the intermediate region is governed by ohmic limitation. Finally, the
transport limitation is found at high current densities [30]. Only the ohmic and transport limitation
regions were observed in the polarization curve obtained in this study (refer to Figure 4.6). This
indicates that the primary limitations were ohmic losses and mass transfer losses. Ohmic losses
in the MFC arise from resistance linked to ion conduction in the solution, membrane, and electron

flow through the electrode.

Conversely, mass transfer losses occur when the reactant flux to the electrode or the product flux
from the electrode is insufficient, thereby limiting the reaction rate. It was observed that the
reduction in ohmic losses became less pronounced after the flow rate tests, and a similar trend
was seen with mass transfer losses. This suggests that the limitations were partially mitigated
after conducting experiments with higher influent flow rates. To assess these effects, Table 4.2
presents the maximum power and current density outputs of the MFC before and after the flow

rate tests.
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Table 4.2 Polarization and power curves parameters

When Pmax (MW/m?) jmax (MA/m?)
Before the tests 16.5 122
After the tests 17.7 130

In Table 4.2, it was observed that the maximum power density achievable with the MFC increased
from 16.5 to 17.7 mW/m?, and the maximum current density increased from 122 to 130 mA/m?.
These results are consistent with the behavior of electric power generation described in Section
4.4.1, where the current density output under short circuit conditions at the end of the experiment
exceeded the initial value. This indicates that the electrogenic activity of the MFC was enhanced

following exposure to high influent flow rates.

After conducting influent flow rate tests on the MFC to improve its performance, the results of the
polarization curves were analyzed using a mathematical model suggested in existing literature
[67]. In Equation 4.8, the MFC output voltage is determined by subtracting several voltage losses
from the maximum achievable potential, i.e., the OCV (Eocy). These losses include activation
losses, represented by the term [ - log(iyrc), ohmic losses, represented by R; - iy, and mass

transfer limitations, represented by the empirical term —m - exp(n * ippc)

Emrc = Eocv — U+ 1og(iypec) — Ri - impc —m - exp (0 iypc) (4.8)

The results indicated that the Eocy values remained unchanged at approximately 0.3 V before
and after the flow rate tests. This consistency suggests that variations in flow rate had no impact
on the output standard voltage. The reason for this is that the flow rate tests do not impact the
reactions occurring in both the anode and the cathode. When it comes to the activation losses,
all the experimental data sets were adjusted using the same b value of 0.005 V/decade, indicating
minimal short-term effects of the influent flow rate changes on the bioelectrocatalytic activity of
the MFC. This b value aligns with the standard value found in the literature when fitting
polarization curves [67] of MFC operating with bioanodes. After the flow rate tests, a different
internal resistance (Rin)) value was observed, with the value before the tests being about 20%
higher than after the tests. This indicates that the flow rate modifications influenced the MFC's
internal resistance. Given that neither the wastewater composition nor the MFC configuration was
altered, the most likely explanation is an increase in the concentration of electrogenic
microorganisms performing the electrogenic reactions. As previously mentioned, microbial
composition was analyzed using MALDI-TOF, revealing a slight increase in Clostridium presence
and overall biomass concentration after the flow rate tests. Thus, the observed changes in the
MFC can be attributed to the growth of electrogenic microorganisms. Finally, mass transfer

limitations were also studied.

The fitting values for the parameter mmm remained consistent in both scenarios; however, the

parameter nnn decreased by approximately 5% following the flow rate tests. The nnn parameter
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is associated with the threshold value that induces deviations in the voltage linearity due to mass
transfer limitations. Because of that, the alteration in the n parameter value indicated that different
mass transfer limitations occurred before and after the flow rate tests. Table 4.2 shows that the n
parameter decreased after the flow rate tests, suggesting that the threshold current density for
the limitations decreased after the tests. This outcome suggests a direct correlation between the
flow rate changes and the limitations experienced during mass transfer. Considering that similar
microbial populations (Geobacter and Clostridium) were observed in both tests, and the same
flow rate and substrate concentrations were used, these limitations could only be attributed to the
increase in electrogenic microorganism concentration in the MFC. In the case of MFC technology,
both direct and indirect electron transfers are influenced by the biomass concentration in the
system [78]. Therefore, higher biomass concentration in the examined range results in enhanced

electrogenic performance of the MFC.

The results of model parameter estimation are summarized in Table 4.3, and modeling results

are shown in Figure 4.7 [D1]

Table 4.3 Parameters values obtained in modeling the polarization curves

Parameter
L Correlation
Polarization curve | R; m n
Eocy (V) coefficient
(VYA) Q) V) (A1)
RZ
Before the tests 0.3 0.005 1.86 0.005 121.2 0.999
After the tests 0.3 0.005 1.52 0.005 115.4 0.999
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Figure 4.7 Simulation of the polarization curves that were acquired by the flow rate test at 0.72 L/d.

4.5. Conclusions

This Chapter addresses one of the most significant challenges related to the real-world
implementation of MFCs, namely handling changes in flow rate. For this reason, the short-term
effects of flow rate variations were investigated.

The results show that surge of the flow rate from 0.72 to 7.2 L/d enhanced both electricity
generation and COD removal rate while reducing COD removal efficiency and CE efficiency. The

increase in flow rate leads to higher organic loading rates, intensified mixing, and reduced mass
transfer limitations.

During the return to the initial conditions of flow rate was observed a hysteresis loop which was
caused by the growth of the microbial culture when exposed to high OLR. The CE efficiency

values reflect a decrease in electrogenic activity at high flow rates.
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5. THE EFFECT OF EXTERNAL LOAD ON THE PERFORMANCE OF
MICROBIAL FUEL CELLS

5.1. Introduction

In the MFC, microbial cultures can be involved in oxidation and reduction processes. An
active microbial culture at the anode typically oxidizes organic substrates, releasing electrons to
the anode and protons into the liquid bulk. At the cathode, the electrons and the protons are used
to reduce an oxidant, usually oxygen [4]. The movement of electrons through an external electrical
circuit generates an electric current, while the protons are conveyed to the cathode by passing
through the membrane. The major limitation of MFC technology is its low power generation
density [7]. However, MFC power density may increased by enhancing favorable operating
conditions such as COD, pH, flow rate, temperature, or configuration options such as electrode
area, external load, etc. [8-17]. One of the most relevant variables is the external load. The
external load controls the current and cell voltage output [18]. The external load can be classified
as either high or low resistance, with this classification referring to the internal resistance of the
MFC. A high external resistance leads to a high cell voltage and low current, while a low external
resistance results in a low cell voltage and high current. High and low loads can be subcategorized
as passive ones, i.e., simple resistors, and active ones, i.e., DC-DC converters with pulse-width
modulation of internal transistor bridge. According to Jacobi's law, the maximum power
transferred from a source to a load occurs when the values of load resistance and the internal
resistance of the source are the same [19]. One of the key aspects of energy generation in MFC

technology is maximizing power or efficiency based on modifying external load [20-22].

The effect of the external load over batch-operated MFC was described in [23]. However, for full-
scale implementation and process automatization, studying the influence of external load on MFC
performance during continuous mode operation is required. Because of that, this Chapter focused
on studying the effect of passive external load value on the performance of MFCs. Attention was
paid to the electric energy generation, fuel consumption, and microorganism consortia of the

anodic compartment.

5.2. Objectives

The main goal of this Chapter is to analyze the effect of the varying external load on the
output parameters of electric power generation and (synthetic) domestic wastewater purification

level of the MFC. The partial objectives were the following:

e Analysis of the performance of MFC related to an output voltage level for the

selected operating conditions, CE, and pollutants removal rates;

o Evaluate the quality of the treated wastewater by studying the effect of the varying
external load on the anode pH, VSS, and Volatile Fatty Acids (VFA);
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e Determination of the correlation of changes in the bacterial population under the

influence of changes in the external load of the MFC.

5.3. Materials and methods

5.3.1. Experimental research assumptions

In the experimental study of the effect of the passive external load level, attempts were
made to perform the experiments considering the constancy of the laboratory experiment
conditions. For this purpose, the influence of individual phenomena accompanying the normal
operation of MFCs would be eliminated or negligibly small. The proposed cells had a minimal
volume to eliminate turbulent flow during the experiment. Care was taken to keep the COD value
constant to eliminate the influence of the COD changes on the OCV of MFC during the laboratory
experiment. The experimental laboratory results of this study were used to develop the MFC

mathematical model.

5.3.2. Experimental setup

Based on the experience from previous laboratory experiments, the same MFC is used
to study the effect of the passive external load on the performance of the MFC. The MFC operated
continuously, with various passive external loads connected to the load circuit. These
experiments maintained a constant influent flow rate of 7.2 L/d. The experiment lasted for 92 days
and involved using a two-chambered MFC. The cathode and anode were connected using an
external resistance (Rext), which was altered in various experiments. To observe the effect of the
external load, direct and reverse scans are used to test the performance of MFC under varying
external resistances. In a direct scan, the external resistance is increased stepwise, while in a
reverse scan, it is decreased stepwise. The range of loads selected for the study was designed
to encompass the internal resistance value of 2210 Q, as well as values both above and below
this threshold. Consequently, the range from 120 Q to 3300 Q was chosen based on the
information in [25]. Starting with an initial external resistance of 120 Q, the resistance was
gradually increased to 560, 1000, 1500, 2200, 2700, and 3300 Q. After reaching 3300 Q, the
external resistance was stepwise decreased back to the initial 120 Q. Figure 5.1 presents the

setup used in this work.
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Figure 5.1 Setup configuration

The electrogenic culture described in the literature [26] was used to inoculate the anodic
compartment. The MFC used in this study was operated continuously by feeding the anodic
chamber with synthetic wastewater at a flow rate of 7.2 L/d. The synthetic wastewater composition
is presented in Table 4.1. The synthetic wastewater underwent a sterilization process at 105°C
for 30 minutes to guarantee consistent and reproducible conditions [27]. According to the

literature, an air-breathing cathode was used because of its high performance [28].

5.3.3. Characterization techniques and analytical methods

The MFC operation was continuously monitored using a digital multimeter connected to
the Rext. The potential (Vvrc) was directly related to the electrical current (Ivrc) between the
external load terminals by Ohm's law. Power was calculated using the relationship between | and
V. In this setup, the electric current was generated due to the anodic oxidation process of the
organic compounds in the synthetic wastewater supplied to the MFC. The oxidation process was
observed by determining the COD removal rate (rcop), measured as mg COD/h, and the COD
removal percentage (CODrem) [29]. These parameters are calculated according to equations 5.1

and 5.2, respectively,

Tcop = V -ACOD (51)
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ACOD
CODrem =

. 0,
Cop, " 100% (5.2)

where V is the influent flow rate ACOD is the COD removed from the wastewater and COD, is the

initial COD concentration of the wastewater. The initial concentration was about 343 mg/L.

According to the literature, spectrophotometric and gravimetric methods measured the COD and
VSS concentrations in the anodic effluent, respectively [30]. The pH measurement was performed
on the influent and effluent medium. The pH value was determined by using pH meter PCE-228.
The biomass populations were characterized by using MALDI-TOF Axima Assurance (Shimadzu
Corporation). The matrix solutions were prepared according to the procedure outlined in the
literature [8]. The effluent concentration of acetic, propionic, and butyric acids was determined
using gas chromatography (Perkin Elmer) with flame ionization detection, following the procedure
described in the literature. [31].

