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Abstract 
 

Microbial fuel cells (MFCs) are bio-electrochemical devices that use micro-organisms, 

predominately bacteria, to directly convert the chemical energy of substrates contained 

within wastewater to electricity. The suspended and dissolved organic matter contained 

within typical wastewater streams such as those from domestic, municipal, and 

agricultural sources are directly oxidized by an MFC’s bacteria to produce electrons, 

which can be collected and drawn through an external, electrical circuit and used to 

power a load. In doing so, an MFC can simultaneously produce electrical power while 

purifying wastewater though chemical conversion of the substrates. However, despite 

their potential to integrate wastewater purification with electrical power production, 

MFCs currently suffer from low output power: typical MFCs have been reported to 

produce only 10-3–10-2 W. Compared to an output power of 1–107 W for other fuel cell 

types such as solid oxide or hydrogen, this gap represents significant room for 

improvement, especially considering that the theoretical maximum for an MFC is on the 

order of 106 W. This thesis studies the effect on power output of adding geometrical 

structures to the surface of the fuel cell anode. Through a broad parametric numerical 

study, two forms were selected for physical fabrication: a right pyramid and a cone. A 

working MFC was constructed and run in continuous-flow mode with an acetate-based 

substrate feed. Power outputs were recorded and compared between different anode 
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designs to show that surface shear rate and not surface area is the determining factor in 

dictating power output in a MFC.  
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Chapter 1: Thesis Summary and Objectives 
 

 
Microbial fuel cells (MFCs) are bio-electrochemical devices that use microorganisms to 

directly convert the chemical energy of organic wastes to electricity. A schematic of basic 

MFC operation is shown in Figure 1. Microorganisms grow in a biofilm adhered to the 

anode surface and, in a continuous-flow setup, substrate feed is continuously flowed over 

the anode through the fuel cell’s main compartment. The microorganisms in the biofilm 

oxidize substrates in the fluid flow to directly produce electrons which are captured by 

the anode and drawn through an external circuit. MFCs have significant potential as a 

sustainable energy source and in wastewater treatment applications due to their ability to 

degrade organic compounds in wastewater to produce freshwater and electricity [1]. 

However, the low power density output of MFCs remains one of the main obstacles for 

their practical application. Typical MFCs have been reported to produce 10-3–10-2 W 

compared to an output power of 1–107 W for other fuel cell types such as solid oxide or 

those using hydrogen as a fuel [2]. This gap in power output represents significant room 

for improvement, especially considering that the theoretical maximum for an MFC is on 

the order of 106 W [3].  

 

Possible causes of low power output are the electrochemical losses associated with 

properties of the anode and biofilm that limit electron transfer from the bacteria to the 
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anode surface [4, 5]. Anode and biofilm properties known to affect power output include 

surface area [6], ease of bacterial adhesion [7], the rate of substrate flux into the biofilm 

[8, 9], and biofilm morphology [10]. Power output can therefore be increased by 

increasing anode surface area [4], choosing a material or surface characteristics that 

promote bacterial adhesion [7], limiting the effect of diffusional gradients to improve 

substrate flux into the biofilm [11], and increasing the density of the biofilm [12]. In 

addition, a number of studies [5, 13–19] have shown that hydrodynamic shear influences 

biofilm composition and morphology, namely that increased surface shear rates result in 

denser, thinner biofilms that are more strongly adhered to their surfaces. For the reasons 

stated above, these biofilm characteristics (density, thickness, and adhesion strength) can 

have a direct effect on MFC performance. Finally, it is known that the macroscopic 

physical shape of a surface (e.g., flat, curved, etc.) can influence the behavior of fluid 

flow profiles over that surface and result in changes in hydrodynamic shear [20, 21]. For 

example, by changing the geometry on the surface of the anode, it is possible to produce 

different regimes of shear rate acting on the anode surface. Therefore, by increasing the 

hydrodynamic shear rate acting on the surface of the anode via physical modification of 

the anode surface structure, it is reasonable to assume that subsequent changes in the 

biofilm morphology could potentially result in larger power output for the MFC.  

 

However, it is unknown whether surface area or surface shear rate plays a larger role in 

determining power output in an MFC, or what structures would be capable of producing 

the desired results. For this reason, it is an aim of this thesis to judge the relative 
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importance of the effects of surface area, surface shear rate, and biofilm morphology in 

dictating MFC power output and to learn if geometrical manipulation of the anode can 

lead to improvement in MFC performance.  

 

 

Figure 1 | Shown is a schematic of basic MFC operation. Microorganisms in the biofilm 
adhered to the anode generate electrons which travel through the external circuit to power 
an external electrical load. 

 

The main objective of this thesis is to test a method of increasing the power output of an 

MFC over a baseline case a (flat plate anode) through the addition of passive structures to 

the surface of the anode. There are three associated sub-goals. (1) To numerically 

determine how geometrical considerations affect surface shear rate. Specifically, the 

intention is to determine which geometrical forms and orientations result in larger or 

smaller surface shear rate. (2) To design and construct a working MFC in the laboratory 

along with a set of operating procedures, safety guidelines, and detailed instructions on 

running a continuous-flow MFC. (3) To experimentally test the difference between anode 

designs in the working MFC and note the effects on power output due to structured 

anodes.  
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Chapter 2:  Background and Motivation 
 

2.1 Energy Landscape and Need for MFC Technology 

One of the most important scientific and technological challenges currently facing society 

is arguably the generation of environmentally friendly and sustainable energy to satisfy 

existing and future global energy demands. Due to continuing economic growth and an 

increasingly mobile and expanding population, world energy consumption is expected to 

increase nearly 50% between 2001 and 2050 [22]. One estimate by the Intergovernmental 

Panel on Climate Change shows the world population growing from approximately 6.1 

billion in 2001 to 9.4 billion by 2050 [23]. This is alongside an increase in world per 

capita GDP of $7,500 in 2001 to $15,000 by 2050 [23]. Barring changes in the average 

global energy intensity (the amount of energy consumed per unit of GDP), the world 

energy consumption rate will grow due to this population and economic growth [23]. In 

terms of actual energy use, quantitatively the total world energy consumption in 2001 

was 13.5 TW [22]. By 2050, that number is projected to more than double to 27.6 TW 

and nearly triple to 43.0 TW by 2100 [22]. Sustainably meeting this global energy 

demand will require increased energy efficiency, new methods of using existing carbon-

based fuels, and a significant amount of new, carbon-neutral energy sources [22]. 
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Figure 2 | Historical, current, and predicted energy consumption in the United States in 
TW/year. Percentages shown are of total United States energy consumption for 2010 and 
2030 [24]. 

 

86% of the world’s energy in 2001 was obtained from fossil fuels [22]. In the United 

States, 83% of primary energy consumption in 2012 (3.3 TW) was from natural gas, coal, 

and petroleum-based sources (fossil fuels) [24]. This percentage is expected to remain 

relatively unchanged until at least 2030 (Figure 2) [24]. However, continued consumption 

of fossil-fuel based energy at this rate will produce potentially significant global 

problems such as climate change resulting from the cumulative effects of greenhouse gas 

emissions into the atmosphere [25]. Coupled with the instability of the fossil fuel market 

[26], political and societal consciousness is currently motivated to reduce greenhouse gas 

emissions and promote various renewable energy sources such as solar, wind, and 

biofuels [22].  

 

However, for reasons related to technological difficulties and economic feasibility, 

current renewable energy sources may not represent a sufficient alternative to a fossil-
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fuel-based society. For example, hydroelectric power suffers from a dependence on 

geographical location. One study estimates that after eliminating all inadequate, 

prohibited, and inaccessible sites, the total maximum aggregate capacity for hydroelectric 

power is only 152 GW — representing 4.5% of current demand in the United States [27]. 

In addition, any attempt to construct a new hydroelectric plant requires a substantial 

amount of river resources and land and therefore could be publicly and politically a 

controversial undertaking [27]. Other renewable sources of energy such as tidal power 

also suffer from a maximum limit to capacity. A few studies have estimated that there is 

approximately only 50 GW of potential capacity in the near-shore regions of the United 

States, with 47 GW of this in Alaska — physically distant from the bulk of the energy 

market in the contiguous United States [28, 29]. Finally, solar power suffers from 

concerns regarding energy density, land use, and toxicity as well as from low 

photovoltaic conversion efficiency and water use for cleaning and cooling needs.  

 

Current solar technologies can only effectively use direct solar radiation and therefore 

rely on clear-sky conditions. Their effectiveness can decrease up to 60% with increased 

relative humidity, cloud cover, or the presence of aerosols such as dust or urban pollution 

[27]. For this reason, most solar plants are constructed in the southwestern United States 

where the resource of direct solar radiation is highest, but such areas suffer from a lack of 

water resources. This is problematic because water-cooled solar systems (about 60–70% 

of the solar capacity) consume water at 45–70% greater rates compared to coal and 

nuclear plants (about 800–1000 gal/MWh), thereby placing a heavy strain on water-
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stressed dry regions [27]. In addition, approximately 80% of the solar market employs 

solar cells that contain toxic metals such as cadmium, and materials such as tellurium and 

indium are expected to limit the growth of solar technologies due to their scarcity [27]. 

While water, wind, and solar are attractive sources of energy, it is clear that additional 

methods must be developed to sufficiently supply safe and sustainable energy to satisfy 

future energy demands.  

 

In addition to the challenges resulting from the growing energy demands of the world, a 

closely related and interconnected challenge is posed by a rising demand on the world’s 

water resources. Due to population growth, urbanization, industrialization, and other 

trends, finite water resources are increasingly stressed to unsustainable limits even in 

regions historically abundant in water resources [30]. For example, major groundwater 

basins such as the Ogallala Aquifer in the Great Plains of the United States have reported 

as much as 40% of their reserves have been depleted and the remaining water continues 

to be in a steady state of decline [31]. This places nearly 20% of the land in the United 

States at risk of losing their primary source of freshwater [31]. A lack of freshwater 

availability also directly affects energy production, which collectively accounts for more 

than 41% of all water use in the United States [32]. Approximately 89% of the energy 

produced in the United States is generated by power plants that incorporate water-

intensive cooling systems such as coal, nuclear, and natural gas plants [32]. One estimate 

states that approximately 100 L of freshwater is used to produce 1 kWh of fossil-fuel-

based electricity [33], and based on a USGS study, approximately 500 × 109 L/day was 
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used for this purpose in 2005 [34]. Of all water withdrawals in the United States, nearly 

40% is for cooling needs for thermoelectric power generation [35]. Clearly, the necessity 

of freshwater availability to our society and fulfilling the predicted demand on our 

limited water resources poses a significant scientific and technological challenge that 

must be addressed.  

 

The recycling of wastewater into usable freshwater seems to be a potential method to 

sustain water resources. The goal would be to reclaim and reuse water directly from non-

traditional sources such as industrial, agricultural, and municipal wastewater streams. 

These sources represent especially viable sources of freshwater because the amounts are 

substantial and they are readily available. For example, according to the USGS, the total 

amount of freshwater in domestic and municipal use in the United States in 2005 was 

1.82 × 1011 L/day, representing 11.7% of total freshwater withdrawals during this time 

[34]. Of the 1.82 × 1011 L/day withdrawn for domestic and municipal use, 75–85% was 

returned to the environment as wastewater [33]. However, 99.94% of the composition by 

weight of a typical domestic or municipal wastewater stream is pure water, with 0.06% 

by weight of wastewater composed of dissolved and suspended solid material [36]. For 

these reasons, typical wastewater streams are a potential source of pure water and 

represent an alternative to traditional freshwater sources such as ground aquifers, rivers, 

and freshwater lakes. 

 

The energy and material costs of wastewater treatment are substantial. Current 
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wastewater treatment processes focus on reducing the concentration of pollutants such as 

suspended particles and pathogens by various means such as separation and disinfection 

[37]. The most widely applied process for wastewater treatment is activated sludge 

treatment, which uses suspended microbes to remove organic compounds through 

aerobic, biochemical reactions [38]. This process yields purified water but at a high 

energy cost: the energy requirement for aeration of the wastewater is approximately 

0.5 kWh/m3 of treated water [39]. This energy use represents an estimated 3–4% of total 

annual energy consumption in the United States [40, 41]. Coupled together with the 

energy consumption concerns previously discussed, a method to treat wastewater that is 

less energy-intensive and more energy efficient than current methods could represent a 

promising solution to two strongly concomitant and related issues: energy use and 

freshwater depletion.  

 

A benefit is that wastewater itself represents a potential source of energy. For example, 

the most abundant source of energy contained within typical domestic wastewater is in 

the form of suspended and dissolved organic matter [1]. Organic matter is a blanket term 

for matter composed of carbon-based organic compounds whose origin was plant and 

animal waste, fecal matter, or the remains of dead organisms such as plants, animals, and 

microorganisms [42]. Examples include cellulose, various proteins, lipids, carbohydrates, 

sugars, fatty acids, and amino acids [43] and constitute roughly 500 mg of material per 

liter of wastewater from a typical American household [1]. The direct oxidation of this 

organic material to H2O and CO2 could potentially yield 2.2 kWh/m3 of wastewater [38]. 
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To put this into perspective, consider an average American household with a total energy 

consumption of 7500 kWh/yr and a total domestic wastewater production of 1000 m3/yr 

[38]. Accounting for energy loss due to the conversion process to electricity (such as 

Coulombic losses, treatment efficiency, and energy transfer), an overall efficiency of 

50% can be assumed as reasonable [1]. Taking into account this efficiency, the 

wastewater currently discarded down the drain in a typical home could potentially satisfy 

almost 15% of annual residential energy use. Despite this potential, the low-grade 

biomass associated with wastewater treatment remains unexploited and is considered a 

burden to wastewater treatment plants [44]. As such, few conversion processes currently 

exist to produce energy from domestic, industrial, and agricultural wastewater sources. 

 

The potential of microbial fuel cells (MFCs) is to convert wastewater treatment plants 

into power plants by purifying wastewater into freshwater with a concomitant production 

of electricity. MFCs are considered a viable alternative to alleviating energy and water 

resource demands through their integration of wastewater purification with power 

production [4]. MFCs reduce the energy requirement for wastewater treatment and allow 

for the possibility of tapping into the renewable energy of low-grade organic matter 

contained in typical wastewater streams. The ability to extract bioelectricity, especially 

from pollutants in wastewater, renders MFCs a practically useful technology. 

Consequently, in the past two decades, MFCs have garnered interest as a promising 

technology for wastewater treatment and energy recovery [4, 39, 45, 46].  
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2.2 History of Microbial Fuel Cells 

The principle that microorganisms can generate electrical current in an external circuit 

was first shown in 1910 by Michael Cresse Potter, a botany professor at the University of 

Durham in the United Kingdom [47]. By using a glass jar, a porous cylinder, and a pair of 

platinum electrodes, Potter demonstrated that electricity can be generated from living 

cultures of Escherichia coli (e-coli) and Saccharomyces cerevisiae (a type of yeast) [47]. 