5.4. Results and discussion

5.4.1. External load effect on electric parameters

The influence of the external load on electric energy generation was studied taking into
account the current and power output. The electrical current output by the cell at various external
loads is presented in Figure 5.2 [D2]. The results were recorded at the steady-state response to
ensure reproducibility. Figure 5.2 shows a decrease in current as the external load increases.
This observation can be attributed to the external load's influence on the relationship between
current generation and cell voltage [12]. The literature has described that high external resistance
leads to high cell voltages and low currents. [21]. The most significant changes occurred when
the external load resistance increased from 560 to 1500 ohms, reaching a minimum current of
0.02 mA when the external resistance of 3300 ohms was applied. After completing the direct
scan, the performance of a reverse scan was carried out to compered the intensity obtained when
the external resistance was stepwise increased and then stepwise decreased. Contrary to the
expectations, the intensity output by the MFC did not increase during the reverse scan. The
current was kept almost constant around 0.02 mA independently of the external resistance
applied. Because of that, the current generated by the MFC for each external resistance was
higher in the direct than in the reverse scan. In other words, after the operation with high external
loads, the intensity output decreased. This behavior indicates that the system has permanently
changed due to exposure to high external resistances. This change can only be explained by a
shift in the population distribution. Previous research suggests that changes in external loads can
affect the growth and population distribution in the biotic compartments of the MFC. [32]. In order
to ratify that, the microbial population was analyzed employing MALDI-TOF, observing the
apparition of Clostridium when the external resistance increased. Other recent research works
have also identified this behavior [33]. The microorganisms in the fermenter have a higher growth

rate of approximately 0.1 h-1 [34] compared to the electrogenic microorganisms, which have a
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growth rate of about 0.05 h! [35]. This could be the reason why the population did not revert to

its initial conditions when the external resistance was decreased.
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Figure 5.2 Current output by the MFC at every external resistance

The Jacobi theorem explains that the highest amount of power can be achieved when the external
resistance matches the internal resistance. Jacobi introduced the maximum power transfer
theorem in 1840, demonstrating that the effectiveness of power transfer can be described as
shown in equation 5.3. When maximum power transfer occurs, the efficiency is only 50%, but it
nears 100% as the external resistance increases towards infinity.

Rext

- 5.3
77]0.(: Rext + Rint ( )

Because of that, to determine the internal resistance of the MFC was carried out a polarization
curve was done using equation 4.1. The analysis revealed that the internal resistance has a value
of 2210 ohms. Figure 5.3 [D2] shows the power generated at various external resistances to verify

Jacobi's theorem.
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Figure 5.3 The power output by the MFC at every external resistance

As shown in Figure 5.3, the power output increment was observed when the external resistance
increased from 120 to 560 Q. The power output increased from 0.4 to 1.4-uW. Then, the
subsequent stepwise increments in the external resistance slightly increased the power output,
reaching a maximum at about 2200 Q, exerting 1.6 pW. This power output value represents the
maximum value obtained with the MFC utilized in this study, thereby validating the Jacobi
theorem. When the external resistance was stepwise decreased, a significant reduction in the
power output was observed from 1.6 to 0.05 pW. It must be remarked that this behavior generates
a hysteresis loop. Because of that, the power output for each external resistance was consistently
higher in the direct scan when the external resistance was stepwise increased, compared to
operating in the reverse scan when the external resistance was stepwise decreased. The
literature reports that these changes may be due to changes in the distribution of the microbial
population within the culture in reaction to modifications in the external load [20]. This change in
the microbial population could be the reason for the reduction in the power output after the
operation under high value of external resistance. In the literature, variations in anodic potentials
during the operation of the MFC under different external loads serve as a determining factor in
the selection of distinct electrogenic microorganisms [36]. The literature reports that these
changes in the distribution of microorganisms could alter the activation losses and internal
resistance of the anode, which depend on the electrochemical activity of the anodic electrogenic

microorganisms [37]. In this study, as mentioned earlier, there was a notable shift in the
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distribution of microbial populations following the experiments, with a significant increase in

fermenter microorganisms, particularly those belonging to the Clostridium genus.

5.4.2. External load effect on fuel consumption

The performance of the microbial culture in the MFC is affected by changes in external resistance,
which makes it interesting to see how it affects fuel consumption. In this case, the fuel refers to
the biodegradable substances in synthetic wastewater. To measure fuel consumption, we
determined the COD of the synthetic wastewater before and after it was processed in the MFC.
Figure 5.4 [D2] shows the COD removal based on the applied external resistance. It is evident
that fuel consumption slightly increased when the external resistance was raised up to the internal
resistance of the MFC value of 2200 Q. When the external resistance exceeded this threshold,
fuel consumption began to decline. This decrease persisted even as the external resistance
values were reduced during the reverse scan. Considering that electric energy generation also
decreases, it was considered attractive to determine CE. The CE is a measurement that indicates
the percentage of electron equivalents converted into electric energy generation when oxidizing
fuel in the MFC. The observed CE values decreased as the experiments progressed. This
decrease may attributed to changes in the population distribution of the previously described
microbial culture. In this scenario, the reduced CE can be explained by the outcompeting growth

of non-electrogenic microorganisms over the growth of the electrogenic ones.
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Figure 5.4 Fuel consumption in a steady state at every external resistance
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To investigate changes in the fuel, experiments measured the pH, production of fermentation
products, and biomass concentration in the effluent marked as VSS. Figure 5.5 [D2] shows the

VSS and pH based on the external resistance.
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Figure 5.5 Volatile suspended solids concentration and pH of effluent at every external resistance

Figure 5.5 reports that the concentration of microorganisms in the outflow remained constant
despite changes in external resistance. However, given that the current produced at higher
external resistances was lower, it can be inferred that the community shifted towards a less
electrically active culture. The pH is a significant factor in the performance of the MFC. This is
because pH impacts microbial metabolic reactions and could potentially halt vital microbial
functions if the microorganisms are exposed to pH levels outside of their optimal range. [38].
Because of that, most MFCs operated at neutral pH to maximize microbial growth [39]. The pH
can influence oxidative metabolisms and affect the proton generation mechanisms and,
consequently, the electron transference to the electrode [40]. In Figure 5.5, it can be seen that
pH was maintained constant, around 6.3, when external resistance was lower than 2200 Q (the
initial resistance value of MFC). This pH is close to the optimal pH for the growth of the
electrogenic microorganisms [79], [80]. When external resistance was increased over 2200 Q,
the pH decreased to 5.8. These results indicate that the acidogenic processes are improved when
the external resistance surpasses the internal resistance2200 Q. Subsequently, in the reverse
scan, as the external resistance decreased from 3300 Q2 to 120 Q, the pH remained in the acidic

range, which is not within the optimal range for electrogenic microorganisms. This behavior may
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be attributed to the proliferation of acidogenic microorganisms, which produce VFA through the
acidogenic fermentation of the substrate, especially under conditions of higher external resistance
compared to internal resistance. These results indicate an irreversible change in the population
distribution during the direct scan, which was maintained even during the reverse scan. This
hypothesis was ratified by the MALDI-TOF analysis previously performed, which identified the
appearance of Clostridium microorganisms when the value of the external resistance overcame
the value of the internal one. In the literature, Pinto et al. report that the development of an
electroactive microbial culture may be achieved by external resistance. In this case, the value of
external resistance needs to be under the value of the internal one. Because of that, the lower
values of external resistance facilitate the electron transfer process, facilitating the development
of the electrogenic culture [41]. In contrast, values of external resistance that are higher than
internal ones facilitate the development of non-electrogenic cultures. The VFA released to the
liquid bulk was analyzed to verify this hypothesis. Finally, in order to determine if the VFA
generation caused the drop in pH, the effluent VFA concentration was determined. The analysis
identified acetic and propionic acid as the main VFA in the anodic effluent. Figure 5.6 presents
the VFA concentrations for each external load studied. The acetic acid concentration was very
similar, about 0.8 mM, for all the external loads studied. The propionic acid concentration
increased significantly from 0 to 0.6 mM as the external resistance was raised. A slight decrease
in propionic acid concentration was noted when the external resistance was decreased.
Consequently, there was an initial increase and subsequent slight decrease in VFA concentration,
as depicted in Figure 5.6. The rise in VFA concentration and dissociation accounted for the
observed pH drop [31].
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Figure 5.6 Acids COD, substrate COD, and total COD of effluent at every external resistance

Figures 5.5 and 5.6 show that increasing the external resistance promoted acidogenic
metabolisms, leading to the growth of fermentative microorganisms without generating electric
energy. According to Rismani-Yazdi et al., the total VFA concentration in the anolyte rose as the
external resistance increased, reaching the highest concentrations when operating at maximum
external resistance [37]. These observations were also previously reported by Picioreanu et al.,
which demonstrated that a higher external resistance, compared to internal resistance,
encourages the proliferation of anaerobic microorganisms [42,43]. The shift from an electrogenic
to a fermentative culture when the system operates under higher external resistances (higher
than internal ones). This value electric parameter increased production of VFA indicates a. This
shift can be explained by higher external resistance, making electron transfer to the anode more
difficult, thereby reducing the electron transfer rate. This difficulty results in a lower growth rate of
electrogenic microorganisms, which in turn leads to decreased current and electrical energy

generation [21].

To determine the electrogenic and non-electrogenic contributions to fuel consumption in the MFC,
we conducted a mass fuel balance based on COD measurements. We considered the influent
COD, effluent COD, and the VFA COD contribution to the effluent to determine the net fuel
consumption in the electrogenic and fermentative metabolisms. Figure 5.6 presents the different

COD contributions as a function of external resistance.

51



Consequently, the effluent COD decreased as the external resistance increased (Figure 5.6).
Specifically, when the external resistance was raised from 120 Q to 3300 Q, the COD of the
effluent substrate dropped from 200 to 100 mg O,/L due to the activity of fermentative non-
electrogenic metabolisms. These metabolisms consumed a significant amount of COD while
releasing VFAs, which contributed to the overall COD of the liquid bulk. Figure 5.6 also indicates
that the VFA contribution to the effluent COD increases with the external load of the system.
Therefore, it can be concluded that increasing external resistance results in higher VFA
production and a lower effluent substrate concentration, attributed to the activity of non-
electrogenic fermentative cultures.To assess net fuel consumption, the substrate removal rate
was calculated, ranging from 3 to 4.5 mg/h, as the external resistance increased from 120 Q to
3300 Q. This rise is explained by the heightened non-electrogenic metabolic activity at higher
external resistances. Consequently, the maximum pollutant removal from the MFC wastewater
occurred at the highest external resistance. However, these conditions did not support the highest

electric energy generation.

5.5. Conclusions

The results obtained from this Chapter allow us to draw the following conclusions. The
external load significantly impacts the population distribution in the MFC. High external resistance
causes the microbial population to evolve from a more electrogenic to a more fermentative culture.
This shift in population distribution affects all operational variables and is primarily reflected in the
current density, which decreased from 0.06 to 0.02 mA. Regarding power output, the system
generally behaves as predicted by Jacobi's theorem, although the peak power production was
achieved over a wide range of load resistances, from 1000 Q to 3000 Q, rather than being located
at the point where external and internal resistances meet. Ultimately, in terms of fuel consumption,
its value is practically independent of the external resistances, although a slight decrease was

observed after operating with high external resistances.
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6. TERMINAL VOLTAGE MODELING OF MICROBIAL FUEL CELLS

6.1. Introduction

MFCs enable the simultaneous energy extraction of the wastewater and the oxidation of
the contaminants, which removes the pollutants. Recent publications demonstrate the strength
and potential of this technology [81], demonstrating that the MFC technology could be used for
commercial applications [6]. Moreover, a number of significant pilot MFC reactor treatment
applications have been initiated in recent years. [82], [83], [84]. The MFC is at an early stage of
development and requires special prototyping tools. The research results presented in this thesis
aimed to investigate physical and electrochemical phenomena in MFC and their modeling. A
future study proposed in this work is an original combined bioelectrochemical-electrical model of
an MFC.

The MFC models can be classified into two main groups: mechanism-based models and
application-based models [85]. Depending on the application area, the appropriate model is
selected. Mechanism-based models are characterized by high accuracy, but multidimensional
simulations of those models require high computing costs [86]. Application-based models aim to
accurately predict the electrical response of the MFC through simplified representations of
chemical and biological processes occurring within the MFC. Electrochemical models based on
voltage-current characteristics (polarization curve) have been developed to simulate the
continuous and batch modes of MFC operation [87]. These models include equivalent-circuit
models, which represent the terminal behavior of the MFC and incorporate an ideal DC voltage

source along with passive components [88].

The simple model consists of a fixed DC source (Vint) and a resistor (Rint). Vo and io represent the
MFC terminal voltage and current values, respectively. The polarization test can be utilized to
estimate the parameters of the model [89]. While this model effectively represents the steady

state, it does not account for transient states induced by load changes [90], [91].

Rint

Ip

Vint Vo

Figure 6.1 Simple equivalent circuit model of MFC

The Randles model comprises a fixed DC source (Vint), resistors representing ohmic loses (Rs)

and charge transfer resistance (Rc), a capacitor representing double-layer capacitance (Car), and
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the Warburg impedance (Zw), which represents the diffusion effect. Model parameters are
typically estimated using impedance-frequency characteristics obtained through electrochemical
impedance spectroscopy (EIS). However, for the EIS technique to yield accurate results, the
modeled system should be steady [92], [93], which may not always apply to the MFC, especially
in batch mode.

Vint Vo

Figure 6.2 Equivalent circuit of Randles model of MFC

The Larminie-Dicks model, another equivalent circuit model used for modeling electrochemical
devices [94], [95], [96], [97], is a simplified version of the Randles model. It consists of a fixed DC
source (Vint), resistors (R1), and a capacitor representing double-layer capacitance(Ca) (omitting
the Warburg impedance, with one of the resistors (Rz) assuming its role). A significant advantage
of this model is that it enables parameter identification without relying on the EIS measurement
technique [98]. This model is specifically designed to accurately describe the anodic electron flow
and electric charge storage behavior of the MFC, particularly due to the MFC's capacitive energy
storage nature. This behavior emerges from the biofilm on the working electrode, typically the
anode. During MFC operation, the biofilm generates, accumulates, and releases electric charge,

a process directly linked to the metabolic production of electrons by bacteria [99], [100], [101].

Vint Vo

Figure 6.3 Equivalent circuit Larminie-Dicks model of MFC
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The effectiveness of MFCs may be influenced by the bacterial community, as well as the specific
parameters of the applied load and the medium used. To ensure an accurate representation of
operational conditions, it is important to carefully consider the model's structure, appropriate
parameterization, and laboratory verification methods. Environmental variables, such as the
chemical oxygen demand (COD) concentration, have a significant impact on MFC performance
across a wide range of operating conditions [67]. The discussed models often overlook the impact
of environmental variables, such as changes in fuel concentration and their influence on MFC
performance. Moreover, the performance of MFCs can also be significantly affected by load
variables, which are frequently neglected by the discussed models. As a result, a comprehensive

analysis of these factors and their interrelationships is crucial for assessing MFC performance.

Another important factor is the coupling of the model between changes in electrical parameters
and their impact on the non-electrical parameters of the cell. As previously mentioned (Chapter
5), the electrical load of the MFC influences the energy conversion efficiency. For this purpose,
in the presented model, the decline in the kinetics of fuel concentration is coupled with the

electrical efficiency of the MFC.

The proposed solution could be the combined bioelectrochemical-electrical model. In the
literature, some ready-made solutions for models have already been presented in [102], but due
to the multi-level nature of the model, it is not dedicated for real-time simulation. The reduced-
order combined model proposed in this work can solve the balance between the accuracy of

phenomena rendering and the real-time simulation inside the cell.

6.2. Objectives

This chapter proposes a reduced-order application-based model of the single-cell and
multiple cells (connected in series and/or in parallel) in high current generation operational mode
to solve the balance between the accuracy of rendering phenomena and the capability of real-
time simulation. From this modeling work, the main static and dynamic parameters of the system
were determined by means of the stationary batch operation of the MFCs. Additionally, to perform
an accurate and scalable study, the MFC was loaded with a programmable electric load (a power

source used for controlling load current and/or voltage) and a passive load in the form of resistors.

To estimate the parameters of the proposed model, the Voltage-Relaxation Method (VRM) was
used. The novelty of the approach is the repetition of the VRM with relatively short time intervals
between each step. The parameters of the model have been divided into static parameters, such
as the OCV, and dynamic parameters, like internal resistance (Ri) and diffusion resistance (Rd).
The tests were carried out at different fuel concentrations and COD levels as well as under

different electrical connections (series and parallel) between multiple cells.
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6.3. Model development

6.3.1.

Model assumption

In order to ease the model proposed in this work, the following assumptions have been

made in accordance with previous literature studies [52], [67], [87], [103], [104], [105]:

6.3.2.

The influence of temperature on the OCV was considered negligible.

The external load impact on the biofilm development and energy recovery were

considered negligible.

The effect of high COD concentration on MFC performance was neglected (at levels

significantly lower than the toxic concentrations).
High-frequency operational (more than 1 kHz) behavior is omitted.

Internal ohmic resistance (Ri) and diffusion resistance (Rd) were assumed to be constant

for the fuel concentrations studied.

The anolyte and catholyte pH changes on MFC performance were considered negligible
and, therefore, were not taken into account.

Equivalent circuit and model equations

As stated above, the balance between the accuracy and simplicity of the model is of

crucial importance. Because of that, an example of such a compromise was proposed in this

work. The equivalent circuit is presented in Figure 7.1.

Vq
Ry
if < i
> Ri
IMFC
>
Cd A +
UmMFC
Vocy ‘

Figure 6.4 Equivalent circuit proposed for the MFC description

The following equation was proposed for the description of the voltage output by the MFC during

the studies (equation 7.1).

Umrc = Vocv — Va — Viy (6.1)
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Where: vqcy is the open circuit voltage (algebraic symbol for the OCV), v, the diffusion voltage

drop, and v; is the ohmic voltage drop between electrodes.

The OCV represents non-loaded and electric stabilized MFC terminal voltage; this value is a time
function that depends on the standard potential of the MFC and on the COD concentration. The
dependence of OCV on the COD can be expressed by an appropriately adapted battery equation
of [2], that is:

Vocy = Egm + A+ e 5Scop® _ k ]( (6.2)

1 3 1)
Scop (1) '

Where: E,,, is the constant voltage in this study case is the value of vy for fuel with COD
concentration 1000 mg/L, pH 7 at standard ambient temperature and pressure, A and B are
parameters of the exponential zone voltage, k is the polarization constant, J is the MFC current

at the maximum power point, and S.p (t) is the estimated COD concentration value.

The diffusion voltage drops expressed the transition state of MFC. The impact of the MFC
diffusion on the MFC voltage is represented by a voltage drop across the diffusion capacitance
and diffusion resistance. This can be expressed as a product of the filtered component i*of the

load current and the diffusion resistance, that is:
vy =Ry 1%, (6.3)
with

Y. di* . di*
U = 1IMrc — TE = IMFC — RdCdE (6.4)

where iyrc is the terminal MFC current, 7 is the MFC diffusion time constant, Ry is the diffusion

resistance, and Cy is the diffusion capacitance.
The ohmic voltage drop corresponds to the internal resistance R; is:

v; =R; -1, (6.5)
Where: R; is internal resistance in Q and i is the MFC current.

In order to facilitate the modelling process, the evolution of COD over time is determined using
combined COD evolution model. The model equation presented here is based on unstructured
kinetic models presented in [106]. The COD evolution model incorporates the growth kinetics of
microorganisms, the consumption of organic substrates, and the influence of external loads. The

COD evolution model is as follows

Scon (t, Mvrc, imrc) = Scop (to) * e TPUMFCMFC)D) (6.6)

where Sc¢op(ty) is the initial COD concentration, Scop is the COD concentration over time t, b is

the COD removal rate for the given energy conversion efficiency nygc and MFC current iygc.

The nuyc efficiency is defined as
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Wexternal _ Wexternal

MFc = W (6.7)

internal + Wexternal Wtotal

where W iernal @and Wit are the energy transferred to the load and the total energy supplied by

the MFC (including the internal losses), respectively.

Wexternal and Winternal @re defined as

t

Wexternal = f imrc * Vmrc dt (68)

to

t
Wiotal = J. imFc * Vocy dt (6.9)
t

0

The evaluation of b is outlined in the next section

6.3.3. Model parameters estimation techniques

To estimate the parameters of the proposed model, the Voltage-Relaxation Method
(VRM) described in [107]. VRM is used to determine the relationship between the open-circuit
voltage (OCV) of an unloaded and relaxed electrochemical battery and its state of charge (SoC).
This method can also be applied to microbial fuel cells (MFCs) due to certain similarities between
MFCs and electrochemical batteries, specifically in how ion concentration changes during redox
reactions. These changes lead to corresponding variations in OCV in both types of systems.
Hence, it is reasonable to adapt the VRM method for estimating the electrical parameters of
MFCs. Additionally, VRM enables the approximation of the relationships between electrical and
environmental parameters across a wide operating range of MFCs. To monitor voltage recovery
and estimate MFC electrical parameters, the MFC load can be disconnected in a controlled
manner, or its value can be reduced to a negligible level. Furthermore, when the MFC terminals

are open, the bioanode can accumulate charge and exhibit its internal capacity [108], [109].

The novelty of this approach is the repetition of the VRM with relatively short time intervals
between each step and the low-frequency resolution of measurements (0.01 Hz). The following
test scenario was used during the VRM tests: the starting point was a change of medium in the
anode and cathode after the MFCs had operated 5 min under external electrical load (Iypc =
2 mA). The next step was to open the circuit for 1 hour, record the OCV value, and calculate Ri,
Rd, and Cd. After the records of OCV, the MFCs were operated 4 hours under external electrical
load (Iyrc = 2mA), and again the circuit was open 1 hour to record of OCV value and calculate

Ri, Rd, and Cd. The used scenario is presented in Figure 6.5.

58



( Start )
\4

5 min MFC load

IMFC =2 mA

A

1 hour
relaxation

A

Measurements
of 4t,V;, Vy4

A

Measurements
of OCV

A\ 4
4 hours MFC
Ioad IMFC =

=

Figure 6.5 VRM test operational scenario
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Because asymmetric nature of the MFC voltage curve, for load and non-load cells, the model’s
parameters were divided into two groups: static parameters, based on function OCV(COD), and
dynamic parameters, like ohmic and diffusion resistance (R;and R,;) and diffusion capacitance
(Cy). The tests were carried out under different levels of COD concentration. This testing
methodology was previously described in the literature [2], [107], [110, p. 1] for batteries, but due
to the convergence of the cell operation mode, the mathematical description of the battery was
adapted to the expression of the MFC operation mode. The Ri, Rd, and Cd were estimated based
on VRM for different COD values. Moreover, for the OCV measurements, the voltage points after
60 min of relaxation time were recorded. The dynamic coefficients Ri, Rd, and Cd were calculated

as follows equations 7.10, 7.11, 7.12:
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R = —, (6.10)
Ivirc
Va
Ry=—9 (6.11)
Ivrc
oot
=7 (6.12)

where V; is the value of v; determined immediately after applying external load current iygc = Ivrc
and V4 is the value of v4 determined after applying this load current over time equal to the diffusion

time constant t, V;, V4 and Iygc are quantities evaluated from the VRM test, as shown in Figure

6.6.
- T,
o = s
- O] I P AT T
c [eY0] 1 :
Q O _____ Tw____ [
£ Ivirc = !
] > :
v N N 2 e
S |0 = b
Time (s) Time (s)

Figure 6.6 Voltage waveform during the VRM used for parameter calculation

The VRM test is used as a reference test to establish a baseline performance of MFC by
measuring the time it takes for COD to be removed from the MFC chamber under the known
external load. The concentration of COD during the test can be quantified using the COD evolution

model.

. (=brer(n i )tref)
ScoDer (brefs IMFC,of » IMFC o) = ScOD,o¢(t0) * € refVIMFCrep MFCree " ref”, (6.13)

where the COD removal rate is b.¢. The latter quantity can be determined by performing
curve fitting using the nonlinear trust-region least-squares method based on the following

measured values: the COD concentration of MFC for known time of experiment (¢,.,), the MFC
current during reference test (iMFCref), and the energy conversion efficiency during that test

(mrc,.s): and calculated as eq.