Potter’s observations were later confirmed by Barnett Cohen at Cambridge in 1931, who 

developed a batch of biological fuel cells that generated a current of approximately 2 mA 

[48].  

 

However, widespread interest in biological fuel cells did not gain traction until the early 

1960s when the United States National Aeronautics and Space Administration (NASA) 

became interested in methods for converting organic waste into electricity during lengthy 

space missions [49]. By 1963, biological fuel cells were commercially available for use 

as power supplies for small electrical devices such as radios and signal lights [50]. 

However, these fuel cells failed commercially due to the advancement of alternative 

technologies such as solar photovoltaic systems [38]. Recently, economic and societal 

pressures due to the reasons discussed in Section 2.1 have precipitated the revival of 

biological fuel cell research, especially in the area of MFCs [50]. In the period from 2000 

to 2010, developments in the physical design of MFCs have increased their appreciable 

power output from less than 0.1 mW/m2 to over 1000 mW/m2 (see Section 2.7) [6, 39]. 

Following these design developments, the number of published papers and researchers 
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working in this field has largely increased and MFC research is currently a widespread 

field of research [51]. 

 

2.3 Potential MFC Fuel Sources  

One characteristic of MFCs that make them a promising technology for wastewater 

treatment and power generation is their flexibility in a fuel source. Nearly any source of 

biodegradable organic matter can be used in an MFC for power generation [52]. This 

includes wastewater streams from agricultural, domestic, and industrial sources as well as 

a wide array of biomass sources (Table 1). These wastewater streams represent attractive 

sources of fuel for MFCs because they are free, sustainable, and have few other practical 

uses. This flexibility in fuel source is possible because the microorganisms employed in 

MFCs are capable of oxidizing a wide array of organic compounds to produce electricity 

[46]. Additionally, the ability of fuel cells to operate as standalone units in a grid-

independent environment allows potential implementation of MFCs in localized settings 

as distributed power sources.  

 

In a comprehensive review of 51 fuel sources that were reported in the literature [51], 

acetate was shown to be capable of producing a maximum current density of 0.8 mA/cm2 

[6]. This is larger than all but three other fuels: glucuronic acid (1.18 mA/cm2) [80], 

sodium fumarate (2.05 mA/cm2) [81], and starch (1.3 mA/cm2) [82]. In addition, the 

predominance of acetate as a fuel source in the literature [51] makes it a prime candidate 

for use in this thesis due to the ease of comparison with previous research. Other research 
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has demonstrated that if the concentration of substrate is above a certain limit 

(approximately 100 mg/L), the concentration of the substrate does not affect power 

output, only the time required to reach full substrate depletion [83]. The implication of 

this finding is that larger concentrations (1–5 g/L) of substrate can be used to extend the 

duration of measurement times to days or weeks without unaccountably affecting the 

power output (Appendix H). 

 

Table 1 | Shown are various types of wastewater and effluents that have been studied in 
the listed references to test the various wastewater sources for viability as a fuel source. 

Source References 
Food processing wastewater [53] 
Meatpacking wastewater [54] 
Palm oil mill effluent [55] 
Paper mill effluent [56] 
Rice mill wastewater [57] 
Brewery wastewater [58–62] 
Domestic wastewater [63–66] 
Chemical wastewater [67] 
Starch wastewater [68–71] 
Swine manure slurry [72, 73] 
Manure waste  [74] 
Landfill leachates [75–79] 

 

 

2.4 Microbial Fuel Cell Operation 

Microbial fuel cells couple the oxidation of an electron donor, the “substrate,” at an 

electrically conductive anode with the reduction of an electron acceptor at a cathode. 

While non-bacteria MFCs have been studied, such as ones that use algae [84, 85], this 
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thesis solely focuses on MFCs that employ bacteria. Under anaerobic conditions, a 

special type of bacteria called exoelectrogens (bacteria able to extracellularly transfer 

electrons; see Section 2.6) live in a biofilm adhered to the surface of the anode. Through 

microbial metabolism, the bacteria oxidize substrates to produce electrons which are then 

extracellularly transferred to a conductive anode (Figure 3).  

 

 

Figure 3 | Shown is a schematic of MFC operation. The chemical half reactions for the 
oxidation and reduction of acetate are given: see Equations (1) and (2). 

 

The cathode is physically separated from the main chamber by a proton exchange 

membrane (PEM) and electrically connected to the anode through an external circuit. The 

electrons produced by the bacteria are transferred to the anode and are drawn through an 

external circuit to the cathode. The produced current flow can be used to run an electrical 

device. Meanwhile, the protons produced reach the cathode by passing through the 

interior of the MFC and the PEM. The role of the PEM is to prevent O2 flux into the main 

chamber while allowing H+ ions to pass unhindered to the cathode. At the fluid-side of 
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the cathode, a reduction reaction occurs among the electrons, protons, and an electron 

acceptor to produce water. Atmospheric oxygen is typically used as the electron acceptor 

due to its inherent advantages: high oxidation potential, availability, and sustainability 

[86–88] although other oxygen acceptors such as ferricyanide, hydrogen peroxide, and 

nitrate have been used [89]. Electrical current generation is made possible by keeping the 

microbes separated from oxygen (or any other electron acceptor other than the anode), 

necessitating the need for an anaerobic main chamber.  

 

2.5 Chemical Half-cell Reactions 

To perform thermodynamic calculations on the maximum expected power output of an 

MFC, it is necessary to understand the chemical reactions responsible for electron 

generation. In other words, the maximum power output of an MFC is a function of the 

chemical used by the bacteria to generate electrons, and therefore it is first necessary to 

understand the chemical reactions happening inside the MFC before any thermodynamic 

calculations can be performed. The reactions in an MFC can analyzed in terms of half-

cell reactions, which are the separate reactions that occur at the anode and cathode. They 

are a single component of a redox reaction: the oxidation reaction component at the 

anode, or the reduction reaction component at the cathode. The relevant half-cell 

reactions that occur are shown in Equations (1) and (2) for the reduction of an acetate ion 

(CH3COO–). Acetate is an anion typically found in aqueous solution in anaerobic 

ecosystems, and is commonly used as an electron donor by anaerobic respiratory bacteria 

[90]. The half reaction for the oxidization of an acetate ion at the anode is: 
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CH3COO– + 2H2O → 2CO2 + 7H+ + 8e– (1) 

Note that from Equation (1), for every mole of acetate ion consumed, 8 moles of 

electrons are generated. When oxygen is used as the electron acceptor at the cathode, the 

reduction half reaction is: 

O2 + 4H+ + 4e– → 2H2O (2) 

Overall, the reaction is the chemical decomposition of the acetate ion to CO2 and H2O 

with a concurrent production of electricity. To relate this analysis to the theoretical 

maximum charge generation that can occur within an MFC, see Section 2.8. 

 

2.6 Biofilm, Mediators, and Bacteria 

The bacteria employed in MFCs grow and develop into a biofilm that coats the surface of 

the anode [4]. A biofilm, colloquially referred to as “slime,” is a colony of bacteria that 

stick together within a self-produced matrix of various secreted compounds. Examples of 

biofilms outside of MFCs include the slime that forms on the hulls of seagoing vessels or 

inside an unclean bathtub. The biofilm in an MFC naturally occurs as the inevitable result 

of microbial growth but has also been shown to be important in MFC performance [39].  

 

In general, the outer layers of most microbial species are composed of a non-conductive 

lipid membrane and direct electron transfer from the interior of a microbe to an 

extracellular environment was thought to be inhibited [46]. Therefore, prior to 1999, most 

bacteria were believed to be incapable of transferring electrons directly to a solid electron 

acceptor (such as an anode) and early MFC studies were only able to achieve appreciable 
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output power from the use of electron shuttles called “mediators.” Mediators in an 

oxidized state are reduced by capturing electrons from within a cell membrane and are 

then oxidized after transporting the electrons to the anode (Figure 4). This cyclic process 

enables the electron transfer between bacteria and anode [91]. However, the toxicity, 

instability, and financial cost of mediators make their application in MFCs undesirable.  

 

 
(a) (b)  

Figure 4 | Shown is a bacterium that (a) requires an electron mediator to transport 
electrons to the surface of the anode and (b) that does not require an electron mediator to 
transport electrons to the anode surface. Shown in (a) is the cyclic process of mediator 
capture, transport, and release of electrons. Labels refer to A: anode, B: mediator in a 
reduced state (the mediator has captured an electron from the bacterium), C: the liquid 
medium, D: mediator in an oxidized state (the mediator has released an electron to the 
anode), and E: the bacterium. Length scale shown is approximate and provided only for 
reference. 

 

In 1999, a major breakthrough in MFC technology arose when it was discovered that 

Shewanella putrifaciens, an anaerobic microbe commonly found in marine environments, 

was capable of electrical current generation in an MFC without the use of electron 

mediators [92]. Since then, several more bacteria species have been shown to exhibit the 

ability to exocellularly transfer electrons (Table 2). Bacteria capable of exocellular 

electron transfer are called “exoelectrogens” because no exogenous mediators are 
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required to transfer electrons to the extracellular electron acceptor (the anode) [4]. While 

Table 2 lists the known exoelectrogens discovered to date, it is expected that future 

research will discover additional species capable of the extracellular generation of 

electrons that is utilized in the functioning of MFCs. 

 

Table 2 | Shown is a list of known exoelectrogens discovered to date together with the 
references that first reported the discovery.  

Year Species name Reference 
1999 Shewanella putrifaciens [92] 
2001 Clostridium butyricum  [93] 
2002 Geobacter metallireducens [94, 95] 

Desulfuromonas acetoxidans [95] 
2003 Geobacter sulfurreducens [10] 

Aeromonas hydrophila [96] 
Rhodoferax ferrireducens [7] 

2004 Pseudomonas aeruginosa [97] 
Desulfobulbus propionicus [98] 

2005 Geopsychrobacter electrodiphilus [99] 
Enteroccus gallinarum [100] 
Geothrix fermentans [101] 

2006 Shewanella oneidensis [102, 103] 
2008 Rhodopseudomonas palustris  [104] 

Ochrobactrum anthropi  [105] 
Klebsiella pneumoniae [77] 
Desulfovibrio desulfuricans [106] 
Acidiphilium cryptum [107] 
Firmicutes thermincola  [108] 

2009 Shewanella loihica [109, 110] 
Thermincola ferriacetica [111] 
Bacillus subtilis [112] 

2010 Corynebacterium [113] 
2012 Bacteriodetes [114] 
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The exoelectrogens employed in MFCs (Table 2) exhibit electrical conductivity on par 

with that of synthetic conductive polymers (approximately 5 mS/cm) [115, 116]. There 

are two likely mechanisms for this ability: (1) direct electron transfer from the bacteria to 

the anode surface, and (2) mediated electron transfer through biologically produced 

electron mediators [117]. Explanations for direct electron transfer include the use of 

proteins on the outer membrane of the bacteria to transfer electrons and the use of 

conductive pili (hair-like appendages on the bacteria surface) to transfer electrons [10, 39, 

92, 118–123]. Also, it is known that different species use different electron-transfer 

mechanisms. For example, Geobacter metallireducens is known to use direct electron 

transfer [94], while Shewanella oneidensis may use mediated electron transfer [124].  

 

Although there are many types of exoelectrogens, most studies (with a few exceptions, 

see [77]) have shown that MFCs powered by bacteria consortiums that contain a variety 

of species produce higher power densities than MFCs that rely on a single species [52, 

97, 125, 126]. For example, a pure culture of Pseudomonas aeroginosa was reported to 

have produced a power density of 1.67 mW/m2 using solid graphite electrodes in a two-

chamber MFC [39], but in the same setup, a mixed bacteria consortium was found to 

produce a power output 2156-times larger (3.6 W/m2) [127]. The significant difference in 

power densities can be attributed to the breakdown and exchange of substances such as 

polysaccharides and lipids between different species in a biofilm [128]. For example, 

Geobacter sulfurreducens may not be able to produce the same power output in a pure 
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culture as in a mixed consortium because it can only metabolize simple compounds (such 

as acetate) and depends on other species to break down more complex molecules [7].  

 

2.7 The Challenge of Low Power Output 

Despite the potential advantages of MFCs, many challenges still remain before they can 

be used in practical wastewater treatment and power generation. The main challenges 

associated with improving MFC performance are (1) increasing the recovery of electrons 

from the substrate to maximize power output, (2) reducing material costs and internal 

resistances to allow for scalable designs, and (3) increasing the low power output density 

[52, 129] by combination of (1) and (2) and development of higher kinetics for metabolic 

processing by bacteria. Of these challenges, the focus of this thesis is on improving 

power output density by enhancing anode–substrate characteristics.  

 

Based on the assumption that power production for an MFC is a function of the growth 

rate of the bacteria, and assuming a single bacterium cell doubles twice an hour and has a 

volume of 0.5 µm3, it has been stated [3] that an MFC could theoretically produce 16 

MW/m3 of chamber volume. Despite this theoretical maximum, the current maximum 

achieved power density that has been demonstrated is 2.08 kW/m3 [130]. Despite this 

result being from 2012, it remains the record for maximum achieved power output and 

focus in the research community has been on understanding the physical, chemical, and 

biological mechanisms by which power output can be increased. With a fuel cell volume 

of 3.0 × 10-5 m3, the reported power output density of 2.08 kW/m3 is only 0.062 W — 



21 
 

two orders of magnitude lower than the lower end of power outputs achievable by 

conventional fuel cells (Figure 5). The gap between current, typical MFC power output 

and the theoretical maximum represents significant room for improvement. Note, Figure 

5 compares power in units of W. For MFCs, values of power density (W/m3) were 

converted to power (W) based on the physical fuel cell size of the devices from which the 

power outputs were obtained [1, 52, 122, 130]. The theoretical maximum value is based 

on the assumption that a working MFC could have a chamber volume on the order of 1 

m3 and that issues in scaling up reactor volume could be overcome to achieve this 

theoretical maximum [2].  

 

 

Figure 5 | Shown is a plot of output power ranges for commercially available batteries, 
photovoltaic cells, and fuel cells compared to that of microbial fuel cells. Theoretical 
maximum given for MFCs is based on assumptions and estimates from [2]. The output 
power ranges of some common types of batteries and fuel cells are indicated.  
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2.8 Thermodynamic Calculations of MFC Performance  

Thermodynamic calculations regarding the performance of a MFC can be used to identify 

the size and nature of energy losses in a system [4]. The reactions that occur within the 

MFC can be analyzed in terms of the half-cell reactions as listed in Equations (1) and (2). 

Writing Equation (1) as consuming electrons (according to IUPAC conventions [131]) 

results in Equation 3) for oxidization of acetate at the anode surface by bacteria: 

2HCO3
– + 9H+ + 8e–  →  CH3COO– + 4H2O (3) 

For oxygen as the electron acceptor at the cathode, Equation (2) as previously written can 

be used.  