Assuming that b is proportional to the average MFC current (iypcav), and inversely proportional

to the energy conversion efficiency, nygc, it can be evaluated as

NMFCrer  MFCav

b = byes - (6.14)

. )
NMFC  IMFCav,f

The impcay @nd the average MFC current during reference test iyrcqy,, ; are calculated as
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t

1
Impcav = 77 f imrc dt, (6.15)
o Je

0

6.4. Laboratory setup and test methodology

6.4.1. Experimental setup

The experiments were conducted by using two-chamber MFCs with an anodic and
cathodic compartment volumes of 100 ml each. The anodic chamber of MFC hosed carbon felt
(KFA10, SGL Carbon Group) electrode, which had a volume of 9 cm3. The cathodic electrode
was based on Toray carbon papers TGPH-120 (E-Tek, USA) and had an active area of 9 cm?.

On the surface of the cathodic electrode was deposited a layer of 0.5 moPt

—= and was doped with

5% Nafion® solution according to the procedure described in the literature [111], [112]. Stainless
steel wires connected the electrodes of MFCs to the externally controlled electrical load. The
experiments were performed under steady-state conditions at a temperature of 25°C. For the sake

of reproducibility, three replicates of the MFC were operated.

The anodic chamber was supplied with synthetic wastewater as fuel, whereas the cathodic
chamber hosed a solution of Na,S0,. A PEM of Nafion® (PEM, Nafion 117, DuPont) was used to
separate anodic and cathodic chambers. Figure 6.7a shows a schematic view of a single MFC,

and Figure 6.8 shows a schematic view of series and parallel connections during the experiment.
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Figure 6.7 MFC experiment setup single-cell a) schematic view b) laboratory view
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Figure 6.8 MFC experiment setup: a) series connection, b) parallel connection
6.4.2. Microorganisms and wastewater

The MFCs were operated on with a biotic anode and an abiotic cathode. The anodic
compartments of the MFCs were inoculated with an anaerobic mixture. The synthetic wastewater
used in this work consisted of microbial culture from domestic wastewater active sludge from the
Ciudad Real WWTP. The anolyte sterile synthetic medium consisted of CH;COONa , Na,HPO, 3,
(NH,),S0, ,KH,PO,,MgCl, , CaCl, ,(NH,),Fe(S50,), prepared as previously described in [113].
The composition of the synthetic wastewater with components concentration is included in Table
6.1.
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Table 6.1 Composition of the synthetic wastewater fed as fuel

Component Concentration (mg dm-3)
CH3sCOONa 1000
Na2HPO4 3000
(NH4)2S04 800
KH2PO4 700
MgCl2 93.07
CaClz 30.70
(NH4)2 Fe(S04)2 28.95

Each test had an anolyte pH of 7.5 and a conductivity of about 5.7 mS/cm. The cathodic chamber
hosed 100 ml solution of 4 mg/L of Na,S0, with pH 6.5. Before performing the tests, the anodic
chamber was filled with activated sludge with the aim to follow the inoculation procedure
described in the literature [113]. In the following 2 days, 50% of the volume was replaced by fresh
active sludge with synthetic wastewater. After the inoculation stage and preliminary
acclimatization of electrogenic bacteria, MFCs were operated under semi-continuous mode.
Because of that, 80% of the volume of anolyte and all catholyte were replaced by fresh synthetic
wastewater every 2 days. As reported by previous studies, the readiness of the MFC can be
assumed when OCV is at the level of 0.7 V [114]. This procedure was repeated 7 times until the
steady state was reached. The characteristic power curve presented a peak power of 1.4 mW in
the steady state. In order to ensure anodic conditions after feeding the anodic chamber, this
chamber was purged with nitrogen gas before the beginning of each batch cycle. The anolyte and

catholyte were homogenized by means of magnetic stirring.

6.4.3. Analytical measurement

Sodium acetate concentration was determined by means of high-performance liquid
chromatography (HPLC) analysis using an Agilent 1260 Infinity equipment containing a column

mmol
L

Hi-plex H (300x7.7 mm, 8 ym). The mobile phase used was 5 H, S0,. The wavelength was

210 nm, and the flow rate was 0.4 mL/min . More details can be found elsewhere [34]. COD
concentration in the wastewater fed as fuel to the anodic chamber was indirectly determined by
taking into account the stoichiometric relationship between the acetate and the COD

concentrations in mg/L, this equation is presented in equation 7.7.
Scop(t) = CH3 COONa - 1.07, (6.16)

where: Sqop is the chemical oxygen demand in mg/L, CH; COONa is the sodium acetate

concentration in mg/L.
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6.5. Results and discussion

6.5.1. Microbial fuel cell performance analysis

The main reaction at the anode of the MFC was the oxidation of the sodium acetate, as
it was the sole biodegradable organic substrate in the anodic chamber. This is an exo-energetic
reaction that allows the oxidation of the organic substrate of the medium with the simultaneous
release of protons and electrons. Then, these protons and electrons were combined with oxygen

at the cathode to generate water and electrical current.

In order to characterize the MFC performance, polarization curve were performing using varying
the external resistance by using an Autolab potentiostat/galvanostat (PGSTAT-302N). To ensure
an accurate measurement of the OCV, the external load was disconnected from the circuit at

least 1 hour before performing the polarization test.

Figure 6.9. shows the polarization and power curves of MFC when operating at different COD
values of the fuel (at COD1 = 847 mg/L, COD2 = 365 mg/L, CODs = 124 mg/L). Parallel to the
changes in the anodic COD concentration, anodic medium acidification was observed due to the
generation of protons due to the oxidation of the sodium acetate used as fuel (pH1 = 7.5, pHz2 =
6, pHs = 5). The relationship between the pH reduction and the acetate consumption was
confirmed by HPLC analysis, in which it was observed that the sodium acetate concentration
decreased along with the experiment. Similar results have been described in the literature [46].
The limiting currents owning to mass transfer for different COD (CODi, COD2 COD3) values were
reached at the pick ijqyx, = 6.978 MA, iyax, = 3.707 MA, ipgx, = 0.027 mA.

Figure 6.9 reports changes in cell voltage and power at different COD values. As can be seen in
this figure, the maximum OCYV value reached was around 0.71 V, the maximum current reached
6.978 mA, and the maximum power was 1.46 mW. Taking into account that the objective was to
favor the continuous constant current work of MFCs, an additional task was to identify a good
balance between power generation and fuel consumption, in this case, sodium acetate contained
in the synthetic wastewater. In order to avoid instabilities, the author decided to limit current values
for the VRM test from polarization and power curves to 0.3 of maximum value (i,,.,)- The equation
6.17 was used to determine the load current of MFC for the VRM test to avoid unexpected voltage

drops and ensure stable system performance.
[ = lmax " 0.3, (6.17)

where: i is MFC current in A, i,,,, IS @ maximum current peak in A.
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Figure 6.9 MFC single-cell power curve and maximum power point for different COD values

6.5.2. Model parameters calibration

Experimental data were used for calibration works, and the values of the model
parameters were obtained. Figure 6.10 presents measured resistances of MFC R; and Ry,
corresponding to different COD values. The experiment results show that the correlation between
COD and resistances is negligible (R; and R,;). Because of the lack of correlation, the author
decided to approximate the resistances (R;,R;) as constant independent from COD. The
estimated value of R; was equal to 117.05 Q and was a similar value presented in [115].
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Figure 6.10 Ohmic and diffusion resistance of a single-MFC

In addition to the parameters explicitly displayed in Figure 6.4, the parameters utilized to model
the OCV (cf. eq. 6.2) have to be evaluated. To evaluate the OCV model parameters (cf. eq. 6.2),
curve fitting using the nonlinear trust-region least-squares method (Matlab R2020b, MathWorks,

Natick, MA, USA) based on the OCYV test voltage data points is necessary. The findings of the
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measurements and curve fitting for vocy can be found in Figure 6.11, depicting the correlation
between the COD and the OCV of the MFC during the OCV test. Estimating the changes in COD
value that occurred during the batch cycle was imperative for determining the COD removal rate
of the model (parameter b.¢ in eq. 6.14). The evolution of COD was established through HPLC
analysis, and the results of this analysis, along with the corresponding calculations using eq. 6.16,

can be seen in Figure. 6.12. The estimated model parameters of OCV (eq. 6.2) and COD (eq.
6.6) are presented in Table 6.2.
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Figure 6.11 The OCV of a single MFC during the OCV test
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Figure 6.12 The COD evolution of the MFC during the simulation and measurements
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Table 6.2 Values of the estimated parameters

Symbol Value Unit
Eom 0.80 \Y,
A 0.3192 \%

B 1.945 1/A

k 0.5408 1/A
] 0.004921 A
T 1200 S
Iref 0.001604 A
MMFC, o 0.5165 -

Byt 7.95-106 1/s
tref 18-10* s

6.5.3. Model validation for single-cell

The model validation was performed by using data sets from three distinct configurations:
The validation was conducted using three configurations a single MFC unit, a series connection

of two MFC units, and a parallel connection of two MFC units.

Figures 6.14a and 6.14b present the voltage output and COD measurements corresponding to a
single MFC unit (SU) that was exposed to a distinct load scenario than the one used. The solid
lines correspond to the simulation results obtained with the model proposed in this Chapter. As
can be seen in Figures 6.14a, accurate predictions of the voltage were obtained when operating
with a single cell. The evolution of the COD concentration, the modeling results, and the
experiment are presented in Figure 6.14b. In Figure 6.14b it can be seen a very good model
prediction of the COD evolution. The root mean square error (RMSE) was used to assess the

model quantitatively. The RMSE is calculated as:

" (Vimodel — Vineas)?
RSME, = JZ“( ’”""’: meas) +100%, (6.18)
m

where: V.4 IS MFC voltage calculated by the model, V.., is MFC measured voltage, n,, is the

number of measurements
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Figure 6.13 Single MFC experimental data and simulation results during VRM test: a) voltage, b) COD
evolution

The parameters for the SU equivalent circuit of the proposed model were in the average as follow
R;g, = 54.5380 Q, Ry, = 159.3841 Q and (g, = 1.88 F. The model presents accurate results for
the transition state studied for single MFC, being the average relative model error of about RSME
= 2.88%. It is important to note that the MFC does not reach a steady state during the unload
periods, meaning the output voltage stays below the OCV value. In contrast, the proposed model
accurately reflects this behavior. Figure 6.14b shows that the simulation results became more

accurate with each subsequent COD concentration sample compared to the measurements.

6.5.4. Model validation for two cells connected in serie

The validation experiment was conducted with two identical MFC units connected
electrically in series. The test bench configuration is presented in Figure 6.15a. Regarding to the
electric conditions, the load current was equal i = 2mA. Figure 6.15b illustrates the simulated and
experimental results of COD evolution. The data points labeled "Measurements 1" and
"Measurements 2" correspond to the individual MFC units used in this experiment. The initial
COD concentration was 1067.5 mg/L.
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Figure 6.14 MFC stack (2 units connected in series) experimental data and simulation results during VRM
test: a) total voltage, b) COD evolution

The combined resistances of the stack were R;,; = 66.5380 ( and R, = 210.5833 Q, while the

combined capacitance was Cq,, = 1.42 F.

The voltage RMSE for MFCs connected in series were recorded at 3.96%. Similar to previous
tests, the simulation results exhibited improved accuracy with each subsequent chemical oxygen
demand (COD) concentration sample. These findings once again validate the reliability of the

proposed model, demonstrating its consistent and precise performance.