 

In an MFC, electricity is generated when the overall chemical reaction is 

thermodynamically favorable [131]. The maximum amount of work that can be derived 

from the reaction can be evaluated in terms of Gibbs free energy as: 

 ( )0 lnr rG G RT∆ = ∆ + Π   (4) 

where ΔGr is the Gibbs free energy for specific conditions of the system in J, 0
rG∆  is the 

Gibbs free energy under standard conditions (298.15 K, 1 bar, 1 M concentration for all 

species), R is the universal gas constant (8.31447 J mol-1 K-1), T is the absolute 

temperature in K, and Π is the reaction quotient. For dilute solutions, Π is calculated as 

the ratio of the activities of the products divided by the reactants raised to their respective 

stoichiometric coefficients and is a dimensionless value [131].  
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For MFC calculations, it is preferred to evaluate the reaction in terms of the overall cell 

electromotive force, Eemf in V. Eemf is defined as the potential difference between the 

anode and cathode [131]. Eemf is related to the Gibbs free energy as: 

 withr
emf

GE Q nF
Q
∆

= − =   (5) 

where Q is the charge transfer of the reaction in Coulombs, n is the number of electrons 

per reaction mole, and F is Faraday’s constant (9.64853 × 104 C mol-1). If all reactions 

are evaluated at standard conditions, then Π = 1 and according to Equation (6): 

 
0

0 r
emf

GE
nF
∆

= −   (6) 

where 0
emfE  is the standard cell electromotive force in V and obtained from various 

sources [132]. Combining Equations 4, 5, and 6, the theoretical electrode potentials for 

the anode and cathode can be calculated as: 

 ( )0 lnemf emf
RTE E
nF

Π= −   (7) 

where all variables are as previously defined. Applying Equation (7) to the oxidation of 

acetate at the anode, we arrive at:  

 30
2 9

3

CH COO
ln

8 HCO H
an an

RTE E
F

−

− +

    = −
        

  (8) 

where 0
anE  = 0.187 V [132] and the brackets refer to the molar concentrations of the 

reacting species. Likewise, the reduction reaction at the cathode determines Ecat from: 
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 = −
    

  (9) 

where 0
catE  = 1.229 V (from [132]) and pO2 = 0.2, where pO2 is the partial pressure of 

dissolved oxygen (also from [132]). The overall cell electromotive force (Ecell) is the 

difference between these two values: Ecell = Ecat – Ean. Calculating Ean from Equation (8) 

results in Ean = –0.288 V and calculating Ecat from Equation (9) results in Ecat = 0.805 V. 

Therefore, Ecell = 1.09 V. This value represents the theoretical maximum cell potential for 

the substrate feed used in this study (acetate) and does not include take into account 

internal losses. The difference between a measured cell voltage and Ecell (the theoretical 

maximum) is called “over-voltage” and represents the sum of the electrode over-

potentials and the ohmic loss of the system [131]. The electrode over-potentials give rise 

to the activation losses and concentration losses as described next. 

 

2.9 Characteristics that Affect Output Power  

The output power of an MFC is primarily dictated by physical characteristics of the fuel 

cell itself such as the physical electrode spacing and the effective electrode surface areas 

[133]. In addition, the operating temperature (of the substrate feed, electrodes, and 

bacteria), kinetics of bacterial metabolism, efficiency of catalysts, PEM resistivity, PEM 

ion transport efficiency, and transfer efficiency of electrons from the bacteria to the anode 

are several other key considerations. Among other parameters for MFCs that have been 

shown to dramatically influence power output include the choice of bacteria used [5, 52, 

97, 105, 125] and the choice of chemical substrate [51, 83]. In just ten years (2000 to 
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2010), an increased understanding of these various characteristic parameters has resulted 

in an increase in power output from approximately 0.1 mW/m2 to approximately 1000 

mW/m2 — an improvement of four orders of magnitude. However, despite this rapid 

advancement, a gap between typical power outputs and the theoretical maximum 

remains, as discussed in Section 2.7. While studies on the parameters mentioned may 

offer potential strategies for system optimization and future avenues for engineering 

higher performance MFCs, this thesis focuses on characteristics that relate to the design 

of the anode design. 

 

The electrical resistivity of the anode and the ease of bacterial adhesion have been shown 

to significantly impact MFC performance. The electrical resistivity of the anode is the 

electrical resistance of the anode based on material properties, physical size, and 

electrical connections [4]. In one study, a graphite brush anode with electrical resistance 

of 8 Ω was compared to a plain carbon paper anode with electrical resistance of 31 Ω [6]. 

Normalized with respect to the cathode, the carbon paper anode resulted in an output 

power of 600 mW/m2, while the brush anode resulted in a power output 4-times higher 

(2400 mW/m2) [6]. In 2007 when this report was published, this was the highest output 

power of an MFC achieved up to that point. The anodes were used in the same fuel cell 

with identical innoculums and substrates, demonstrating that the electrical resistivity of 

the anode can play a substantial role in MFC power output.  

 

Similarly, the ability of the anode surface properties to facilitate bacterial adhesion can 
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have a significant effect on power output. While most research employs carbon-based 

anodes for reasons discussed in Section 2.9, a number of physical modifications to the 

carbon structure have been performed. In one study, it was found that the power output of 

a graphite rod was limited due to its low porosity for microorganism absorption [7]. A 

porous, graphite-foam anode with nearly identical surface area as that of a solid graphite 

rod produced 5.5 W/m2 of power — approximately 2.4 times that of the graphite rod [7]. 

The concentration of bacteria attached to the anodes was measured and was shown to be 

higher for the foam anode (0.086 mg protein per cm2 vs. 0.032 mg protein per cm2) [7]. A 

number of other studies using carbon nanotubes have shown that compared to an 

unaltered, flat graphite surface, a surface with carbon nanotubes showed better adhesion 

and growth of bacteria cells based on visual inspection of SEM images of the anode 

surface [134, 135]. Graphene, however, is highly hydrophobic and has proven 

unfavorable for bacteria adhesion [136, 137]. For example, compared to a plain graphene 

surface, graphene treated with a hydrophilic conductive polymer showed a 60-fold 

increase in power output density (12.8 mW/m2 to 768 mW/m2), suggesting that the 

hydrophobic graphene surface itself was inhibiting bacteria adhesion and growth [136]. 

These studies demonstrate that higher surface concentrations of bacteria at the anode are 

associated with higher output power and can be influenced by anode surface 

considerations such as hydrophobicity and porosity.  

 

Another set of characteristics that affect MFC performance are electrochemical losses. 

Three types are relevant to this thesis: ohmic losses, mass transfer losses, and activation 
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losses. Ohmic losses are due to electrical resistance against the flow of electrons through 

the biofilm and anode as well as resistance against the flow of protons through the 

solution and the PEM [4]. Ohmic losses can be decreased by decreasing the physical 

electrode spacing, decreasing the PEM resistivity, increasing the solution conductivity, 

ensuring proper electrical connections, and selecting an anode material with a high 

electrical conductivity and low resistance to electron uptake from the biofilm. Mass 

transfer losses are due to the diffusional gradients in the main chamber as well as limits in 

the substrate flux into the biofilm [8, 9]. In general, diffusional gradients can be limited 

by employing a continuous-flow setup, as the forced advection of substrate through the 

fuel cell has a mixing effect that is not present in batch-fed setups [4]. In addition, when 

the internal geometry of the MFC is constant, it is known that a denser, thinner biofilm 

will improve substrate flux into the biofilm leading to decreases in the internal resistance 

[11, 12]. Activation losses arise from the electron transfer from the substrate to the anode 

surface [4]. By increasing the operating temperature, the anode surface area, and the 

bacteria concentration in a stable, enriched biofilm, activation losses can be decreased 

[4]. Decreasing the electrochemical losses in an MFC is a guaranteed method of 

increasing the power output, and therefore must be addressed in any attempt at improving 

MFC performance. Electrochemical losses can be summarized as a value of internal 

resistance to characteristic MFC performance, and this idea is further discussed in 

Section 4.14. 

 

Lastly, electrochemical losses have been shown to be directly related to the morphology 
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of the biofilm. The bacteria in the biofilm live in close, physical contact with the anode 

and therefore the biofilm itself is a component of the electrical connection between the 

bacteria and the anode [10]. Likewise, changes in biofilm composition and structure 

directly influence the electrochemical characteristics of the MFC [10]. As a result, the 

amount of accessible surface area for the bacteria to anchor as well as the density of 

bacteria play a profound role in determining MFC power output. It has been suggested 

that the electron transfer between the microbial catalysts in the biofilm and the anode 

poses the greatest challenge for MFC improvement [5]. For these reasons, many studies 

have attempted to improve anode performance, some of which are discussed next. 

 

2.10 Methods of Improving Anode Performance 

Attempts at improving anode performance can broadly be categorized as (1) material 

selection, (2) surface area enhancements, and (3) other surface modifications. Typically, 

carbon-based materials are used as anodes due to their chemical stability, electrical 

conductivity, relative low cost, and ease of bacterial adhesion leading to formation of 

stable biofilms. Examples include graphite plates and rods, carbon fiber brush, carbon 

cloth, carbon paper, carbon felt, reticulated vitreous carbon (RVC), carbon nanotubes, 

and granule graphite. Table 3 lists materials most commonly used in MFCs along with 

some benefits and drawbacks of their use as reported in past research. It should be noted 

that many other materials have been studied for use in MFC anode design; Table 3 lists 

the more common materials used.  
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Table 3 | Listed are some common materials used for anode construction together with 
qualitative benefits and drawbacks as described in previous research reports.  

Material 
Surface 
Area [m2/m3] Benefits Drawbacks References 

Graphite  
plate 

Nominal 
geometric area 

Good electrical 
conductivity; Relatively 
inexpensive; Defined 
surface area 

Low surface area [2, 83] 

Graphite  
fiber brush 

7–18 × 103 Simple production;  
High porosity (95–98%) 

Clogging; Not all 
surface area 
accessible to bacteria 

[6, 138] 

Carbon  
cloth 

Not easily 
measured/ 
determined 

Large porosity Relatively expensive [106, 139, 
140] 

Carbon  
paper 

Not easily 
measured/ 
determined 

Easy electrical 
connection  

Fragile; non-durable; 
large resistance 

[6, 141] 

Carbon  
felt 

Not easily 
measured/ 
determined 

High porosity Large resistance; 
Clogging 

[86, 92, 142, 
143] 

RVC 6 × 103  High porosity (97%), 
Rigid 

Large resistance; 
Clogging; Fragile 

[124, 144–
146] 

Carbon 
nanotubes 

Not easily 
measured/ 
determined 

Very high surface area Toxic to microbes [147, 148] 

Granule 
graphite 

1–2 × 103  High specific area Low porosity  
(30–50%); Clogging 

[6, 39, 149] 

 

 

Graphite plates and rods are typically selected for their high electrical conductivity and 

chemical stability. They have compact structures, high mechanical strength, and a 

relatively smooth surface that facilitates quantitative measurement of their surface area. 

However, their available surface area limits the output power of fuel cells that employ 

this material. Graphite fiber brushes are constructed from graphite fiber that is wound 
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around an electrically conductive, chemically stable titanium wire [6]. These brushes 

have high surface areas (7–18 × 103 m2/m3), but the space between fibers is not uniformly 

distributed and it remains to be shown to what degree the surface is accessible to bacteria 

[133] for stable biofilm formation. Carbon cloth is flexible and porous, but its application 

is limited by cost ($1000/m2) [150]. RVC is less commonly used despite its large surface 

area (on the order of 6 × 103 m2/m3) and high porosity (97%) [124]. The main 

disadvantages for RVC are the relatively high electrical resistance (5 × 10-3 Ω∙cm) and 

brittleness in comparison to other materials such as carbon cloth or felt [133]. Only a few 

notable studies have attempted to use non-carbon materials for anode construction. For 

example, stainless steel suffered from low power density (4 mW/m2) and titanium was 

found to be unsuitable due to a high charge transfer resistance (1.8 kΩ) [151]. The ease of 

biofilm formation on carbon-based materials is likely the most significant cause for using 

carbon-based materials nearly exclusively for MFC anode fabrication.  

 

An important aspect of anode performance in relation to this thesis is surface area 

considerations. It has been shown that a larger anode surface area results in a larger fuel 

cell power output with the MFC being operated in batch-fed operation mode for nearly all 

these studies. For example, when an anode was constructed from carbon felt rather than 

graphite rods, a 3-fold increase in output current was produced (0.57 mA compared to 

0.19 mA) [7]. This difference was claimed to be the result of surface area because the 

current and bacteria densities were nearly equivalent between the carbon felt and graphite 

rod anodes (28.0 mA/m2 to 31.0 mA/m2; 0.047 mg protein per cm2 to 0.032 mg protein 
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per cm2) [7]. In another study, power output in an MFC was compared between a flat 

graphite plate and a bed of granule graphite pellets [152]. It was found that power output 

increased as a function of surface area from a minimum of 1.59 mW/m2 for a flat graphite 

plate (surface area 12.5 cm2) to 80.3 mW/m2 for a packed bed of granules (estimated 

surface area 1247 cm2) [152]. This represents a 50-fold increase in power output for a 

100-fold increase in surface area, once again demonstrating that an increase in anode 

surface area leads to an increase in power output. 

 

Despite this trend, not all of an anode’s surface area will be available for bacteria 

adhesion or accessible by the substrate to permit high kinetics for electron generation, 

especially in the case of high-porosity materials such as carbon cloth, carbon nanotubes, 

or RVC. For example, a set of studies reported current densities of a flat, non-porous 

graphite anode to those obtained from porous graphite felt anodes and found that they 

were of the same order of magnitude (4 A/m2 compared to 4.5 A/m2) [151, 153]. These 

results imply that a large part of the surface area of the porous anode materials was less 

active, because the same current density could be achieved with non-porous anodes [151, 

153]. Porous materials can become clogged with biofilm, resulting in cell death and a 

significant reduction of reaction surface [39]. In fact, significantly decreased activity for 

the anodic microbial reactions has been observed for high surface area materials such as 

graphene-modified stainless steel (surface area 264 m2/g) [154]. For these reasons, 

simply increasing the surface area of the anode without addressing issues related to 

bacteria growth and adhesion is an insufficient means of increasing power output. 
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Finally, in an attempt to improve bacterial adhesion and electron transfer, electrode 

surface modification has also become a topic of interest in MFC research. Examples 

include the diffusion of metals and metal oxides into carbon [151, 155–158] and the 

modification of carbon with non-metals [159–163]. Both have shown a positive impact 

on power performance. For example, one study used an ammonia-treated carbon cloth as 

an anode and reported an 83% increase in output power over an untreated case (1.64 

W/m2 to 1.97 W/m2) [164]. In another study, a carbon fiber anode was treated with 

ethylenediamine and resulted in an increase of 58% in power output over the untreated 

case [165]. Surface modification has also been shown to improve the biocompatibility of 

anode materials [6, 164]. However, in this thesis, the focus is on geometrical 

considerations of the anode material, rather than on the chemical make-up of its surface.  

 

2.11 Effect of Surface Shear Rate on Power Output 

As previously discussed in Section 2.6, the microbes of an MFC grow in a biofilm 

adhered to the physical structure of the anode. The creation of a stable biofilm is essential 

for operation of a continuous-flow MFC as the structural stability reduces the risk of 

microbial detachment and dramatic changes in biofilm composition [166]. It has been 

shown that formation of a stable biofilm is ultimately a function between the adhesion 

strength of the bacteria to the surface and the hydrodynamic shear rate of a fluid flow 

over the biofilm [167]. If the fluid shear rate exceeds the tensile adhesion strength of the 

biofilm, sloughing occurs and the concentration of bacteria decreases, resulting in 

decreased MFC performance [5]. The hydrodynamic shear rate is also important because 
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it affects the mass transfer rate of substrate to the biofilm which directly affects 

electrochemical losses and therefore power output (Section 2.9). For these reasons, 

controlling the stability of the biofilm is an important factor that can affect MFC 

performance.  

 

Table 4 | Estimated values of Reynolds number (Re) and shear rates calculated from 
values reported in the literature. Reynolds number calculated with reported flow rate and 
the characteristic dimension set to main chamber height.   

Reference 
Flow rate 
[mL/min] Re 

Shear 
Rate [s-1] 

Anode  
Material 

[64] 0.39 0.93 0.36 Carbon paper 
[168] 0.6 0.42 3.77 × 10-3 Carbon cloth 
[169] 0.1 3.33 4.53 Graphite plate 
[126] 0.025 6.9 × 10-3 2.04 × 10-5 Carbon veil 
 2.083 0.58 1.698 × 10-3 Carbon veil 
[5] 120 40 172.8 Graphite plate 
 300 100 408 Graphite plate 
 

 

Numerous studies have been performed on the effects of hydrodynamic shear rate on 

biofilm density and adhesion strength. In one study, the fluid shear rate was 

systematically varied in a biofilm airlift suspension reactor from 5 s-1 to 20 s-1 and it was 

shown that a denser biofilm (0.076 mg of bacteria per cm2 compared to 0.025 mg of 

bacteria per cm2) was formed with the increase in shear rate [13]. Similar results were 

experimentally reported for other biofilm systems [5, 14, 15] and numerically confirmed 

by additional studies [16–18]. In short, it has been reported that shear rates closer to, but 

not surpassing, the tensile adhesion strength of bacteria (estimated to be approximately 
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120 s-1) result in denser biofilms [5]. Reynolds numbers found in the literature are within 

the approximate range of 6.9 × 10-3 to 100 and with calculated shear rates within the 

approximate range of 2 × 10-5 to 400 (Table 4). It has been suggested that denser biofilms 

are a result of stronger aggregation and larger attachment forces of the biofilm due to the 

larger hydrodynamic shear rates [11, 13, 19, 167].  

 

The density of an anodic biofilm and its adhesive strength are important characteristics 

because they directly affect MFC power output. One hypothesis offered is that the denser 

a biofilm, the more efficiently it can transfer electrons to the anode [5]. This hypothesis 

was tested by applying a range of hydrodynamic shear rates to an anodic MFC biofilm 

adhered to a flat anode and measuring the effect on power output [5]. A high shear rate 

(120 s-1) resulted in a power output approximately three times greater (160 W/m3 

compared to 50 W/m3) than that produced at a low shear rate (80 s-1) [5]. In other words, 

increasing the shear rate by 1.5 times increased the measured power output by over 3 

times. The initial enrichment period was 5 days and enrichment periods of 2 days in 

between each measurement were used [5]. Biofilm analysis showed that the anodic 

biofilm under high shear rates had a density over two times that of the low shear rate case 

(1.52 µm3 of biomass per µm2 of anode surface compared to 0.73 µm3 of biomass per 

µm2 of anode surface) [5]. The results of this study suggest that a biofilm subjected to a 

high shear rate can result in a biofilm that is denser and more strongly adhered to an 

anode, resulting in better MFC performance [5]. Despite these results, no work has been 

related to engineering an anode surface structure for the specific purpose of modifying 
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hydrodynamic surface shear rates to improve MFC performance. A formal understanding 

of these effects can likely offer insights into novel methods of designing better 

performing anodes.  

 

2.12 Biological Inspiration: Ruminant Animals and Sea Corals 

To study the effects of geometry on surface shear rate, it was necessary to generate a 

range of geometrical forms for analysis. To do so, nature was used as a source of 

inspiration for a number of geometrical structures to adopt for the purpose of this thesis. 

Ruminant animals such as cows and goats are mammals that acquire nutrients by 

fermenting food in a specialized stomach prior to digestion. The stomach of such animals 

consists of four compartments: the rumen, reticulum, omasum, and abomasum. 

Collectively, these stomach compartments occupy almost three-fourths of an animal’s 

abdominal cavity and exhibit very large bacteria densities (4 × 106 bacterium per mL of 

fluid) [170, 171]. The growth of bacteria is facilitated by the organs’ large internal 

surface areas which are on the order of 20 cm2 of stomach lining surface per 1 cm2 of 

interior stomach wall [171]. The internal surfaces exhibit structures arranged in 

geometrical patterns. For example, the reticulum of a cow contains polygonal cells with 

small projections studding the interior (Figure 6a), the rumen of a cow displays numerous 

finger-like projections that vary in shape and size (Figure 6b), and the omasum of a sheep 

displays longitudinal folds with studded, cone-like projections (Figure 6c). It is possible 

that the geometrical structures on the interior surfaces of these stomach compartments are 

at least partially responsible for the observed densities of bacteria. While no previous 
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research has estimated a Reynolds number value for the interior flow conditions of a 

ruminant animal’s stomach compartment, a hydraulic retention time of around 30 h has 

been reported [171]. Previous research in MFCs has reported values of hydraulic 

retention times on the order of 3–33 h and so using these structures as a source of 

inspiration was considered reasonable [172].  

 

 
(a) (b) (c) 

Figure 6 | Shown are photographs of various stomach compartments of ruminant animals: 
(a) reticulum lining of a cow [170], (b) rumen lining of a cow [171], and (c) omasum 
lining from a sheep. 

 

In addition to the stomach linings of ruminant animals, it has been observed that ocean-

dwelling organisms of the phylum Cnidaria including gorgonians (sea whips or sea fans), 

sea anemones, corals, and other attached Cnidaria live in a symbiotic relationship with 

various species of algae [173]. Specifically, sea corals (Figure 7) exhibit geometrical 

structures that were of interest to this project. A sea coral relies on various nutrients 

produced by the algae living on its surface. Meanwhile, the algae rely on the coral’s 

output of CO2 and proximity to sunlight [173]. With large Reynolds numbers experienced 

in the environment at the seafloor (1.5 × 104 to 3.0 × 105), the coral has evolved specific 
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structures to protect and facilitate the growth of algae. If the algae are sheared off, the 

coral can no longer obtain nutrients essential for metabolism and will die.  

 

 
(a) (b) 

Figure 7 | Two examples of sea corals used as a source of inspiration for biological 
structures: (a) Didemnum molle [174] and (b) organ pipe coral [175].  

 

The symbiotic relationship between sea coral and algae facilitates the growth of a biofilm 

in the presence of hydrodynamic shearing forces, similar to the conditions present in a 

continuous-flow MFC. It should be noted that current Reynolds numbers in MFCs 

typically are in the range of 10-3 to 100 (Table 4) and thus the structures shown here are 

not from an environment with a directly compatible range of Reynolds numbers. 

However, as will be seen (Chapter 3), the intention was to generate as many structural 

designs as possible and then study them in flow conditions representative of the interior 

flow conditions of MFCs. For these reasons, the structures of various sea corals were also 

examined as a source of inspiration for structures to pattern onto anode designs.  
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2.13 Thesis Statement 

The geometrical patterns on the interior lining of ruminant animal stomachs, along with 

their high concentrations of bacteria, naturally suggests replicating these surface 

structures on an anode surface to increase bacteria density in the biofilm. By increasing 

the surface shear rate via physical modification of the surface structure of an anode, it is 

reasonable to assume that bacteria density in the biofilm will also increase, resulting in a 

fuel cell capable of higher power output density. However, it is not well understood 

whether surface area, surface shear rate, or other factors regarding the fluid flow play a 

dominate role in dictating the power output in a MFC, or what structures would be 

capable of producing the desired results.  

 

The purpose of this thesis is to answer the question: Can the structural geometry of an 

anode surface be modified to increase the output power density of an MFC? It is our 

hypothesis that the geometrical structure of an anode surface plays a role in affecting 

bacteria growth and subsequently power production. We address this question from two 

approaches: (1) a broad numerical study focused on studying differences in surface shear 

rate based on geometrical considerations (Chapter 3) and (2) an experimental study using 

a working MFC and comparison between three anode designs (Chapter 4). Chapter 5 

presents a summary of the thesis with conclusions based on the results presented in 

Chapters 3 and 4, including suggestions for future work.  
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Chapter 3: Numerical Modeling of Geometrical Structures for Use in MFC 
 
 

As described in Chapter 2, there is reported evidence in the literature that apart from 

surface area, the magnitude of shear rate acting on the anode is a key parameter that 

affects the power output of a MFC. One question that arises is: Is it possible to identify 

and pattern structures onto the surface of a MFC, and be used to systematically 

manipulate the shear rate for given flow conditions to enhance the power output? In other 

words, are there particular geometrical forms, when added to the surface of an anode in a 

working MFC, result in increases in the power output of the MFC via changes to the 

shear rate acting on the surface of the anode? A power output increase under increased 

shear rate effects would imply an increase in bacteria density in the biofilm, and such an 

effect is similar to that seen in nature for the facilitated growth of bacteria in the ruminant 

animal stomachs and on the surface of sea corals, albeit at various ranges of Reynolds 

(Section 2.12). The goal of this chapter is to determine a set of three structural designs to 

pattern onto the surface of an anode in hopes of improving MFC performance by 

affecting the shear rate acting on the anodes’ surfaces.  

 

3.1 Design Space of Structures  

To determine which structures result in increases (or decreases) in surface shear rates 

when patterned onto a flat substrate, a wide range of geometrical forms were first 
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generated (Figure 8). The purpose here was to create an extensive list of structural forms 

which may result in an increase in surface shear rates over a flat (baseline) case. In total, 

40 structural designs were created and were inspired from three sources: (1) the stomach 

linings of ruminant animals (Section 2.12), (2) the structures of sea corals (Section 2.12), 

and (3) simple geometrical forms. For the sake of completeness, all 40 structures in the 

design space are shown in Figure 8. Their reference names are used throughout the thesis.  

 

 
Figure 8 | The design space of 40 structural designs to be studied and their reference 
names used throughout the thesis. “O” denotes orientation. All structures share a 
characteristic height H = 0.01 cm.  

 

Out of the 40 structural designs, 35 were inspired from nature, with 4 being based on 

basic geometrical forms: the Cone, Cube, Cylinder, and Pyramid. In addition, a flat, 

structure-less (baseline) case was added to the design space. The structures were designed 
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to be symmetric about an x-z center plane parallel to the fluid flow at y = 0.1 cm (Figure 

9). The characteristic length scale was 0.01 cm (or 100 µm), chosen as representative of 

the size of the interior structures observed in the ruminant animal stomachs (Section 

2.12).  

 

With an array of structural designs prepared, each structural design was individually 

modeled in a fluid flow channel with water as the working fluid (Section 3.2). The shear 

rate was calculated on each surface of interest (Section 3.3) and then compared between 

the structural designs (Section 3.6). Based on the numerical results, six designs were 

selected for further study (Section 3.6). 

 

3.2 Numerical Modeling Setup  

For the purpose of studying differences in surface shear rate between the structural 

designs, and as a first approximation to the flow conditions found within MFCs described 

in previous research [5, 64, 126, 168, 169], the following flow assumptions were made. 

The working fluid was chosen as water and was modeled as an incompressible, isotropic 

Newtonian fluid. Doing so allows the calculations to be greatly simplified with constant 

density and viscosity assumptions. The assumptions are not considered unreasonable 

considering the low concentration of dissolved salts in the MFC substrate feed (Section 

4.5); for example, 61.0 mM for the acetate. In other words, we assume that the dilute 

concentration of dissolved ions does not significantly affect the density or viscosity of the 

water as a working fluid and we use pure water as the chosen fluid. In addition, the model 
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was solved for steady-state (time-independent) conditions at a constant temperature of 

25°C to mimic typical room-temperature conditions of MFCs [62]. The structures were 

individually modeled in a three-dimensional computational domain (Figure 9). 

 

It is important to state that while the eventual goal was to fabricate three anodes with 

structures patterned to their surface, the study currently being described was focused on 

(1) understanding the underlying physics that govern the surface shear rates acting on the 

different geometries and (2) selecting three structural designs for further numerical study 

based on their potential to increase surface shear rates. Therefore, the modeling domain is 

chosen as a simple rectangular channel to reduce model complexity.  

 

 

Figure 9 | Shown is a schematic of the channel model for three-dimensional analysis of 
each geometrical structure. The Cube is shown as an example. Incoming fluid flow 
direction is in the positive x-direction, as indicated by the gray arrow. H is the 
characteristic structure height, where H = 0.01 cm.  
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The modeling domain is shown in Figure 9. To ensure fully developed flow, the inlet 

conditions were set to a constant flow rate with an entrance length of 50H (where H is the 

characteristic structural height, H = 0.01 cm). The characteristic height was chosen as 

being representational of the typical biological structure size found on the stomach 

linings of ruminant animals (Section 2.12). However, as mentioned, the purpose of this 

study was to understand the governing physics behind geometrical effects on surface 

shear rates as well as select several designs for further evaluation — the goal was not to 

exactly recreate the interior of a specific MFC or anode design.  

 

To reduce wall effects, the channel width (y dimension) was set such that the structure 

occupied 5% of the total channel width [176]. From a set of preliminary studies, it was 

found that a distance of 10H from the channel inlet to the front facet of the structure was 

sufficient for capturing stagnation region pressure gradients for the range of Reynolds 

numbers (see following paragraph) evaluated, and a distance of 29H from the rear facet 

of the structure to the channel outlet was sufficient for capturing wake region velocity 

gradients. Therefore, the channel depth (x dimension) was set to 40H (10H + H +29H). 

The channel height (z-direction) was set at 8H to ensure sufficient capture of boundary 

layer velocity gradients within the channel above the structure. For all surfaces of the 

structures and the channel walls, a boundary condition of no-slip was applied. For the 

inlet, a constant average velocity was set depending on the value of Reynolds number 

being studied (see below). The boundary condition on the outlet was set to zero viscous 

stress and zero pressure (gauge pressure referenced to atmospheric).  
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With water as the working fluid and modeled as an incompressible, Newtonian fluid, and 

using steady-state, isothermal conditions for the analysis as described above, the 

continuity and Navier–Stokes equations reduce to Equations (10) and (11) in Cartesian 

coordinate form as: 

 0∇ = u  

2pρ µ∇ = −∇ + ∇u u u  

(10) 

(11) 

where ∇  is the del operator, u is the Eulerian fluid velocity, p is the fluid pressure, and 

2∇  denotes the Laplacian operator. All numerical calculations were performed in 

COMSOL Multiphysics v.4.3b [177].  