6.5.5. Model validation for two cells connected in parallel

The experiment was conducted with 2 identical MFCs connected electrically in parallel
with the bench configuration presented in Figure 6.8b. Regarding to the electric conditions, taking

into account that two MFCs were connected parallel and each one output an electrical current
(i=2 :"E—Z) the load current was equal i = 4 mA. As in the case of the cells connected in series,

the cells connected parallel did not present voltage drops as a side effect of high current

operational mode.

Figure 6.16a, presents the simulated and experimental voltage waveforms of two MFC units
connected in parallel. In Figure 6.16b, the simulated and experimental results of Chemical Oxygen
Demand (COD) evolution are presented. The initial COD concentration was 1048.2 mg/L. The
data points labeled "Measurements 1" and "Measurements 2" correspond to individual Microbial

Fuel Cell (MFC) units used in this experiment.
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Figure 6.15 MFC stack (2 units connected parallel) experimental data and simulation results during VRM
test: a) voltage, b) COD evolution

The total resistance for the parallel connection was calculated to be R;,, = 99.4237 Q and R,,, =
131.6545 Q, while the combined capacitance was C,,, = 2.28 F. The RMSE of the voltage was
calculated to be 2.35%, which indicates that the proposed model is well-behaved and has
satisfactory accuracy. During the experiment, it was observed that the removal of COD varied
among the individual MFCs, as shown in Figure 6.16b. It was also noted that when connected in
parallel, the currents did not divide equally, which could potentially impact the overall performance
of the MFC and the COD removal process. The model was able to predict an average fuel

concentration value, which was the arithmetic mean of the COD concentration from MFCs.

6.6. Conclusions

This chapter presents an equivalent-circuit model of the MFC and outlines a methodology
for evaluating its parameters. The model facilitates the analysis of MFC behavior, including
transient states, under varying operating conditions. Initial tests have validated its applicability for
examining multiple-unit MFC connections.

The proposed model introduces and leverages the dependency of OCV on the COD. The
methodology for parameterizing the model is rooted in the VRM, originally employed for

electrochemical batteries.

The studies conducted for model validation offer deeper insights into the impact of COD on the
electrical characteristics of the MFC and the reciprocal effect of electrical quantities on COD
removal efficiency. The efficacy of the proposed model was gauged using the RMSE to fit against
experimental results. The calculated RMSE for individual MFCs was 2.88%, while for series and
parallel connections, it stood at 3.96% and 2.35%, respectively. These results signify the

satisfactory accuracy of the proposed modeling.
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7. DIFFERENT OPERATIONAL STRATEGIES FOR CONTINUOUS
ELECTRIC ENERGY GENERATION OF MICROBIAL FUEL CELL

7.1. Introduction

Many works have focused on experimental evaluation of the influence of different
parameters, including structural and operating, on MFC performance. One can distinguish the
following elements from the structural parameters: electrode material and their configurations.
The operational parameters are temperature, fuel type, fuel concentration, HRT, pH, electric load

voltage, and electric load current [87], [116].

The electrical parameter, the external electric load value, current, voltage, ohmic losses, etc. can
be identified [87], [103], [116]. Special attention is required for the external electrical load,
particularly its type — whether it is variable or constant. This is because the electric load affects
the electrical energy generation and fuel consumption ratio. The electrical parameters affect the
metabolisms of the electrogenic microbial culture, including the composition of the bacteria
population, the inoculation process, and kinetic reactions. [105]. The external electrical load can
be classified into two subcategories: passive (the circuit with a resistor) and active (the circuit with
a DC/AC or DC/DC converter).

Previous research on MFC energy harvesting and electrochemical performance has shown that
external load variations affect its performance. The previous research used a resistor to
investigate the effect of external electrical load on non-electrical parameters of MFC [91], [102],
[104],[105], [117], [118], [119]. When changing the resistance, the current and voltage of the MFC
also changed. This simplification in conducting the research meant that it was ambiguous to
determine the effect of changing the current and changing the operating voltage of a cell on its
efficiency. Another critical aspect to consider during the operation of an MFC is its ability to work
continuously under electrical load. The proposed research investigates the possibility of flexible
operational conditions change for different scenarios (intense electric energy generation,
intensive wastewater treatment). Because of that, this research proposes to carry out experiments

using MFCs loaded with an external programmable power load and resistive load.

Based on the OCV(COD) (Figure 6.11) and polarization curve (Figure 6.9), it was possible to
prepare further tests to determine the relationship between the electrical operating parameters
and the MFC performance. Due to the non-linear nature of the MFC, the relations between the
electrical and non-electrical parameters are also highly non-linear. An additional factor that had
to be taken into account, in particular during the operation of the MFC with a high value of
generated current, is the MFC’s incidence of voltage drops and, in some cases, even polarization
changes. To avoid failure during the cell operation, selecting the appropriate values of the load

power, current, and voltage output was necessary.

The preliminary study results (Chapter 5) showed the effect of passive external load and organic
matter removal on MFC performance. The presented in this chapter research focused on

analyzing the effect passive (resistive) and active load represented by electrical operating
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parameters, especially voltage, current and power ratio load, on MFC performance, including

energy generation, COD removal, CE, EE and continuity of work.

7.2. Objectives

The main goal of this chapter is to analyze the effect of the external load on the output
parameters of electric power generation and (synthetic) wastewater purification level

corresponding to COD removal of the MFC. The partial objectives were the following:

e Analysis of the performance of MFC related to the output voltage and current
levels for the selected electric operating conditions, CE, EE, and COD removal

rates;

e Evaluate the quality of the treated wastewater by studying the effect of passive

and active loads on the MFC performance;

o Comparative analyses of the effect of different electric operational parameters on

MFC performance were represented by CE, EE, and COD removal.

7.3. Materials and methods

7.3.1. Experimental research assumptions

The experimental study aims to investigate how external load affects the MFC under
different electrical operating conditions. Unlike the tests in Chapter 5, for these tests, we used a
cell model operating in batch mode. This helped to eliminate the influence of fuel flow-related
phenomena, such as flow fluctuations and resulting fluctuations from the MFC output values
(current and voltage). Additionally, the MFC underwent testing with constant current load,
constant voltage load, constant power load, and constant resistive load. Various indicators like
total energy generation, CE, EE, and COD removal were assessed to evaluate the impact of

different electrical loads.

The simulation experiments were standardized to standard duration for a single batch mode to
ensure consistent results. This research utilizes simulation techniques, and the cell model used

in the experiments is based on the model outlined in Chapter 6.

7.3.2. Experimental setup

The main objective of this chapter is to analyze the relation between the bionic and
electric features of MFC. This work results can be used to select operating points and choose an
operational strategy between intense electric energy generation and intensive wastewater

treatment. For this purpose, the MFC working under batch mode was used.

This work aims to analyze the phenomena inside the MFC, with particular emphasis on the
change of electrical parameters and their impact on the MFC performance. Because of that,
simulation tests were carried out with constant electrical parameters, including constant load

current and operating voltage, constant power, and external resistance. In order to maintain
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consistent results, the simulation experiments were set to a standard 50-hour duration for a single
batch mode. Alternatively, the experiments were limited to the time when the MFC potential
dropped to zero and reached the short-circuit state. The experimental setup used in this work
consisted of MFC model with model parameters values introduced in Chapter 6. The simulation
environment used in this work utilized Matlab R2024a (MathWorks, Natick, MA, USA) Simulink

extension Simscape.

a) b)
® ®
Load/ Load
(A) Air flow (A) ) Air flow
Air Pump Air Pump
MFC MFC

Figure 7.1 Experimental setup: a) MFC with varying active load, b) MFC with a passive electric load.

The following test scenarios presented in Figure 7.2 are used to analyze the electric scenario
aims to provide comprehensive data on the electrical behavior of the MFC under specified
conditions, contributing to maximizing EE or COD removal. Firstly, the type and value of the
electrical load are selected for the experiment. The abbreviations CC, CV, CP, and CR presented
in Figure 7.2 refer to constant current, constant voltage, constant power, and constant resistance
load modes, respectively. Secondly, COD removal is calculated, and electrical measurements
are taken at the terminals of the MFC. The experiment continues until one of the following
conditions is met: the voltage at the MFC terminals drops to 5mV or less, or the total experiment
duration reaches 50 hours. The experiment is terminated upon meeting either condition, and all

logged data are saved for further analysis.
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Figure 7.2 Experimental scenario

7.3.3. Coulombic and energy efficiencies

The CE (CE,) is dependent on the anodic reaction of sodium acetate as reactant and
electrons as product and can be calculated by equations 7.1, and 7.2, where: iy is the current
intensity in A, F is the Faradaic constant equal to 96,485.3 C/mol, n; is the number of electrons
participating in the electrochemical reaction per mol reactant, m; is the molar variation of reactant

in mol, V is the cell chamber volume of 0.1 L, ACOD is the change of COD over time.

t, t,
CE. = fOIMcht _ MfolMcht (7.1)
27 \FZ(njAm;)/ \F-n;-ACOD-V/ '
COD = mCHgCOONa " 107, (72)

The EE (&) describe the relation of energy conversion from potential chemical energy to the heat
of combustion of the organic substrate to electric power generated by the MFC over a time
interval, where AHac is the heat of combustion equal to 709.32 kJ/mol [120] and My,oacmolar

weight acetate equal to 82.034 g/mol,

t . t .
e = Myaoac Jy Vmrc * impcdt  Mnaoac Jo Vmrc - impcdt (7.3)
E AHm; - AH - ACOD - V '
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7.3.4. Chemical oxygen demand removal efficiency and acetate concertation evolution

To evaluate MFC as a means to treat wastewater is important to measure COD. The
percentage change of COD removal was assumed as the metric parameter to determine the
qualitative  degree of synthetic wastewater treatment during MFC operation.

Equation 6.5 calculated the relative removal of wastewater [121], [122].

Si - Se

i

CODrem =

where: S; and S, stand for the influent and effluent COD concentrations, respectively.

7.4. Results and discussion

7.4.1. Performance of microbial fuel cell under constant-current regime external load

The operation of MFC can be effectively managed by selecting the appropriate electrical
load. When controlling an MFC, MFC users consider three primary criteria: the percentage of
wastewater purification, the amount of energy generated, and the operational work cycle of the
MFC. Adjusting the electrical load allows for the maximization of these parameters, thereby
enhancing the overall performance and efficiency of the MFC. By fine-tuning the load, users can
achieve a desirable balance between wastewater treatment efficacy and energy generation while
also controlling the work cycle (duration of batch mode) of the MFC. In this simulation test, the
electrical load of the MFC varied from 0.25 mA to 3.5 mA.

The results of the load simulation in constant-current regime external load are summarized in
Figure 7.3. The values presented in Figure 7.3 can be divided into those with an experiment
duration 50 hours and those with an experiment duration of less than 50 hours. Due to the
excessively high electric load values during the batch mode, the maximum current generated
decreases as the fuel density drops. Consequently, all results for Iygc Values greater than 2 mA
are recorded for batch mode cycles that are shorter than 50 hours. For the experiment duration
of 50 hours, the low energy generated values were recorded for the electric load of small values
(Imre < 0.25 mA) concurrently with the low CODrem rate (less than 11.7%) and the high EE value
(more than 31%). For experiment durations less than 50 hours, the low energy generated values
were recorded for high of electric load values (Iygc = 2.5 mA), concurrently with the lowest

CODrem value and the highest EE value.