 

In addition to the geometrical differences, three different values of Reynolds number 

were selected. Based on the range found in previous MFC continuous-flow research 

(Table 4), Reynolds numbers of (Re)1 = 10-3, (Re)2 = 0.1, and (Re)3 = 10 were chosen. 

(Re)1 represents the minimum value cited other MFC studies, (Re)2 represents a mid-

range value, and (Re)3 represents an order of magnitude lower than the maximum value 

cited in previous work. With the desired Reynolds numbers known, the average inlet 

velocity, Ui, was calculated according to Equation (12) as: 

( )Re
, 1,2,3i

iU i
H
µ

ρ
= =  (12) 

where (Re)i is the Reynolds number, ρ is the density of water at 25°C (taken as constant), 

H is the characteristic structure height (H = 0.01 cm), and µ is the fluid viscosity of water 
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at 25°C (taken as constant). The calculated average inlet velocities were U1 = 10-5 m/s, U2 

= 10-3 m/s, and U3 = 0.1 m/s.  

 

3.3 Calculation of Dimensionless, Surface-Averaged, Shear Rate Magnitude 

A quantitative metric was required to compare the shear rates of the different structural 

geometries to one another. With the knowledge from microbiology studies [5, 14–18] that 

increases in surface shear rate lead to increases in MFC power output, the quantitative 

metric of comparison was chosen to be a dimensionless surface shear rate magnitude 

averaged over surfaces of interest. The 40 studied structural designs were compared 

based on this metric, and designs that exhibited larger values were considered better for 

patterning onto the structure of an anode. The shear rate magnitude,γ , was calculated as: 

( )1 : with
2

Tγ = = = ∇ + ∇   

 u uΓ Γ Γ Γ  (13) 

where  denotes magnitude, Γ  is the engineering strain-rate tensor defined as above, : is 

the tensor contraction operator, and T denotes a matrix transpose. With u as the velocity 

component in the x-direction, v as the velocity component in the y-direction, and w as the 

velocity component in the z-direction, then the shear rates can be represented on a 

component basis as: 

, ,xy yx xz zx yz zy
u v u w v w
y x z x z y

γ γ γ γ γ γ∂ ∂ ∂ ∂ ∂ ∂
= = + = = + = = +

∂ ∂ ∂ ∂ ∂ ∂
       (14) 

Here, the first subscript identifies the shear direction and the second indicates the outward 

normal of the surface on which the shear acts. Thus, the tensor in Equation (13) accounts 
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for all components of interest in the three-dimensional domain and components of the 

velocity field can be discussed in relation to the shear rate effects.  

 

To arrive at an average value of shear rate magnitude for a surface of interest, the 

expression in Equation (13) was integrated over a spatial domain (surface) of interest, Ω, 

to result in a value with units of m2/s, then divided by the nominal surface area of that 

surface to result in an average shear rate magnitude γ in s-1 as: 

1 d
A

γ γ
Ω

= Ω∫   (15) 

where A is the nominal surface area of a geometrical facet of interest. The values of 

surface-averaged shear rate magnitudeγ were then non-dimensionalized according to: 

2

s
Hργ γ
µ

=  (16) 

where all variables are as previously defined and γs is the dimensionless surface-averaged 

shear rate magnitude. The values of γs were computed for all facets (Figure 10) of each 

individual structural form and used to compare the shear rates acting on their surfaces. 

The values of γs are used for all following comparisons between structures.  

 

3.4 Definition of Geometrical “Facets” 

Throughout this study, “facet” refers to a projected surface with respect to the incoming 

flow. For example, “front facet” refers to the structural component facing the incident 

flow (Figure 10). From this definition, to state “the average shear rate magnitude of the 

top facet” would be to say the shear rate magnitude (calculated from Equation 10), 
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integrated over the area of the top facet and then divided by the surface area of the top 

facet (Equation 12). The direction of the incoming flow is indicated by the gray arrow in 

Figure 10.  

 

 

Figure 10 | Schematic representation to explain definition of “facet” as used in this thesis. 
Five structural designs are shown as examples: Cube, Slice O1, Cursor O2, Cylinder, and 
Stub O1. Four examples of facet names are shown in the left-most column: Front, Top, 
Right, and All Facets. For each figure, the darkened face(s) correspond to the indicated 
facet. For all facets, the entire structural design (except its footprint) is used.  

 

3.5 Numerical Checks 

To verify the results of any numerical simulation, it is crucial to ensure mesh insensitivity 

of the model, eliminate the presence of singularities in the calculations, and test against 

the presence of numerical artifacts in the results [178]. For these reasons, three numerical 

checks were performed on each model. To determine if model solutions agreed, an error 

evaluation was defined based on three relevant, representational values: average shear 

rate magnitude on the front, top, and rear facets. The difference between two solutions 

was evaluated as a percentage according to Equation (17) as:  
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1 2

2

100%γ γε
γ
−

= ×
 



 (17) 
 

 

where ε is a percent difference and 1γ , 2γ  are the average shear rate values.  

 

First, to ensure mesh insensitivity [176, 178] of the models, an initial, coarse mesh was 

refined by successively increasing the number of grid points. The relevant values of 

interest (average shear rate magnitude on the front, top, and rear facets) were calculated 

and compared using Equation (17) to the values obtained from the previous (more coarse) 

mesh. When the solutions for two different mesh sizes agreed to within a specified 

tolerance of ε < 1% for all three parameters being tested, the mesh was considered 

adequately refined and the solution was said to be mesh independent [178]. A plot further 

explaining this process is shown in Figure 11.  

 

Second, to test against the presence of numerical artifacts in the solutions [179], 

simulations were performed with two iterative numerical methods: GM-RES [180] and 

Bi-CGSTAB [181] together with two methods of mesh generation: Delaunay [182] and 

advancing front [183]. GM-RES (generalized minimal residual) is an iterative method for 

solving non-symmetric linear systems. At every step, a sequence of orthogonal vectors 

was computed and combined through a least-squares solver and updated [180]. Bi-

CGSTAB (biconjugate gradient stabilized method) is also an iterative method used for 

the solution of non-symmetric linear systems [181]. In this method, two sequences of 

vectors are generated, one based on a system with the original coefficient matrix, and one 

on the transpose of the coefficient matrix. Both methods are useful for general, non-
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symmetric matrices. The generated results from the two different methods were 

compared using Equation (17) to confirm solution agreement to within 1%.  

 

 

Figure 11 | The mesh refinement process is shown for the Dome structure (refer to Figure 
8) with Re = 0.1. The three relevant values of interest are the dimensionless shear rate 
magnitudes, γs, averaged over the front, top, and rear facets. The percent error between 
the 494,000-element mesh and the 570,000-element mesh was less than 1% for all three 
values of interest; therefore, the 494,000-element mesh was used for the study of this 
structure. The dotted trend line is shown for visual clarity. Error bars are smaller than dot 
size and are not displayed (error tolerance, ε set to 10-5).  

 

Third, shear rate magnitudes evaluated at geometrically sharp features such as edges and 

corners result in non-convergent solutions with respect to mesh refinement due to the 

manifestation of singularities in the model [184, 185]. While there is no general rule on 

how to manage singularities in computational models [178], the following process is 

considered adequate for use in COMSOL [185], for most computations. To eliminate the 

effect of singularities, geometrically sharp features were modified to include fillets with 

radii set to 1 µm (1% of the critical dimension) and the shear rate magnitude was 
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evaluated approximately 3–5 grid elements away from such features. This process 

ensures that the presence of singularities does not pollute the solutions elsewhere in the 

model, namely the shear rate magnitudes on the facets of interest [185]. However, there 

was some concern that the modification of the edges to include fillets would skew results 

of shear rate magnitude on the facets that border the fillets, and so multiple modification 

methods were used to test the validity of this method. For example, on a structure 

containing an apex such as the Cone, the apex (a geometrical singularity) was modified to 

a truncated apex (z = –3 µm) and a rounded apex (radius = 1 µm). These three models 

(unaltered apex, truncated apex, and rounded apex) were also solved and evaluated 3–4 

grid elements away from the apex and modified elements. Solutions between these 

models agreed to within < 10-3 and converging to within an error threshold of 10-4. 

 

In total, there were 120 models solved (each of the 40 structural designs at three values if 

Re). All models were solved by the Oakley Cluster at the Ohio Supercomputing Center 

[186]. The Oakley Cluster employs 8,328 HP Intel Xeon x5650 CPUs with 12 cores and 

48 GB of memory per HP SL390 G7 node [186]. The models required an average 

processor time of 58 minutes and 8.78 GB of memory to complete.  

 

3.6 Results of Numerical Analysis 

The purpose of this study was to provide an answer to the question: which structures 

should be further studied for potential patterning onto the surface of an MFC anode? For 

the purpose of better understanding the relationship between geometry and surface shear 



51 
 

rate, the dimensionless, surface-averaged shear rate magnitude, γs, was solved for on the 

front, top, rear, and side facets of each structure. In addition, a value of γs was calculated 

for the entire structural surface (all facets combined). The complete dataset appears in 

Appendix I. Data relevant to the text discussion is tabulated in Table 5.  

 

Table 5 | Dimensionless values of shear rate magnitude, γs, averaged over the entire 
structure’s surface (all facets) for three Reynolds numbers of interest, as obtained from 
Equation 12. The flat values are also listed for comparison purposes.  

Design γs at Re = 10-3  γs at Re = 0.1 γs at Re = 10 
Cone 6.89 × 10-4 6.92 × 10-2 1.08 
Cylinder 7.51 × 10-4 7.57 × 10-2 1.61 
Dome 8.21 × 10-4 8.27 × 10-2 1.47 
Teardrop O1 7.24 × 10-4 7.29 × 10-2 1.46 
Teardrop O2 7.23 × 10-4 7.29 × 10-2 1.56 
Flat 5.22 × 10-4 5.21 × 10-2 0.53 
 

 

From the complete dataset (Appendix I), it was observed that the Cone, Cylinder, Dome, 

Teardrop O1, and Teardrop O2 exhibited the top five largest dimensionless shear rate 

magnitudes averaged over the entire structural surface (all facets combined, i.e., total 

nominal area and including all velocity components) for both Re = 10-3 and Re = 0.1. For 

this reason, they were selected for further study and their results tabulated in Table 5. Of 

these five structures, for the largest value of Reynolds number (Re = 10), only the 

Cylinder and Teardrop O2 exhibited γs in the top five largest values. The structures with 

values of shear rate magnitude averaged over their entire surface greater than 1.50 were: 
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Halfmoon O1 (γs = 1.65), Cylinder (γs = 1.61), Cursor O1 (γs = 1.58), Teardrop O2 (γs = 

1.56), Stub O1 (γs = 1.55), Slice O1 (γs = 1.54), and Pacman O2 (γs = 1.54).  

 

For Re = 0.1, an examination of the individual facets of the structures resulted in some 

interesting findings. For the Dome, the front, rear, and side facets resulted in γs within the 

top 10% of all front, rear, and side facets studied. In contrast, the top facet (the spherical 

dome) exhibited γs within the bottom 10% of all top facets studied. This result implies 

that the spherical dome of the Dome structure does not contribute significantly to the 

overall γs acting on all surfaces of the structure (all components of the velocity gradient 

are small relative to those in other parts of the structure). Instead, the cylindrical form of 

the base was seen to dictate the observed value of overall γs. Possibly this is due to the 

relative magnitude the u and v components of the velocity field dominating over those of 

the w component (Equation 14). For the other structures, the Cylinder, Teardrop O1, and 

Teardrop O2 did not exhibit any facets with γs within the top 10% of all facets studied. 

Instead, by comparing the results to those of other structures with low overall γs, it would 

seem that for a structure to exhibit a larger overall γs, it must do so by having all its facets 

contribute to γs; i.e., by having all components of its velocity gradient field relatively 

larger than those calculated on other structures. For example, Crown O1 exhibited 

average or below-average γs acting on its front, rear, and side facets (due to all 

components of the velocity gradient being below-average), but γs on its top facet was 7.3 

times larger than that of the Dome. Despite this large difference in to top facet γs, the 

Dome exhibited 1.7 times larger overall γs than Crown O1. Thus, the calculated values of 
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shear rate magnitude cannot be taken out of context, and must be compared with 

understanding of their structural origins in mind. Based on the full results (Appendix I) 

and the discussion outlined here, five structures were chosen for further study: the Cone, 

Cylinder, Dome, Teardrop O1, and Teardrop O2 (Section 3.7).  

 

3.7 Modeling Structural Designs as 4 × 4 Arrays 

With the eventual goal of patterning structures onto the surface of an anode for use in an 

MFC, the previous study (Section 3.6) did not take into account the additional complexity 

of an array of structures (only single structures were studied in channel flow). Therefore, 

arrays of structures were next considered to examine the effects on shear rate magnitude. 

Again, the purpose of this section was not to directly model the interior of a specific 

MFC as no chemistry for bacterial interactions was included, but rather to gain insight 

into the effect of arrays of various structures on the shear rate magnitude acting on the 

surface of those structures. In total, six structural designs were selected: the Cone, 

Cylinder, Dome, Teardrop O1, and Teardrop O2. In addition, a flat (structure-less) case 

was studied.  

 

3.8 Assumptions and Modeling Domain for the 4 × 4 Structural Arrays 

The assumptions of steady-state and isothermal flow again were considered with water as 

the working fluid and modeled as an incompressible, Newtonian fluid (Section 3.2). A 

simple channel model was again employed for the fluid inlet boundary conditions of 

constant average velocity (U = 10-3 m/s), outlet boundary condition of zero viscous stress 
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and gauge pressure, and no-slip on all surfaces. The individual structures being modeled 

(Cone, Cylinder, Dome, Teardrop O1, and Teardrop O2) maintained their dimensions 

from the previous study (H = 0.01 cm). The array is laid out on a square grid with a 

distance of W = H = 0.01 cm between each structure (Figure 12).  

 

 

Figure 12 | Two-dimensional view of the square 4 × 4 array of structures. Shown is the 
circular footprint of the Cone as an example. Rows are labeled as shown. The direction of 
the incoming flow is in the positive x direction. Inlet and outlet thresholds are labeled.  

 

The width (and depth) of this array, L, is 0.07 cm (4H + 3H). By the same criteria as 

previously (Section 3.2), the width (y dimension) of the channel is chosen such that the 

array width accounts for 5% of the total channel width (y = 1.4 cm). The depth (z 

dimension) is maintained as 8H = 0.08 cm as the structural height remains unchanged. 

The channel length in front of the array (from x = 0 to the array) is set to 10L = 0.7 cm 

and the overall channel length is set to 40L = 0.4 cm. A schematic of the modeling 

domain is shown in Figure 13.  



55 
 

 
Figure 13 | Schematic of three-dimensional channel model for study of 4 × 4 structural 
arrays. All dimensions in cm. Incoming flow in the positive x direction.  

 

The calculation of dimensionless, surface-averaged shear rate magnitude, γs, was 

performed as before (Section 3.3). The definition of geometrical facets (front, top, etc.) 

was as previously defined (Section 3.4) and boundary conditions were no-slip on all 

surfaces, a constant average velocity at the inlet, and zero viscous force and pressure at 

the outlet boundary. Also, the numerical checks were performed as before (Section 3.5). 