The highest generated energy value is observed for the electric load value of Iyygc = 1.36 mA, and
for this load value, the EE value is 17.4%, and the CODrem value is 66%. More extended results,
the electric load value of Iygc = 1.36 mA presents Figure 7.4. The highest CODrem (95.2%) value
was observed for Iygc = 2 mA, and for this load value, the generated energy is 67.1 J with EE =
8.2%. The change in CE ranges from 6.7% (for a load current of 3.5 mA) to 42.6% (for a load
current of 0.25 mA). Figure 7.3 was constructed based on a series of simulations similar to those

in Figure 7.4.
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Figure 7.3 Summary of simulation results of microbial fuel cell under constant-current regime external load
for different values of operational parameter
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Figure 7.4 Simulation results of constant-current regime for MEP: a) voltage, b) electric current, c) COD
evolution, d) energy increment, e) energy increment per COD unit f) efficiencies results

To achieve higher EE or CODrem while maintaining the criterion of maximizing generated energy,
it should follow the described criterion. By reducing the assumed maximum value of generated
energy by 10% from the theoretical maximum value, two operating points are obtained: one for a
lower electric load value and one for a higher electric load value relative to the electric load for
the maximum Energy Point (MEP). The point with the lower electric load value is characterized
by higher EE efficiency and, thus, a lower CODrem value. Conversely, the point with the higher
electric load value is characterized by lower EE efficiency and a higher CODrem value. Depending
on the system requirements for the wastewater treatment process, an operating point can be

chosen by selecting the appropriate MEP value based on maximizing either EE or CODrem.
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In the case presented in Figure 7.3, MEP (99.19 J, 1.36 mA), two points are obtained after
reducing the theoretical maximum energy by 10%. The first point is for the electric load current of
0.94 mA, which is characterized by higher EE (22.6%) and lower CODrem (45.2%) compared to
the MFC operating at MEP. The second point is for an electric load current of 1.75 mA, which is
characterized by lower EE (12.1%) and higher CODrem (84.8%) compared to the MFC operating
at MEP. In the case of decreasing the electric load current, CODrem increases while
simultaneously reducing the duration of the batch cycle. This is related to the electrical limitations
of the MFC, reaching a short-circuit condition. This limitation forces a limitation on the current
generated by the MFC.

7.4.2. Performance of microbial fuel cell under constant-voltage regime external load

Another type of active load discussed is the constant-voltage regime load of the MFC.
Operating the MFC under an external load in a constant-voltage regime minimizes the risk of a
short-circuit condition. Because of this, it can be said that the MFC can operate continuously
throughout the entire set cycle in batch mode. It is worth noting that the tested cell had an OCV
of 0.8 V for a COD concentration of 1000 mg/L. Therefore, it was assumed that the voltage of the
tested MFC varied between 0.04 V and 0.7 V. Regardless of the set external load voltage, the

MFC operated for the entire batch cycle, which lasted 50 hours.

The results of the experimental simulation in constant-voltage regime external load for different
voltage values are summarized in Figure 7.5. The highest generated energy value (97.15 J) is
observed for the load voltage value of Vygc = 0.41 V, with EE = 17.5% and CODrem = 64.1%.
Detailed simulation results for the load voltage of 0.41 V are presented in Figure 7.6. The highest
CODrem values above 95% were noted for load voltages below Vygc < 0.15V. The lowest EE
values = 6.1% and electrical energy generated are observed within this same load voltage range,
decreasing with decreasing load voltage levels. The highest EE value of 31.2% is observed for a
load voltage of 0.7 V. Similarly, the lowest CODrem value is observed for this load voltage value
of 10.7%. The change in CE ranges from 26.1% (for a load voltage of 0.04 V) to 42.6% (for a load
voltage of 0.7 V).
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Figure 7.5 Summary of simulation results of microbial fuel cell under constant-voltage regime external load
for different values of operational parameter
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Figure 7.6 Simulation results of the constant-voltage regime for MEP: a) voltage, b) electric current, c)
COD evolution, d) energy increment, e) energy increment per COD unit, f) efficiencies results

In the case presented in Figure 7.5, MEP (97.15 J, 0.41 V), two points are obtained after reducing
the theoretical maximum energy by 10%. The first operating point is for a load voltage of 0.3 V,
which is characterized by a lower EE value (12.7%) and a higher CODrem value (80.4%)
compared to the simulation results of the MFC operating at MEP. The second point was observed
for a load voltage of 0.52 V, which is characterized by a higher EE value (22.5%) and a lower

CODrem value (45.1%) compared to the simulation results of the MFC operating at MEP.

Considering the simulation results for the two discussed operating points, the 0.3 V load allows
for maximizing CODrem, while the 0.52 V load allows for maximizing EE and simultaneously
maximizing energy generation from the MFC.
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7.4.3. Performance of microbial fuel cell under constant-power regime external load

Another type of active load presented in this chapter is the constant power regime load.
This load regulates the value of the power consumed while simultaneously controlling the current
and voltage of MFC. This type of load is characterized by a constant rate of energy increase per
unit of time. However, similar to the constant current regime load, operation at constant power is
interrupted when the electrical parameters of the cell (voltage and current) are insufficient for
continuous operation. In this simulation test, the electrical load of the MFC varied from 0.1 mW to
0.7 mW.

The results of the load simulation in constant power regime external load, summarized in Figure
7.7, are divided into those with an experiment duration of 50 hours and those with an experiment
duration of less than 50 hours. The highest generated energy value is observed for the electric
load value of Pioad = 0.526 mW; for this load value, the EE value is 20.5%, and the CODrem value
is 53.4%. The CODrem for Piad = 0.526 mW is the maximum value of CODrem registered in this
mode. More extended results show that the electric load value of Pload = 0.526 mW, as presented
in Figure 7.8. The highest value of EE (32.3%) is observed for Piad = 0.1 mW. The change in CE
ranges from 25.4% (for a load power of 0.7 mW) to 42.8% (for a load power of 0.1 mW).
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Figure 7.7 Summary of simulation results of microbial fuel cell under constant-power regime external load
for different values of operational parameter
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Figure 7.8 Simulation results of the constant-power regime for MEP: a) voltage, b) electric current, ¢) COD
evolution, d) energy increment, €) energy increment per COD unit, f) efficiencies results

In the case of electrical load in a constant power regime, maximizing operation for EE or CODrem,
as presented in the constant-current regime and constant-voltage regime, is limited due to the
electrical constraints of the MFC for continuous power generation. Because of that, in the constant
power regime, the MFC cannot be electrically overloaded to intensify CODrem. The MFC can be
loaded to the MEP, achieving CODrem appropriate to this operating point. Reducing the load will
consistently increase EE.

7.4.4. Performance of microbial fuel cell under constant-resistance external load

The last type of electrical load presented in this Chapter is the resistive load. It is worth
noting that this type of load is a passive load. The MFC operating under a passive resistive load
allows continuous operation throughout the entire batch cycle. Another benefit of this passive load
type is the minimal oscillations in the momentary parameters of the generated electric energy. In
this simulation test, the electrical load of the MFC varied from 24.875 Q to 1990 Q.

As reported in Figure 7.9, the highest value of generated energy for the resistive load is 98.64 J,
recorded for Ryy,q = 303.475 Q At the same point, EE = 17.4% and CODrem = 65.6% are also
recorded. Detailed simulation results for the resistive load 303.475 Q are presented in Figure
7.10. The highest CODrem values above 93.7% were noted for resistive load below R4 < 99.5
Q. Within this same resistive load range are observed the lowest EE values < 8.1% and electrical
energy generated, decreasing with decreasing resistive load value. The highest EE value of
29.9% is observed for the resistive load of 1990 Q. Similarly, for this load, the voltage value is
observed as the lowest CODrem value of 10.7%. The change in CE ranges from 23.5% (for a
resistive load of 24.875 Q) to 42.4% (for a resistive load of 1990 Q).

80



—e—Energy
EEEEEE,
I coDrem

©
o
T

®
=]

— 80

Ei'\—50

2140

) ~
=] =}

Energy (J)
3

Percentage (%)

IS
=)

w
S

- 30

20 20

1 1 1 1
0
0 200 400 600 800 1000 1200 1400 1600 1800 2000
R oad (2)
load
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Figure 7.10 Simulation results of the constant-resistance regime for MEP: a) voltage, b) electric current, c)
COD evolution, d) energy increment, e) energy increment per COD unit f) efficiencies results

In the case presented in Figure 7.5, MEP (98.64 J, 303.475 Q), two points are obtained after
reducing the theoretical maximum energy by 10%. The first operating point is for the resistive load
of 169.15 Q, which is characterized by a lower EE value (12.3%) and a higher CODrem value
(83%) compared to the simulation results of the MFC operating at MEP. The second point was
observed for the resistive load of 547.25 Q, characterized by a higher EE value (22.5%) and a

lower CODrem value (45.6%) compared to the simulation results of the MFC operating at MEP.

Considering the simulation results for the two discussed operating points, the load with value of
169.15 Q allows for maximizing CODrem, while the load with value of 547.25 Q allows for

maximizing EE and simultaneously maximizing energy generation from the MFC.
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7.5. Conclusions

This chapter presents simulation studies for four load modes: constant current, voltage,
power, and resistance load modes. The simulation results confirm that selecting appropriate load
values can control EE and COD removal. Additionally, for constant current, constant voltage, and
constant resistance load modes, maximizing either EE or CODrem with a relatively low (up to
10%) limitation on maximum electrical energy generation is possible. However, in the case of
constant power load mode, the maximization possibilities are limited due to the electrical

constraints of the MFC for continuous power generation operated in batch mode.
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8. MAXIMIZING ENERGY EFFICIENCY AND CHEMICAL OXYGEN
DEMAND REMOVAL FOR CONTINUOUS ELECTRIC ENERGY
GENERATION OF MICROBIAL FUEL CELL

8.1. Introduction

MFCs represent a promising technology for simultaneous wastewater treatment and
sustainable energy generation. However, their performance remains a complex challenge due to
the intricate interplay between various operational parameters. This chapter focuses on
maximizing the EE and CODrem of MFCs to enhance their continuous electric energy generation

capabilities.

Building on the foundation laid in previous chapters, particularly the model introduced in Chapter
6 and the maximization method described in Chapter 7, this chapter aims to validate and apply
these methodologies to two distinct MFC configurations: one with a varying active electric load

and air pump, and another with a passive electric load.

The chapter is structured to first verify the accuracy and reliability of the proposed model through
detailed RMSE calculations for voltage and current. Subsequent sections will present simulation
results for different electric load values, followed by a comparative analysis of the MFC
performance under various operational conditions. Finally, proposals for selecting optimal
operating points to achieve desired outcomes, whether prioritizing maximum energy generation,

EE, or CODrem, are discussed.

8.2. Objectives

The main goal of this chapter is to analyze the effect of the external load modification,
based on the maximization methods presented in Chapter 7, on the output parameters of electric
power generation and (synthetic) wastewater purification level, corresponding to COD removal of

the MFC. The partial objectives were the following:

e Analysis of the performance of MFC related to the output voltage and current
levels for the selected electric operating conditions, CE, EE, and COD removal

rates;

e Selection of electrical load values based on the maximization methods presented

in Chapter 7

o Comparative analyses of the effect of different electric operational parameters on

MFC performance were represented by CE, EE, and COD removal.

e Design guidelines for the design of a DC/DC converter to control MFC operation
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8.3. Materials and methods

8.3.1. Experimental research assumptions

The experimental study aims to investigate how the modification of external load affects
the MFC under different electrical operating conditions. Two different MFCs were tested using
different setups and operating parameters. Various indicators like total energy generation, CE,
EE, and COD removal were assessed to evaluate the impact of different electrical loads. As
mentioned earlier, the methods for calculating the indicators are presented in Chapter 7.

The simulation experiments were standardized to the standard duration for a single batch mode
to ensure consistent results. This research applies simulation techniques based on the model
outlined in Chapter 6. The results of the research were then compared with the laboratory test
results.

8.3.2. Experimental setup

The main objective presented in this chapter is to analyze the effect of external load
modification, based on the maximization methods presented in Chapter 7, on the output
parameters of electric power generation and the level of (synthetic) wastewater purification
corresponding to COD removal in the MFC. This analysis aims to provide valuable information for
selecting operating points and choosing an operational strategy between intense electric energy

generation and intensive wastewater treatment. The MFCs were operated in batch mode.