Finally, each model was solved at a Reynolds number of 0.1. In total, six models were 

solved (each of the five array designs as well as the flat, structure-less case). All models 

were solved using the computers in the Department of Mechanical and Aerospace 

Engineering of Scott Laboratory (Intel® Xeon® CPU E5-1620 @ 3.60 GHz; 16.0 GB of 

RAM; Windows 8). On average, the models required 124.6 minutes to complete with 

COMSOL Multiphysics v.4.3b. 
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3.9 Results of Numerical Analysis for the 4 × 4 Structural Arrays 

With the goal of patterning the structures onto the surface of an anode, it was necessary 

to study the effects of the array configuration on the calculated surface shear rate 

magnitudes. The calculated results for dimensionless shear rate magnitude averaged over 

various surfaces of interest are tabulated in Table 6.  

 

In Table 6, the “base” values are the dimensionless shear rate magnitudes averaged over 

the base of the channel minus the structural footprints. For this value, the largest γs occurs 

with the structure-less design followed by the Cone array, suggesting the presence of the 

structures decreases values of shear over the channel base. In other words, the presence of 

the structures decreases the relative magnitude of the u and v components of the velocity 

field, thereby decreasing the calculated values of shear over the base (Equation 14). The 

value of γs over the base for the Cone is 1.08 times larger than that of the Cylinder, 

Teardrop O1, and Teardrop O2, and 1.05 times larger than that of the Dome. Thus, if 

only considering the base of the channel, the structure-less case exhibited the largest 

value of shear rate magnitude, followed by the Cone, and the Cylinder exhibited the 

worst. However, when considering only the total overall values of surface shear rate 

magnitude averaged over the structures themselves, the largest values are for the Dome 

and Cone structure (on average 1.05 times larger than that of the flat case and 1.33 times 

larger than that for the Cylinder, Teardrop O1, and Teardrop O2). Possibly this is due to 

the added influence of the w component of the velocity field, which can be shown to 

increase in the presence of a structure over that of a flat plate. Here, “all structures” for 
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the flat case refers to the shear rate magnitude at the location of the channel base where 

structures exist in the other models.  

 

Table 6 | Dimensionless values of shear rate magnitude averaged over various surfaces of 
interest. Reynolds number is Re = 0.1. “Base” refers to the channel base minus the 
structures’ footprints. “All Structures” refers to the shear rate magnitude averaged over 
all structural facets. All values are dimensionless.  

Design Base  
All 
Structures 

All Front 
Facets 

All Top 
Facets Row 1 Row 2 Row 3 Row 4 

Cone 3.29 5.23 5.23 5.23 5.74 4.91 4.79 5.47 
Cylinder 3.05 3.95 2.54 9.90 4.75 3.41 3.28 4.36 
Dome 3.13 5.31 5.33 8.26 6.18 4.72 4.57 5.77 
Teardrop 
O1 3.06 3.95 2.90 10.4 4.68 3.43 3.31 4.36 
Teardrop 
O2 3.06 3.95 2.14 10.5 4.75 3.42 3.31 4.32 
Flat 3.64 5.00 – – 5.01 5.01 5.00 5.00 

*All values have been multiplied by 102 to save space in the table. 
 

On a facet level, the largest value of calculated shear rate magnitude appeared on the 

Teardrop O1 and O2 structures (γs = 10.4 × 10-2 and γs = 10.5 × 10-2), followed by the 

Cylinder top facets (γs = 9.90 × 10-2) and the Dome top facets (γs = 8.26 × 10-2). This is in 

contrast to the results from the individual structure in the flow channel results which 

suggested the top facet of the Dome did not significantly contribute to the overall γs for 

the Dome structure. This is perhaps due to a decrease in the u and v components of the 

velocity field around the base of the structures when in array form and an increased 

significance of all velocity field components around the top facet in relative magnitude to 

those around the base. For the Cone, no apparent difference in γs was seen between the 

top facets and the front facets, suggesting each contribute equally to the overall γs for the 
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array. In all structures studied, from Row 1 to 3, a decrease in γs was observed, with the 

largest drop occurring for the Cylinder: Row 1 exhibits 1.45 times larger γs than Row 3. 

However, in all cases Row 4 has a value of γs between that of Row 1 and 2, suggesting 

that for this Reynolds number and flow conditions, the flow around the array affects the 

back row, increasing the surface shear rates observed on their surfaces. This has 

importance in the study of an MFC anode, as the structures near the front and rear of the 

array exhibit larger shear rates than interior rows. 

 

In summary, it was desired to select three structural designs based on the results of this 

study. As a baseline case, the flat (structure-less) design was automatically chosen. For 

the remaining two structural designs, it was desired that a noticeable difference in shear 

rate magnitudes could be distinguished. Most of the facets studied for the Cylinder and 

Teardrop designs exhibited relatively similar values and so the selection choice between 

them was inconsequential: the cylinder was chosen due to its simpler geometric form. Of 

the two structures remaining (Dome and Cone), both exhibited relatively similar values 

of γs, but had largely difference surface areas: 4.71 × 10-4 cm2 compared to 2.54 × 10-4 

cm2, making the Dome 1.86 times larger in terms of surface area than the Cone. With the 

second choice of structural design the Cylinder (surface area 3.93 × 10-4 cm2), a structure 

with a lower value of surface area was desired for comparison purposes. Thus, the Cone 

was selected as the third structural design. In conclusion, the three designs selected were: 

Flat, Cylinder, and Cone. 
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3.10 Numerical Study of Three Anode Designs  

With the array studies performed and the three anode designs selected (Cylinder, Cone, 

Flat), we next considered the very specific case of the MFC interior. To gain insight into 

the shear rate effects in the MFC interior, three numerical studies were performed. The 

interior of the MFC developed for experimentation (Chapter 4) was modeled with the 

three anode geometries (Section 4.3). For the numerical modeling of this section, all 

previous assumptions (Section 3.2), material properties, and numerical checks (Section 

3.5) were performed as before. The three modeling domains are shown in Figure 14.  

 

 

 

(a) (b) (c) 

Figure 14 | Shown are the numerical modeling domains for the three anode designs: (a) 
flat, (b) cylinder, and (c) cone. The three-dimensional models shown represent the fluid 
domain; that is, the interior of the MFC: the structures protrude into this domain. 
Darkened area in blue represents the wetted surface area of each anode over which the 
magnitudes of the surface shear rates were studied. Direction of fluid flow is in the 
positive x-direction, as indicated by the black arrow located at the inlet of each domain. 
Dimensions in the schematic are in units of mm. Orientation of modeling domains are 
analogous to that of actual MFC setup (Section 4.3). The cut-planes used to plot velocity 
and pressure gradients (Figure 15 and 16) within the MFC are shown in red.  
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The selected Reynolds number was Re = 3, based on flow rate of the pump exit from the 

experimental setup (Section 4.3) and a characteristic height of the structures H = 0.3 cm. 

Note, it was not realistic to create prototype structures with a height of 0.01 cm and 

therefore the value of H was chosen based on machining limitations (Section 4.3). The 

surface-averaged, dimensionless values of shear rate magnitude were calculated for all 

surfaces of the wetted anode surface area (shown as darkened blue area in Figure 14). 

Each model was solved by the Ohio Supercomputing Center and required an average 

time of 82.7 minutes and 9.17 GB of memory to complete. 

 

3.11 Numerical Results of Three Anode Designs 

If the power output of a MFC is dictated by the magnitude of the shear rate acting on the 

anode’s surface, then it is expected that the power output trends would follow those of the 

shear rate, i.e., structures with highest modeled shear would show a maximum power 

output. A summary of the values are shown in Table 7. The values obtained here were for 

Re = 3. Note, compared to Table 6, an additional aspect (the entire anode surface) was 

added, and the calculated shear rates on a row basis have been omitted from Table 7. 

Also, values in Table 7 are two orders of magnitude different from those in Table 6 due 

to the change in flow conditions and Reynolds number.  

 

From the results, the flat design exhibited the largest overall shear rate magnitude (γs = 

1.73 × 10-6), followed by the cylinder (γs = 1.62 × 10-6), followed by the cone (γs = 1.60 × 

10-6). However, the flat base exhibits 2.22 times larger γs than the Cylinder and 1.56 
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times larger γs than the Cone. This implies that the addition of structures hinders the flow 

to the flat base of each design and that the cylinder structures obstruct it more so than the 

cones. Between the two structures, the Cone structures exhibited 1.07 times larger γs than 

the Cylinders, seemingly because the front facets present a stronger contribution. 

However, between the two structures, the Cylinder design exhibits 2.21 times greater γs 

than the Cone top facets, implying that for the Cylinders, the largest γs occurs on its top 

facets. The conclusion is that the shear rates on the surface of the anode cannot simply be 

reduced to a single value to represent the entire anode for comparison purposes, but must 

be considered within context and in relation to the other designs. Thus any further 

discussion regarding the shear effects on the anodes must consider the individual facets 

and velocity components.  

 

Table 7 | Dimensionless values of shear rate magnitude averaged over various surfaces of 
interest. Reynolds number is Re = 3. “Base” refers to the flat portion of the anode: for the 
flat anode “base” represents the entire surface; for the cylinder and cone designs, “base” 
represents the portion of the anode without structures. “All Structures” refers to the shear 
rate magnitude averaged over all structural facets. All values are dimensionless.  

Design 
Entire 
Anode Base  

All  
Structures 

All Front 
Facets 

All Top 
Facets 

All Rear 
Facets 

Flat 1.73 1.73 – – – – 
Cylinder 1.62 0.78 2.72 2.03 6.42 3.21 
Cone 1.60 1.11 2.91 2.94 2.91 2.89 

*All values have been multiplied by 106 to save space in the table. 
 

 

In conclusion, the flat anode design exhibits the largest amount of unhindered flow across 

the surface of the design and this is supported by the larger value of shear rate magnitude 
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averaged over the entire anode surface (γs = 1.73 × 10-6). However, the Cylinder and 

Cone designs exhibit large (γs = 2.72 × 10-6 and γs = 2.91 × 10-6) values shear rate 

magnitude averaged over just the structural components, suggesting that for the designs 

with structures, the major contribution to surface shear rate is on the structures 

themselves, with less shear on the flat base of the anode (γs = 0.78 × 10-6 and γs = 1.11 × 

10-6). In particular, the top facets of the cylinders exhibit large (γs = 6.42 × 10-6) values of 

shear rate magnitude averaged over their surface (due to a large u component of the 

velocity field) and suggest that the best biofilm formation for increasing power output 

would occur on the top facets of the cylinders. However, if power output is affected by 

the advection of substrate to the anode’s surface, the addition of structures may reduce 

the advection rate of substrate to the surface itself. These ideas are further examined by 

plotting the pressure and velocity profiles for the MFC interiors, as shown next.  

 

From the numerical results, plots of the pressure (Figure 15) and velocity (Figure 16) 

were generated for each of the anode designs. A two-dimensional (x-y) cut-plane was 

created at z = 18.7 mm (red plane in Figure 14) to capture the pressure and velocity 

effects directly through a row of structures. This location through the fuel cell represents 

a row of structures close to the inlet and outlet ports (Figure 14). The pressure, p, at each 

point on the cut-plane was normalized with respect to pref, the pressure at the top of the 

chamber (far away) to arrive at a value of p*: 

 *

ref

pp
p

=   (18) 
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This was done in order to more easily compare pressure results between the different 

structures. 

 

 
 (a) (b) (c) 

Figure 15 | Pressure plots of each anode design: (a) flat, (b) cylinder, (c) cone. 2D cut-
plane is at z = 18.7 mm. y-dimension is 19.05 mm; x-dimension is 30 mm. Inlet and outlet 
ports are indicated. p* is the non-dimensionalized pressure calculated from Equation (18). 
The flat “base” of each anode design is indicated by a solid, black line to the left of each 
domain. The structural surfaces are indicated by dotted, black lines.  

 

From Figure 15, it can be seen that there is a larger pressure build-up in the main 

chamber of the cone and cylinder design than in that of the flat anode design. By 

averaging the pressure over the entire cut-plane results in the cylinder design exhibiting 

1.12 times larger pressure than the flat case and the cone design exhibiting 1.02 times 

larger average pressure than the flat case. This is expected since the presence of the 

structures decreases the amount of volume the fluid has to flow through, thereby 

increasing the internal chamber pressure. Also of note is that there are regions of pressure 
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increase on the sides of individual structures facing the incoming flow near top facets. 

These areas of increase also correspond to areas of decreased pressure on the rear-facing 

facets, and together represent a pressure drop across each individual structure. With these 

pressure drops occurring primarily at the top facets of the cylinders and the apexes of the 

cones, they are absent from the majority of the structure’s surface around the base and 

bulk of each structure. Potentially this could have an effect on the location of growth for 

the bacterial consortium, and this possibility is discussed further in Section 5.1.  

 

 
 (a) (b) (c) 

Figure 16 | Velocity plots of each anode design: (a) flat, (b) cylinder, (c) cone. 2D cut-
plane is at z = 18.7 mm. y-dimension is 19.05 mm; x-dimension is 30 mm. Inlet and outlet 
ports are indicated. Black lines indicate streamlines for the x and y components of 
velocity (u and v). Velocity is non-dimensionalized according to Equation (19). The 
structural surfaces are indicated by dotted, white lines and the flat, “base” of each anode 
design is as in Figure 15.  

 

For the velocity plots (Figure 16), the local velocity magnitude at each point on the cut-

plane, v, was normalized with respect to the magnitude of the average inlet velocity as: 
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 * vv
U

=   (19) 

where U is the magnitude of the average inlet velocity (U = 10-3 m/s) and is taken as 

constant between the models. This is done in order to better observe how the velocity 

magnitude is affected by the addition of the structures.  

 

Of primary interest from Figure 16 is the presence of large velocity gradients, as such 

regions would exhibit larger shear rates. If such regions are in proximity to a surface, that 

surface will likewise exhibit larger surface shear rates and possibly denser, thinner 

biofilm formation and increased electron production and capture. For the flat anode 

design, a change in velocity from v* = 0.2 to v* = 0 occurs from y = 18.0 mm to y = 19.05 

mm (the anode surface). In contrast, a similar change in velocity for the cylinder and 

cone cases are exhibited on the center two structures, but roughly a 3-times larger change 

in velocity occurs at the structures bordering the inlet and outlet: v* = 0.6 to v* = 0. 

Comparing these results, it would be expected that the flat anode design would exhibit 

more uniform shear rates on its entire surface than the cylinder or cone designs, but the 

presence of the structures creates high-shear regions near the inlet and outlet ports with 

localized regions near the top surface of each added structure. If larger shear rates are 

responsible for denser biofilms and subsequently larger MFC power outputs, it is likely 

that the regions of the anode surfaces near the inlet and outlet ports would exhibit 

increased local biological activity.  

 

 



66 
 

3.12 Chapter Summary: Numerical Modeling 

In this chapter, a number of numerical studies were performed to gain insight into the 

geometrical effects on shear rate magnitudes. The ultimate goal was to select structural 

designs that could be fabricated into a patterned array on the surface of an anode in a 

working MFC. This problem was approached by first generating a wide array of 40 

structural designs based on simple geometrical structures and forms found in nature. By 

examining the magnitudes of surface-averaged shear rates on these structures, six 

structural designs were selected for additional study: the Cone, Cylinder, Dome, Teardrop 

O1, Teardrop O2, and a flat, structure-less case. These structures were then modeled as 4 

× 4 arrays in a channel flow to study the effects on shear rate magnitude with the added 

physical complexity offered by the arrays. From these models, three designs were 

selected for anode fabrication: Flat, Cylinder, and Cone. Finally, in order to gain a better 

understanding of the shear rate conditions in the interior of the MFC, the interior fluid 

flow of the MFC design (Chapter 4) was numerically modeled.  

 

The results suggest that different regimes of surface shear rate can be found in different 

physical areas of the anode surface areas. The flat base of the anode exhibits larger 

surface shear rate for the flat design than for the cylinder or cone design (γs = 1.73 × 10-6 

compared to γs = 0.78 × 10-6 and γs = 1.11 × 10-6, respectively), which does not have 

structures to interrupt the fluid flow. Likewise, between the two structures, the Cone, 

which has a smaller cross-sectional area (0.045 cm2 compared to 0.09 cm2 for the 

Cylinder), exhibited the larger average surface shear rate magnitude acting on the base of 
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the design. Between the structures, the Cylinder design exhibited very large (γs = 6.42) 

shear rate magnitude averaged over on its top facet. In summary, for the flat design, it 

should be expected that the biofilm will show no locational preference in colonizing the 

anode; for the Cylinder and Cone design, the biofilm should be thinner and density on the 

structures themselves, with the thinnest, densest appearing on the top facets of the cones. 

In addition, it is expected that higher shear regions will be present near the inlet and 

outlet ports, and these regions may exhibit increased biological activity. Ultimately, the 

conclusion from this study is that shear rate cannot be reduced to a single value to 

compare the differences in designs, and any comparison must take the calculated values 

of average shear rate magnitude into context to allow for accurate comparisons.  
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Chapter 4: Experimental Design and Results 
 

4.1 Introduction 

To test the hypothesis that geometrical structures patterned onto the anode surface can 

influence the power output of an MFC, and to implement designs from the numerical 

study (Chapter 3) to systematically engineer shear rates, a fully functional un-catalyzed 

MFC was constructed. The main focus in this chapter was to evaluate the effect of shear 

rates on anode designs, without the need to optimize other parts of the MFC. Therefore, 

the simplest single-chamber design without a cathodic catalyst was chosen to enable a 

focus on only the changes to the anode design. 

 

Three different anode geometries were fabricated (Table 8), used in a working MFC, and 

the resulting power outputs compared. The three designs are a flat case, a 4 × 4 pattern of 

cones, and a 4 × 4 pattern of cylinders. Throughout the thesis, unless otherwise specified 

(for example, in Table 8), “anode surface area” refers specifically to the wetted or 

exposed surface area of the anode, that is, the area actually in contact with substrate and 

on which the biofilm forms. This is in contrast to the “total surface area,” which is a 

metric only shown in Table 8 that refers to the entire surface area of the physical anode 

itself. 
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Table 8 | Comparison of the anode designs. The total surface area is the surface area of 
the entire anode. In contrast, the wetted surface area accounts for only the area actually in 
contact with substrate when inside the MFC (shown as blue regions in the image). The 
wetted surface area is used throughout this thesis to normalized power outputs.  

Design      Image  

Anode 
Volume 
[cm3] 

Total Surface 
Area [cm2] 

Wetted Surface 
Area [cm2] 

Flat 

 

8.66 29.0 8.81 

Cylinder 

 

9.07 34.1 13.9 

Cone 

 

8.80 30.6 10.4 

 

 

4.2 MFC Designs 

MFCs can be constructed in a variety of configurations, the three most common types 

being H-design, two-chamber block, and single-chamber block (Figure 17). The H-design 

(Figure 17a) is often utilized for its ease of construction. It is composed of two sealed 

chambers (commonly beakers or vials) connected by a channel that contains a salt bridge 

or proton exchange membrane. The substrate is fed into the anodic chamber and 

atmospheric oxygen is bubbled into the cathodic chamber. Due to the anodic chamber 

being sealed, H-designs typically are not run in continuous-flow mode. H-type designs 

are known for having large internal resistances associated with the connecting channel 

(primarily due to the physical distance between electrodes) [4]. For these reasons, the H-
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design is rarely used for studies geared towards the optimization of power output, and is 

more frequently employed in studies on biofilm or substrate composition [52]. 

 

The main difference between two- and single-chamber block designs (Figure 17b, 12c) 

lies in the cathodic chamber: in the single-chamber design there is no separate cathodic 

chamber, in the two-chamber design, a separate chamber exists for the cathode. In many 

ways, the two-chamber design is a modified H-chamber design with the connection 

between the anodic and cathodic chambers being accomplished by a proton exchange 

membrane (PEM).  

 
(a) (b) (c) 

 

Figure 17 | Shown are schematics for different MFC configurations: (a) H-design [7, 10, 
66], (b) two-chamber block design [187, 188], and (c) single-chamber block design [189]. 
H-designs (a) are easy to construct but are not suited for continuous-flow mode and are 
known for having large internal resistances. Two-chamber block designs (b) are better 
suited for batch-fed mode but also suffer from an increased energy input due to the fact 
that oxygen must be bubbled through the cathodic chamber. Single-chamber designs (c) 
do not suffer from large internal resistances or from mechanical energy input losses, and 
are well-suited for running in continuous-flow mode, but have not met with success in 
attempts to stack and scale-up to generate larger output power.  
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Typically, two-chamber MFCs are run in batch-fed mode, but have also been adopted for 

continuous-flow operation [190]. In the two-chamber design, the separation between 

anodic and cathodic chambers is accomplished solely with use of a PEM, allowing 

electrodes to be located within close proximity to the PEM to reduce internal resistance. 

However, atmospheric oxygen must be bubbled through the cathodic chamber, 

decreasing the net power output of the cell through mechanical energy input and through 

a decrease in electron acceptor availability at the cathode surface [4]. Furthermore, while 

the PEM is ion-selective, most PEMs are not 100% efficient at ion selectivity and 

therefore cross-over of oxygen to the anodic chamber can be a significant problem and 

affects the overall power output of the cell [191, 192].  

 

The single-chamber design (Figure 17c) does not suffer from the large internal 

resistances associated with the H-type design or from the additional mechanical energy 

input associated with the two-chamber design. The single-chamber design can be 

specifically designed for continuous-flow operation, but is also flexible enough to run in 

batch-fed mode. The design incorporates an air-cathode, which exposes the cathode to 

atmospheric oxygen. This configuration has been shown to increase power output 

because the reduction half reaction is not limited by mass transfer rates of oxygen [189, 

192, 193]. In addition, the single-chamber design requires the electrodes to be placed 

within close proximity, decreasing the internal resistance of the cell [4, 83]. However, 

these advantages also mean that single-chamber designs have difficulty in scaling-up and 

stacking [2, 194, 195]. Due to the requirement that the electrodes be located near one 
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another, the fuel cell cannot simply be enlarged to increase the total reactor volume as 

doing so increases the electrode spacing beyond the capacity to produce usable power 

[194]. Stacking of multiple fuel cells to increase the net power output is also an issue for 

single-chamber designs, because each individual cathode must be exposed to atmospheric 

oxygen, possibly resulting in prohibitively large space requirements and complicating 

engineering systems and designs [2, 195].  

 

Other designs for MFCs have also been reported. For example, it should be noted that 

three-chamber microbial fuel cells (Figure 18) have been constructed for various 

purposes [196–199]. The three-chamber design incorporates three chambers separated by 

ion-exchange membranes. If the purpose is to increase power output and COD removal 

efficiency (a measure of the success of purifying the solution of pollutants), then the side 

chambers both contain cathodes and the center chamber contains the anode [199]. In one 

study, this design resulted in a maximum power output of 13.2 ± 1.7 W/m3 when fed a 

substrate of sewage sludge — an increase of 55% over results using a two-chamber 

design [199]. If the purpose of the fuel cell is to desalinate salt water, then one side 

chamber contains the anode, the other the cathode, and the center chamber contains salt 

water to be desalinated. With this function, the fuel cell is called a microbial desalination 

cell and operates according to a process similar to water electrodialysis but without the 

need of an external power source [196, 197, 200]. However, three-chamber designs 

typically suffer from large internal resistances (on the order of 10 kΩ) due to the physical 

distances between electrodes [197, 201].  
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For this thesis project, a single-chamber block design was chosen (Figure 19) given the 

parameters being tested, namely the dependence of power output on surface area and 

shear rate. In other words, a batch-fed-only MFC would not be suitable because this 

thesis project focuses on the effects of surface shear rate, which requires a flow rate. The 

relative physical simplicity of a single-chamber design was also a determining factor. In 

addition, continuous-flow operation provides continuous power output which is 

unattainable from batch-fed mode configurations. This allows for the establishment of 

steady-state operating conditions which are more readily compared in the data analysis 

phase of the project (see Section 4.11).  

 

 

Figure 18 | Two types of three-chamber designs: (a) a set-up for the purpose of increasing 
power output and wastewater purification; (b) a set-up for the desalination of salt water 
(called a microbial desalination sell). Both designs suffer from large internal resistances 
due to the physical distances between the electrodes.  
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4.3 MFC Design for This Project  

The MFC design for this thesis project was based on designs from various sources [6, 77, 

80, 141, 202–205]. Single-chamber and continuous-flow designs were studied for 

specific geometrical considerations such as empty chamber volume, electrode spacing, 

and electrode size. In addition, these designs were studied for construction materials and 

methods such as chamber material, sealing methods, and bolt configuration. A schematic 

of the MFC chosen for this research is shown in Figure 19.  

 

 

Figure 19 | Shown is a (dimensionless) schematic of the MFC used in this research. This 
is a single chamber design with the potential of being operated in either batch-fed or 
continuous-flow mode. The flat anode is shown as an example.  

 

Based on the known material list and existing designs, a single chamber MFC was first 

designed in SolidWorks 2012 (Figure 20) to match empty chamber volume, electrode 

spacing, and electrode material for operation in both batch-fed mode and continuous flow 

modes for the same cell. The graphite-plate cathode is 0.64 cm thick, 24.29 cm2 in cross-

sectional area, and secured to a cubic acrylic chamber with empty chamber volume of 

22.37 mL. It is worth noting that no metal or chemical catalyst is applied to the cathode 

and therefore this MFC may suffer from increased internal resistance due to large over-
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potentials at the cathode (see Section 2.8). Furthermore, because the cathode is 

constructed from solid graphite plate, the low mass diffusivity of oxygen through the 

graphite cathode (estimated to be on the order of 10-9 to 10-16 cm2/s [206, 207]) would 

cause the MFC to operate in an oxygen-limited regime, manifested in an increased 

internal resistance and decreased power output (Section 2.8) [208]. However, as the goal 

of this work is to evaluate the effects of fluid–structure interactions on power output in an 

MFC and not to increase optimal MFC operation, these two design considerations were 

not evaluated further. To prevent leaks and ensure anaerobic interior conditions, silicone 

rubber gaskets were secured between the cathode, the main chamber, and the anode end 

plate. The anode end plate and main chamber are constructed from optically clear cast 

acrylic. The nuts, bolts, and washers are nylon and the inlet and outlet connections are 

made with barbed brass tube fittings with Teflon tape added to the threads. For a full 

parts list, see Appendix A.  

 

The fuel cell components were fabricated by members of the Student Machine Shop in 

Scott Laboratory according to our design specifications. The parts were assembled and 

checked for leaks by filling the main chamber with DI water and allowing it to sit for 

approximately 16 hours. The empty, sealed fuel cell was further connected to a 

compressed air line (500 kPa) and its outlet sealed before being immersed into a beaker 

of water. No air bubbles were visible and the fuel cell was considered air-tight. The 

assembled MFC is shown in Figure 21.  
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Figure 20 | Shown is a SolidWorks rendering of the MFC design with all components 
labelled. Labels refer to A: nylon hex nuts, B: anode end plate with anode, C: brass inlet 
and outlet ports, D: optically clear acrylic main chamber, E: proton exchange membrane, 
F: silicone rubber gaskets, G: graphite plate cathode, and H: nylon bolts. All dimensions 
shown in units of cm. The cylinder anode design is shown as an example. 

 

As described above, based on the results of the numerical studies (Chapter 3), two 

structures were chosen to be patterned onto the anodes: a cylinder and a cone. In addition, 

a baseline case of a flat anode was considered. The anodes were constructed from 

graphite plate stock material with a thickness of 1.27 cm. The anodes were fabricated 

with a CNC mill in the Machine Shop of the Physics Department of The Ohio State 

University. After discussion with members of the machine shop, it was decided to 

fabricate the structures with a characteristic dimension of H = 0.3 cm rather than the 

originally modeled dimension of 0.01 cm, as the CNC mill was incapable of achieving 

the desired resolution of 0.01 cm. For example, it could not be guaranteed that the 
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resolution of the end mill and CNC machine could accurately produce the dome’s top 

facet as a spherical structure, but rather as a series of flat structures arranged in a radial 

geometry. Given the typical machining tolerance, the dome structure would likely add 

local shear spots with significant challenges in subsequent data analysis. The final surface 

areas were 29.0 cm2 for the flat anode design (8.66 cm3 of volume), 34.1 cm2 for the 

cylinder design (9.07 cm3 of volume), and 30.6 cm2 for the cone design (8.80 cm3 of 

volume).  

 

 

 

Figure 21 | Shown is the fully assembled fuel cell with all important components labelled. 
The labels refer to A: electrical connection to cathode, B: proton exchange membrane, C: 
graphite plate cathode, D: brass inlet port, E: brass outlet port with Luer-lock connection, 
F: anode, G: electrical connection to anode (via Pt wire), and H: Luer-lock valve on inlet 
port. Dimension of 4.24 cm is shown for scale reference. The valves (H and E) provide 
connection pathways for running the MFC in continuous-flow mode. When the MFC is 
fun in batch-fed mode (substrate and bacteria sealed in the main chamber), the valves are 
closed to prohibit air into and liquid out of the MFC unless desired. 
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After fabrication, the anodes were cleaned according to the following procedure [209]. 