The MFCs operated with different configurations but the same culture and medium. Details of the
culture and medium composition are presented in Chapter 6 (6.4.2). In both cases, the MFC
anodes were fed with a medium with COD = 1000 mg/L. The first MFC, shown in Figure 8.1a,
was a replica of the MFC presented in Chapter 6. It is worth noting that the cathode of the MFC
was air-fed, and the electrical load was imposed by Autolab (PGSTAT-302N) with a scan rate of
1 s. The load current was set to 3.5 mA. The second MFC, shown in Figure 8.1b, was a modified
replica of the MFC shown in Chapter 6. The modification involved the size of the electrodes (2.5
x 2.5 x 1) cm. In this case, the active surface area of the electrodes was approximately 31%
smaller than that of the MFC shown in Figure 8.1a. Additionally, the cathode of the second MFC

was not air-fed by a pump.

In order to maintain consistent results, the simulation experiments were set to duration laboratory
tests. Alternatively, the simulation experiments were limited to the time when the MFC may drop
to zero and reach the short-circuit state. Additionally, the experimental setup used in this Chapter
consisted of the MFC model introduced in Chapter 6 with simulation environment of Matlab
R2024a (MathWorks, Natick, MA, USA) Simulink extension Simscape.
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Figure 8.1 Experimental setup: a) MFC with varying active electric load and air pump, b) MFC with a
passive electric load.

It is worth noting that the common feature of the tests was the selection of the external electrical
load values to force the MFC to operate with maximized COD removal while maintaining a
satisfactory level of generated electrical energy. Due to the differing operational parameters

during the laboratory tests, two scenarios were used.

The first test scenario (Figure 8.2a) is as follows: The starting point is the replacement of the
medium in the anode and cathode. Then, the MFC operates for 1 hour under an external electrical
load of Iurc = 3.5 mA. After this period, the electrical circuit of the cell is opened for 10 minutes
(during this time, Ri, Rd, and Cd measurements are taken to calibrate the model parameters).
This cycle repeats until a 7-hour operation cycle is achieved. During the scenario, measurements

of MFC voltage, MFC current, and COD are performed.

The second test scenario (Figure 8.2b) is as follows: The starting point is replacing the medium
in the anode and cathode. Then, the MFC operates for 40 hours under an external electrical load
of Rioad = 120 Q. After 40 hours of operation, the test concludes. To avoid disrupting the MFC's
operation in the resistive load mode, the parameters of the MFC circuit model were estimated

using the results of polarization curve and power curve measurements.
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Figure 8.2 Test scenario: a) MFC with varying active electric load b) MFC with a passive electric load

8.4. Results and discussion

8.4.1. Introduction

The studies refer to two types of electrical loads: active and passive. The results for each
case can be divided into three parts. The first part is dedicated to the calibration of model
parameters, simulation results, and evaluation of its accuracy based on laboratory findings. The
quality of the simulation was assessed by calculating RMSE for voltage and current. In the second
part, the simulation results for different values of the electrical load parameters are presented. In
the third part, the performance of the MFC is evaluated, and load values are proposed to

maximize energy generation, COD removal, and EE.

8.4.2. Performance of microbial fuel cell under active electric load

Figure 8.3 reports the voltage and current output and COD measurements corresponding
to a single MFC unit under active electric load (AEL test) that was exposed to the load scenario
presented in Figure 8.2a. The efficiency indicators (i.e., EE CE and CODrem) were calculated
using the formulas from Chapter 7. To determine the RMSE value for voltage, formula 6.18 from
Chapter 6 was used. RMSE for current was used to assess the model quantitatively. The RMSE;

is calculated as:

n _ 2
RSMEI :\/Zizl(lmoderi Imeas) .100%' (8.1)
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The solid lines represent the results obtained with the model proposed in Chapter 6. Figure 8.3a
and 8.3c clearly show that accurate voltage and COD predictions were achieved during the AEL
test operation.
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Figure 8.3 MFC experimental data and simulation results during AEL test for MEP: a) voltage, b) current,
¢) COD evolution, d) performance indicators

The parameters for the MFC AEL test equivalent circuit of the proposed model were in average

as follow R;,,, = 61.5380 Q, R, ., = 65.3840 Q and C,,,, = 18.8 F. The model presents accurate

LAEL

results for the transition state studied for a MFC AEL test, being the average relative model error
for voltage of about RSME = 3.21%. RSME for the current was not taken to the consideration
because the laboratory measurements AEL test and simulation were using the same data set.
The MFC during AEL test does not achieve a stable state during unloading periods, which results
in the output voltage remaining lower than the OCV value. In contrast, the proposed model
accurately reflects this behavior. Figure 6.8.3c shows that the simulation results became more
accurate with each subsequent COD concentration sample compared to the measurements.
Figure 6.8.3d reports the performance indicators for the AEL test. The EE calculated was 5.1%
and the model estimation was EEsim 6% (difference 17.6 %). The CE was 21.4% and 9.3% lower
than the value of CEsim. CODrem was calculated at 39.2% and was 9.2% higher than the value
of CODremsim. The nature of this behavior can be explained by the fact that we have different
species of bacteria (non-electroactive and electroactive) inside the MFC. Although any external
load does not influence the MFC, the sodium acetate biodegradation reaction takes place and
reduces EE [124]. Another crucial factor affecting efficiency is the operation of the MFC, which is
close to its maximum power point (MPP). When the MFC operates away from the MPP, most of

the time, efficiency is also affected [94].

The next step is to identify, using the calibrated model, the load that may achieve a desirable
Chapter 7 balance between wastewater treatment efficacy and energy generation while also

controlling the work cycle (duration of batch mode) of the MFC. In this simulation test, the
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electrical load of the MFC varied from 1 mA to 4.5 mA to maintain experimental duration of 7
hours.

The results of the load simulation in the current controlled external load are summarized in Figure
8.4. The low energy generated values are recorded for the electric load of small values (Iypc < 1
mA) concurrently with the low CODrem rate (less than 6.3%) and the high EE value (more than
22.7%). Additionally, the second low of energy generated values is recorded for high electric load
values (Iypc = 4.5 mA), concurrently with the highest CODrem value (64%) and the lowest EE
value (1.5%).

The highest generated energy value (20.67 J) is observed for the electric load value of Iypc = 2.7
mA, and for this load value, the EE value is 10.4%, and the CODrem value is 22.9%. More
extended results, the electric load value of Iygc = 2.7 mA presents Figure 8.5. The highest
CODrem (64%) value was observed for Iygc = 4.5 mA, and for this load value, the generated
energy is 8.56 J with EE = 1.5%. The change in CE ranges from 16.8% (for a load current of 4.5
mA) to 37.6% (for a load current of 1 mA).

—&— Energy
I EE
I cobrem

20 -

Energy (J)
Percentage (%)

Figure 8.4 Summary of simulation results of MFC for AEL test for different values of electric load
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Figure 8.5 Simulation results of AEL test for MEP: a) voltage, b) electric current, c) COD evolution, d) energy
increment, e) energy increment per COD unit, f) efficiencies results

To achieve higher EE or CODrem while maintaining the criterion of maximizing generated energy,
it should follow the criteria described in Chapter 7. Once again, by reducing the assumed
maximum value of generated energy by 10% from the theoretical maximum value, two operating
points are obtained: one for a lower electric load value and one for a higher electric load value
relative to the electric load for MEP.

In the case presented in Figure 8.4, MEP (20.67 J, 2.7 mA), two points are obtained after reducing
the theoretical maximum energy by 10%. The first point is for the electric load current of 1.8 mA,
which is characterized by higher EE (16.4%) and lower CODrem (12.9%) compared to the MFC
operating at MEP. The second point is for an electric load current of 3.5 mA. This point was the
subject of laboratory tests, and the test results are presented in Figure 8.3. This point is

characterized by a lower EE value and higher CODrem value compared to the MFC operating at
MEP.

8.4.3. Performance of microbial fuel cell under passive electric load

In order to avoid disruption to the MFC's operation in the resistive load mode, the
parameters of the MFC circuit model were estimated using the results of polarization curve and
power curve measurements. The results of the electric test performance presented in Figure 8.6a
report that the OCV value for the MFC unit used in the test under passive electric load (PEL test)
was almost 30% lower than the MFC used for the AEL test. This was caused by the lack of air

supply to the cathode chamber. The MPP 0.4267 mW for current value of 1.7609 mA was reported
in Figure 8.6b
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Figure 8.6 MFC used for PEL test: a) polarisation curve b) power cure with MPP

Figure 8.3 presents the voltage and current output, and COD measurements correspond to a
single MFC unit used in the PEL test that was exposed to the load scenario presented in Figure
8.2a. The results obtained with the proposed model are represented by the solid. In the case of
the MFC performance indicator results presented in Figure 8.7d, all results based on simulation
results are appended with “sim”.
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Figure 8.7 MFC experimental data and simulation results during PEL test: a) voltage, b) current, ¢c) COD
evolution, d) performance indicators

The parameters for the MFC PEL test equivalent circuit of the proposed model were in the
average as follow R;,, = 67.5380 Q, Ry, = 69.6841 Q and C,,., = 1.88 F. The model presents
accurate results for the transition state studied for the MFC PEL test, being the average relative
model error for voltage of about RSME = 1.73%. RSME; for the current period was 14.38 %, and
the result was almost 42% better than that presented in [123]. Figure 8.7c shows that the
simulation results became more accurate with each subsequent COD concentration sample

compared to the measurements. Figure 8.7d reports the performance indicators for the PEL test.
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The EE calculated was 7.4%, and the model estimation was EEsim 8.2% (difference 10.8 %).
The CE was 34.2% and was 6.6% lower than the value of CEsim. CODrem was calculated at
82.4% and was 10.7% higher than the value of CODremsim. Once again, the model showed
satisfactory results.

The next step is to identify, using the calibrated model, the load that may achieve a desirable
Chapter 7 balance between wastewater treatment efficacy and energy generation of the MFC. In
this simulation test, the electrical load of the MFC varied from 35 Q to 1380 Q.

As reported in Figure 8.8, the highest value of generated energy for the resistive load is 58.31 J,
recorded for Ry,,q = 207 Q. At the same work point of MFC, EE = 11.7% and CODrem = 57.6%
are also recorded. Detailed simulation results for the resistive load 207 Q are presented in Figure
7.10. The highest CODrem values above 96.7% were noted for resistive load below R;,,q4 <35 Q.
Within this same resistive load range are observed the lowest EE values < 2.3% and electrical
energy generated, decreasing with decreasing resistive load value. The highest EE value of
20.9% is observed for the resistive load of 1380 Q. Similarly, for this load, the voltage value is
observed to be the lowest CODrem value of 13%. The change in CE ranges from 31% (for a
resistive load of 35 Q) to 42% (for a resistive load of 1380 Q).
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Figure 8.8 Summary of simulation results of MFC for PEL test for different values of electric load
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Figure 8.9 MFC experimental data and simulation results during PEL test for MEP: a) voltage, b) current,
¢) COD evolution, d) performance indicators

In the case presented in Figure 7.5, MEP (58.31 J, 207 Q), two points are obtained after reducing
the theoretical maximum energy by 10%. The first operating point is for the resistive load of 120
Q. This point was the subject of laboratory tests, and the test results are presented in Figure 8.7,
which is characterized by a lower EE value and a higher CODrem value compared to the
simulation results of the MFC operating at MEP. The second point was observed for the resistive
load of 372 Q, which is characterized by a higher EE value (14.4%) and a lower CODrem value
(36.3%) compared to the simulation results of the MFC operating at MEP.

Considering the simulation results for the two discussed operating points, the load with value of
120 Q allows for maximizing CODrem, while the load with a value of 372 Q allows for maximizing

EE and simultaneously maximizing energy generation from the MFC.

8.4.4. Proposal guidelines for designing a DC-DC converter for MFC

MFCs are bioelectrochemical systems that convert organic matter directly into electrical
energy through microbial activity. MFCs require an efficient DC-DC converter, which transforms

the low and variable output of MFCs into a stable and usable form of electrical energy.

Here are outlines of requirement guidelines for designing a DC-DC converter tailored for MFC
applications. These guidelines focus on ensuring high efficiency (EE and CODrem), and reliability
of the power conversion process, thus enhancing the overall functionality and applicability of MFC
systems. By addressing key design aspects such as input voltage range, efficiency, and current
handling, these guidelines aim to assist engineers and researchers in developing robust and

effective DC-DC converters that can meet the uniqgue demands of MFC technology.

Input Voltage Range: Ensure the converter can operate within the voltage range generated by

the MFC, which is typically low voltage for a single MFC unit lower than 1 V.
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Efficiency: MFC is characterized by low energy density. The converter for high efficiency to

minimize energy losses, which is important for the overall system performance.

Current Handling: The generated electric current of the MFC is very low (typically 0.5 - 2 mA).
Design the converter to handle the minimum (0.01 mA) and maximum current produced by the

MFC, considering potential peaks up to 20 mA.

Regulation: Depending on the case, implement precise voltage, current or power regulation to

maintain stable output despite fluctuations in MFC output.

Load Matching: Ensure the converter can adjust to varying loads to maximize power transfer from
the MFC, CODrem, or EE.

Compact Design: Aim for a compact and lightweight design to facilitate integration with the MFC

system.

Scalability: Design the converter to be scalable, accommodating potential future increases in

power output or system expansion.

Protection Mechanisms: Include protection features such as overcurrent, overvoltage, and short-

circuit protection to safeguard both the MFC and the converter.

Startup Characteristics: Ensure the converter has a low startup voltage to allow operation even

when the MFC output is minimal.

8.5. Conclusions

This chapter presents the application of the maximization method for different MFCs
operating under various parameters. The research results presented in this chapter confirm that
the model proposed in Chapter 6 and the maximization method from Chapter 7 can effectively
maximize MFC performance for different desired outcomes (maximalizing energy generation, EE
or CODrem).

The RMSE values for voltage and current were calculated. For voltages, the RMSE ranged from
1.73% to 3.21%. In the current case, the RMSE was only calculated for the MFC under PEL
conditions. This value was RMSE, = 14.38% and was better than the results of models presented

in the literature.

In the final subsection, proposal guidelines for designing a DC-DC converter for MFC were
described, including the most important requirements that this converter must meet to effectively

control the operation of the MFC.
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9. CONCLUSION

The following conclusions can be drawn from the results that have been presented and

discussed in previous chapters:

e Influence of the flow rate on the parameters of microbial fuel cell
This research, presented in this Chapter, addresses one of the most

important challenges for achieving industrial-scale MFC. To investigate this, we
evaluated the short-term effects of influent flow rate variations by operating an
MFC. The results indicate that increasing the flow rate from 0.72 to 7.2 L/d
increased electric power generation and COD removal rate while reducing COD
removal efficiency and CE. High flow rates result in high OLR, increased mixing
intensity, and reduced mass transfer limitations. Upon returning to initial
conditions, a hysteresis loop was observed, attributed to microbial culture growth
under high OLR. The CE figures reflect a decline in electrogenic activity at high
flow rates. From a practical standpoint, the overall evaluation suggests that
variations in influent flow rate have minimal impact on the MFC's performance in

terms of both electrogenic activity and pollutant removal.

e The effect of external load on the performance of microbial fuel cells
The research results presented in this Chapter can be concluded as

follows: The external load significantly affects the microbial consortia distribution
in the MFC. Firstly, the external load significantly influences the distribution of
microbial consortia within the MFC. High external resistance prompts a transition
in microbial populations from more electrogenic to more fermentative cultures.
This shift impacts all operational variables, particularly noticeable in the current
density output, which decreased from 0.06 to 0.02 mA. Regarding power output,
the system generally conforms to predictions outlined by the Jacobi Theorem.
However, peak power production was observed across a broad range of load
resistances (1000 to 3000 Q) rather than precisely at the point where external
and internal resistances are equal. In terms of fuel consumption, its dependency
on external resistance is minimal, with this classification referring to the internal
resistance of the MFC, with only a slight decrease noted after operation at high
external resistance. Lastly, fuel consumption only marginally decreases despite
the decrease in electric energy generation with increasing external resistance.
This results in lower CE after operating under conditions of high external

resistance, with this classification referring to the internal resistance of the MFC.

e Terminal voltage modeling of microbial fuel cells
In this chapter, the performance of the reduced-order combined model was

studied and compared with the recorded terminal voltage of MFCs. The modeling
methodology based on VRM was applied, and the model parameters were

accurately estimated. With these parameter values, the model was able to
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accurately predict the voltage and COD evolution of single cells and two cells
connected in series and in parallel, presenting errors lower than 8%. The tested
cells operated under high current generation showed that the voltage oscillations
were smaller. Voltage drops and polarity changes were not observed, which
means the cells had higher operational stability for stacks (series or parallel)
configuration of MFCs than for single-cells. The proposed models can be the
subject of further research as a tool for designing and developing concepts using

MFC technologies for wastewater treatment.

Different operational strategies for continuous electric energy generation
of microbial fuel cell
In this chapter, MFC performances were compared with two different

operational parameters. A smaller amplitude of power surges characterized the
work of the cell at a constant voltage. In the case of operation at a constant
current, the cyclic relaxation of the cell was forced, thus switching on and off the
load. During the experiment, the cells were loaded with a constant current.
Despite loading the cells with the same load but with different intervals between
the load state and the idle state, the cell operating in the scenario with regular
cell loading generated more electric energy. The MFC work at constant current
was characterized by greater electric power output by the cell, while they work at
constant voltage, which guaranteed a constant and uninterrupted load on the cell

and thus increased the CE and COD removal.

Maximizing energy efficiency and chemical oxygen demand removal for
continuous electric energy generation of microbial fuel cell
The model and maximization method from Chapter 7 were validated in this

chapter for two scenarios: an MFC with varying active electric load and air pump
and an MFC with a passive electric load. In both cases, the accuracy of the model
presented in Chapter 6 was initially confirmed. The RMSE values for voltage and
current were computed. The RMSE for voltage ranged from 1.73% to 3.21%. The
RMSE for the current was calculated only for the MFC under PEL conditions,
resulting in an RMSEI of 14.38%, which surpassed the findings of models
presented in the literature. The research findings in this chapter validate that the
model proposed in Chapter 6 and the maximization method from Chapter 7 can
effectively optimize MFC performance for various objectives, whether it is
maximizing energy generation, energy efficiency (EE), or chemical oxygen
demand removal (CODrem). Based on the results contained in this chapter, it can

be concluded that the research hypothesis presented in this work is correct.
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Appendix A: Simulation results of microbial fuel cell different types and

values of loads

Table A.1 Data of simulation results of microbial fuel cell under constant-current regime external load for
different values of operational parameter

Imrc (MA) Energy (J) EE (%) CE (%) CODrem (%) Time (s)

0.25 31.28 31 42.6 11.7 180000
0.35 42.27 29.7 42.4 16.4 180000
0.5 57.08 27.9 42.1 23.6 180000
0.75 77.15 24.9 41.7 35.8 180000
0.94 88.33 22.6 41.4 45.2 180000

1 91.09 21.9 41.3 48.1 180000
1.25 98.34 18.8 41.1 60.5 180000
1.36 99.19 17.4 41 66 180000
15 98 15.6 41 72.8 180000
1.75 88.63 12.1 41.1 84.8 180000
1.85 81.8 10.6 41.3 89.2 180000

2 67.1 8.2 41.8 95.2 180000
2.2 42.99 5.3 325 94.3 125910
2.5 19.58 2.6 19.5 86.9 61338.3

3 3.45 0.6 7.6 62.5 14329.4

3.5 0.6 0.8 6.7 9 1543.69
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Table A.2 Data of simulation results of microbial fuel cell under constant-current regime external load for
different values of operational parameter

Vwrc (V) Energy (J) EE (%) CE (%) CODrem (%) Time (s)
0.04 9.35 1.1 26.1 99.1 180000
0.08 24,53 2.9 343 98.7 180000
0.1 32.53 3.8 36.6 98.3 180000
0.15 50.75 6.1 39 95.9 180000
0.2 66.07 8.3 39.8 91.9 180000
0.25 78.6 10.5 40.1 86.6 180000
0.3 88.13 12.7 40.4 80.4 180000
0.35 94.37 14.9 40.6 73.4 180000
0.4 97.06 17.1 40.8 65.7 180000
0.41 97.15 17.5 40.9 64.1 180000
0.45 95.97 19.3 41 57.4 180000
0.5 90.9 21.6 41.3 48.7 180000
0.52 87.74 225 41.4 451 180000
0.55 81.74 23.9 415 39.5 180000
0.6 68.37 26.3 41.9 30.1 180000
0.65 50.73 28.7 42.2 20.4 180000

0.7 28.78 31.2 42.6 10.7 180000
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Table A.3 Data of simulation results of microbial fuel cell under constant-current regime external load for
different values of operational parameter

Pioad (V) Energy (J) EE (%) CE (%) CODrem (%) Time (s)
0.1 18 32.3 42.8 6.4 180000
0.2 36 30.4 42.5 13.7 180000
0.3 54 28.3 42.2 22 1800
0.4 72 25.8 41.8 32.3 180000
0.5 90 22.2 41.4 47 180000

0.526 94.68 20.5 41.3 53.4 180000
0.6 42.33 14.7 31.8 33.2 70548.4
0.7 1.67 111 254 1.7 2391.44

Table A.4 Data of simulation results of microbial fuel cell under constant-resistance regime external load
for different values of operational parameter

Rioad (Q) Energy (J) EE (%) CE (%) CODrem (%) Time (s)
24.875 10.45 1.2 235 99.4 180000
49.75 32.72 3.8 37.1 98.9 180000
74.625 51.86 6.2 39.8 96.8 180000

99.5 65.77 8.1 40.3 93.7 180000
169.15 88.32 12.3 40.7 83 180000
199 93.18 13.7 40.7 78.5 180000
298.5 98.63 17.3 40.9 65.7 180000
303.475 98.64 17.4 41 65.6 180000
398 96.31 19.9 41.1 56 180000
497.5 91.43 21.7 41.3 48.6 180000

547.25 88.69 225 41.4 45.6 180000

696.5 80.49 24.3 41.6 38.3 180000
995 66.62 26.6 41.9 29 180000
1492.5 50.96 28.7 42.2 20.5 180000

1990 41.05 29.9 42.4 15.9 180000
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Appendix B: Simulation results of microbial fuel cell under active electric

load and cathode air supply

Table B.1 Data of simulation results of microbial fuel cell under active electric load and cathode air supply

Imrc (MA) Energy (J) EE (%) CE (%) CODrem (%) Time (s)

1 12.45 22.7 37.6 6.3 25200
1.8 18.39 16.4 33.2 12.9 25200
2 19.31 15 32.1 14.9 25200
2.5 20.57 11.7 29.3 20.4 25200
2.7 20.67 10.4 28.1 22.9 25200
3 20.34 8.7 26.4 27.1 25200
3.3 19.44 7 24.7 32 25200
3.5 18.49 6 235 35.6 25200
4 14.8 3.6 20.3 46.9 25200
4.5 8.56 15 16.8 64 25200

Table B.2 Data of simulation results of microbial fuel cell under passive resistive electric load and cathode
without air supply

Rioad (Q) Energy (J) EE (%) CE (%) CODrem (%) Time (s)
35 19.13 2.3 31 96.7 144000
69 38.22 5 34.9 88.2 144000
104 49.53 7.3 36.5 78.7 144000
120 52.71 8.2 37 74.7 144000
138 55.2 9.1 375 70.5 144000
207 58.31 11.7 38.6 57.6 144000
276 56.69 13.6 39.3 48.3 144000

372 52.26 14.4 40 39.3 144000
414 50.18 16 40.2 36.3 144000
552 43.82 17.5 40.8 29 144000
690 38.56 18.5 41.2 24.1 144000

1380 23.55 20.9 42 13 144000
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