The anodes were immersed in a flask of 5% nitric acid and boiled for 1 hour at a hot plate 

temperature of 300°C. They were then soaked in DI water for 15 minutes and dried at 

110°C on a hot plate for approximately 8 hours. A platinum wire was secured to the 

anode with CW2400 silver-based conductive epoxy (Chemtronics®, Kennesaw, GA) to 

form an electrical connection. To cure the epoxy, the assembled end plate was placed on 

a hot plate at 150°C for 10 min before being allowed to cure for approximately 18 hours 

at room temperature. The anodes were next bound to a cast acrylic end plate using 

Double/Bubble® Orange epoxy (Royal Adhesives and Sealants, South Bend, IN), heated 

on a hot plate at 150°C for 10 minutes, and allowed to cure at 25°C overnight. Electrical 

resistance was measured with use of a Keithley 2100 DMM (Keithley Instruments Inc., 

Cleveland, OH) between the platinum wire and anode surface with the anode on a hot 

plate set to 50°C. Results are tabulated in Table 9 together with similar measurements for 

the cathode. 

 
Table 9 | Shown are the measured resistances of the fabricated electrodes (three anodes 
and the cathode). For the electrode measurements, the DMM was connected to the 
platinum wire and various parts of the electrode surface. In all cases, data was collected 
every 10 s for 10 minutes at a sampling rate of 6 samples/minute and then averaged to 
obtain the values shown. The uncertainty reflects the standard deviation in the averaged 
data. 

Component 
Average Measured 
Resistance [Ω]  

Flat anode 0.53 ± 0.0010 
Anode with cones 0.43 ± 0.0036 
Anode with cylinders 0.39 ± 0.0011 
Cathode 0.39 ± 0.0039 
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4.4 MFC Bacteria 

Bacteria were obtained from the laboratory of Professor Ann Christy in the Department 

of Food, Agricultural, and Environment Sciences at The Ohio State University. The 

bacteria were originally obtained from the rumen of a fistulated Holstein cow maintained 

at the research farm of The Ohio State University. The ruminal fluid was obtained on 

November 18, 2013 and fed on a nutrient feed consisting of glucose, salts, and a reducing 

agent. The bacteria broth was inoculated into an MFC in Professor Ann Christy’s 

laboratory on November 21, 2013 and was in operation for approximately 60 days before 

being obtained by our laboratory. 

 

Due to the large microbial diversity typically found in rumen fluid, it is not completely 

known or understood which bacteria species are responsible for utilizing the anode as an 

electron acceptor. In addition, the bacteria–bacteria interactions in generating MFC 

output power also remain an open question (see Section 2.6). However, the microbial 

composition of the rumen fluid can be roughly determined from previous results of 

denaturing gradient gel electrophoresis on the same rumen fluid as that used in this 

project [210]. Based on these results, 16.7% (a majority) of the anode-attached biofilm 

was Geovibrio ferrireductants — an anaerobic species known to couple acetate oxidation 

to Fe(III) (ferric oxide) reduction, similar to that of other known metal-reducing, 

anaerobic exoelectrogens [211].  
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The prevalence of these bacteria in the MFC implies their ability to utilize the anode as 

an electron acceptor [210]. The substrate feed used in this study is acetate-based, so it is 

reasonable to assume that Geovibrio ferrireductants are responsible for electron 

production in our MFC. Furthermore, because the focus of this work is on the physical 

design aspects of the anodes, the bacterial and substrate aspects are treated as fixed based 

on previous published reports [210, 212]. 

 

4.5 Substrate Feed 

The substrate feed was composed primarily of DI water with sodium acetate as the 

electron donor and four salts necessary for bacterial metabolism. The total composition of 

1 L is shown in Table 10. Fresh batches of substrate feed were created according to the 

procedures in Appendix B for each individual study.  

 

Table 10 | The components of 1 L of the acetate-based substrate feed used to feed the 
bacteria are shown.  
 
Component Formula Amount Concentration Function/Role 
DI water H2O 1000 mL — Solvent 
Sodium acetate C2H3NaO2 5 g 61.0 mM Electron donor 
Dipotassium phosphate K2HPO4 0.9 g 5.17 mM Salt for growth 
Ammonium chloride NH4Cl 0.73 g 13.6 mM Salt for growth 
Sodium chloride NaCl 0.9 g 15.4 mM Salt for growth 
Magnesium sulfate MgSO4 0.09 g 0.75 mM Salt for growth 
 

It is important to note that, in general, while the bacteria employed in MFCs reduce 

various metal ions in their natural environments, they are barred from doing so in a 
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working MFC. Consider the case of Geovibrio ferrireductants used in this thesis project. 

This species is known to couple acetate oxidation to ferric oxide reduction [210]. While 

the substrate being oxidized inside the MFC (acetate) remains the same as what the 

bacteria naturally oxidizes, no ferric oxide appears in the substrate feed (Table 10). This 

is because the MFC, by design, forces the bacteria to use the anode (rather than ferric 

oxide) as the electron acceptor. Doing so is not possible without a simultaneous reduction 

of oxygen at the cathode, which draws the electrons through the external electrical circuit 

and produces power. If ferric oxide were present inside the MFC, the efficiency of the 

fuel cell would decrease (or vanish) due to the decrease (or elimination) of the bacteria’s 

electrochemical incentive to use the anode as an electron acceptor.  

 

4.6 Reducing Agent  

A reducing agent is a compound that donates an electron to an electron acceptor. When 

added to the main chamber of an MFC, it scavenges dissolved oxygen and, in result, 

helps maintain anaerobic conditions [213]. The components of 50 mL of the reducing 

agent used in this thesis are shown in Table 11. For the full procedure, see Appendix B. 

50 mL of reducing agent is added to every 1000 mL of substrate feed and is made fresh 

alongside each freshly created batch of substrate feed.  

 
Table 11 | Shown are the components of 50 mL of reducing agent. 

Component Formula Amount Function/Role 
0.4 M Sodium hydroxide NaOH 30 mL Solvent 
Cysteine-Hydrochloride Cys-HCl 1.35 g Oxygen scavenger 
Aqueous 3% sodium sulfide Na2S 20 mL Oxygen scavenger 
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To further ensure anaerobic conditions, the substrate feed was first purged of dissolved 

oxygen by bubbling dry nitrogen gas through the solution for 10 minutes. Then, as the 

nitrogen gas continued to be bubbled through the substrate feed, the reducing agent was 

added. The nitrogen gas continued to be bubbled through for an additional 10 minutes, 

after which point the substrate feed was considered ready for use.  

 

4.7 Calculation and Measurement of Key Performance Metrics  

A representative measure of MFC performance is power output. The cell voltage is a 

quantity measured as the voltage drop across a fixed external resistance wired between 

the electrodes. Power is calculated according to Equation (20): 

2
meas

ex

EP
R

=  (20) 

where P is power in W, Emeas is the measured voltage in V, and Rex is the fixed external 

resistance in Ω.  

 

Power is often reported as a power density normalized with respect to either an electrode 

surface area or a relevant volume of the fuel cell. Typically, the choice is made to 

normalize the power output with respect to the surface area of the anode, because the 

anode surface is the site of the biological reaction. As such, the power is then expressed 

as a power density representing power per unit area of the anode, given by Equation (21).  

2
meas

an
an ex

EP
A R

=  (21) 
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where Pan is power normalized with respect to the nominal anode surface area for a 

power density in W/m2 and Aan  is the nominal anode surface area in m2. In the event the 

anode is constructed from a material whose surface area is difficult to measure (for 

example, RVC or carbon cloth), then the value can be normalized with respect to the 

cathode surface area or to a relevant reactor volume. For this thesis, the nominal anode 

surface areas (the wetted areas) are known and were used in all calculations.  

 

As the practical applications of MFCs involve wastewater treatment and power 

generation from wastewater streams, knowledge of the physical size can be helpful in 

MFC design. For this reason, power output can also be normalized with respect to the 

main chamber volume. This metric is given by Equation (22): 

 
2
meas

V
R ex

EP
V R

=  (22) 

where PV is the volumetric power density normalized with respect to the main chamber 

volume in a single-chamber design and VR is the main chamber volume in m3. Here, 

because we use a single-chamber design, chamber volume is taken as the volume of the 

main chamber (2.28 × 10-5 m3) less that of the volume of the anode projected into it 

(Table 12).  

 

In addition, hydraulic retention time (HRT) is an approximate measure of the average 

length of time that an influent remains within the volume of interest; i.e., the residence 

time for the circulating substrate feed and bacteria. This is sometimes a useful metric in 
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comparing various, dissimilar MFC designs. In this thesis, HRT is calculated as the 

volume of the chamber in mL over the influent flow rate in mL/min and mL/h. Table 12 

shows calculated values of HRT for each anode design. The values differ between anode 

designs because the surface structures occupy a different amount of physical volume 

depending on their design thereby changing the effective chamber volume of the MFC. 

 

Table 12 | Summary for the hydraulic retention times (HRT) in minutes and hours for 
each anode design: flat, cylinder, and cone. The flow rate used for the calculations was 
set to 0.14 mL/min at the pump exit.  

Anode Design 
Chamber  
Volume [mL] HRT [min] HRT [h] 

Flat (baseline) 16.8 120 2.00 
Cylinders 16.4 117 1.95 
Cones 16.6 119 1.98 

 

 

4.8 MFC Experimental Setup  

Once the fuel cell was assembled and checked to ensure a proper seal (Appendix B), 

nutrient feed and bacteria solution were added to the main chamber in a 1:1 ratio. Filling 

is performed in such a way as to prevent atmospheric air from remaining inside the MFC: 

a Luer-lock syringe is filled with nutrient feed or bacteria solution, secured to the inlet 

valve of the sealed MFC, then the valve is opened and the syringe depressed. Doing so 

forces the fluid into the fuel cell and pushes out the air. At this point, the fuel cell is 

completely sealed with bacteria and substrate feed. Electrical leads are attached to the 

electrodes and connected to an external 1 kΩ resistor (Rex = 1 kΩ).  
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Figure 22 | Shown is a schematic of the experimental setup with all major components 
labeled. Labels refer to A: digital multimeter, B: primary insulation container (thermal 
insulation), C: 1 L substrate reservoir, D: tubing, E: external resistor, F: MFC, G: 
peristaltic pump, H: secondary insulation container (Faraday cage), and I: Luer-lock 
valve. For batch-fed mode, the valves are closed and the pump turned off. For 
continuous-flow mode, the flow is a single, closed-loop system with a flow rate varied 
between experiments as specified in the text. The primary insulation container is intended 
as thermal insulation; the secondary insulation chamber is a Faraday cage that doubles as 
protection against interfering electrical noise.  

 

The fuel cell is placed on a hot plate maintained at 50°C inside the “primary” insulation 

container to ensure ideal fuel cell temperature (see Appendix C) as shown schematically 

in Figure 22. The primary insulation container is constructed from thermal insulation and 

corrugated case material (cardboard) and is intended to maintain thermal conditions 

around the MFC. Using 8 mm vinyl tubing, the fuel cell is connected to a low-flow 

Peristaltic pump (Cole-Parmer Instrument Co., Vernon Hills, IL) and a 1 L reservoir of 

fresh nutrient feed with polycarbonate stop cocks (hereafter referred to as “valves”) 

separating the components.  
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The valves can be sealed at any time, resulting in a batch-fed setup. A Faraday cage was 

placed over the entire setup except the DMM. The Faraday cage is grounded to the DMM 

and contained within a box made from corrugated case material. The purpose of this 

“secondary” insulation container is to reduce the effects of any electrical noise. The entire 

setup is shown in Figure 22 as a schematic, and in Figure 23 as a photograph of the setup 

with the insulation containers removed. Also, Appendix A contains a list of all equipment 

and materials used in the experimental setup.  

 

4.9 Batch-fed vs. Continuous-flow Mode  

In general, an MFC is capable of two different operational modes: batch fed and 

continuous flow (Figure 24). In batch-fed run mode, the fluid inlet and outlet ports into 

and out of the MFC are sealed and fluid is not pumped through the main chamber. The 

substrate feed and bacteria mixture is quiescent fluid and the anode is subjected to zero 

shear rate. As previously discussed for batch-fed run modes (Section 2.10), previous 

research [4, 5] has demonstrated that an increase in anode surface area will result in an 

increase in power output. Therefore, in batch-fed mode, it is desirable to increase the 

surface area of the anode. To resupply the batch-fed MFC with fuel, one must 

intermittently open the MFC, add fresh substrate feed, and re-seal the cell. This gives rise 

to feeding cycles, which are further discussed in Appendix F.  
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Figure 23 | Shown is the experimental setup with the primary insulation chamber and the 
Faraday cage removed. The labels refer to A: substrate reservoir (1 L), B: hot plate set at 
50°C, C: microbial fuel cell, D: peristaltic pump, E: external resistance (1 kΩ), and F: 
digital multimeter. Ferrite beads are added to the electrical leads to reduce high-
frequency noise and an aluminum stand is used to support the reservoir. 
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(a) (b) 
Figure 24 | Comparison of (a) batch-fed mode and (b) continuous-flow mode. In batch-
fed mode, the inlet and outlet ports are sealed and the fluid inside the main chamber is 
quiescent. In this case, substrate feed must be intermittently supplied to the MFC by 
unsealing it and adding fuel, giving rise to feeding cycles. In continuous-flow mode, 
substrate feed is continuously pumped through the MFC and a surface shear rate develops 
on the surface of the anode and biofilm.  

 

In continuous-flow mode, the inlet and outlet ports are connected to an external pump 

and substrate reservoir which continuously supply substrate through the main chamber of 

the MFC. Hydrodynamic shearing forces will develop on the interior walls of the MFC’s 

main chamber, including the anode’s surface because fluid is moving through the main 

chamber. Feeding cycles are not present in continuous-flow mode because fresh substrate 

feed is continuously being supplied. As a consequence, a stable power output can be 

attained because the concentration of the substrate in the main chamber remains relatively 

constant over time. In other words, assuming a constant substrate conversion rate, and 

provided the bacteria has had adequate time to colonize the anode, the measured power 

output of a continuous-flow MFC will remain relatively stable until substrate is no longer 

supplied to it.  
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4.10 MFC Batch-fed Power Output Measurements 

Prior to the continuous-flow measurements, the MFC was set up in batch-fed mode. In 

each case, the MFC was assembled with a fresh (unused), cleaned anode immediately 

before the experiment began at time t = 0. The fuel cell output was measured as a voltage 

drop across the fixed, external resistance (Rex = 1 kΩ). The external resistor was 

connected in parallel to the DMM and a voltage reading was taken every 1 min. Power 

was then calculated from Equation (20) and used in all results. Following start-up, for 

each anode design, the MFC was run until its power output decreased to approximately 

80% of peak power output (Figure 25).  

 

 
Figure 25 | Batch-fed mode data for the three anode designs. Measurements were stopped 
when output power decreased to approximately 80% of peak output power. The 
background noise power output, P0 is shown to demonstrate that the addition of live 
bacteria yields a functioning MFC. Variable t is used to refer to runtime in hours. 
Variable Si

± represents the calculated value of slope, described further in the text.  
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Each curve (Figure 25) can be seen to have two distinguishable components: an initial, 

positively sloped portion and a negatively sloped portion. By setting the peak output 

power (maximum value of each curve) as a break point, two roughly linear curves were 

obtained: a positively sloped line (prior to the peak) and a negatively sloped line 

(following the peak). The positively sloped line is representational of bacterial colonizing 

the surface of the anode and its value is represented by Si
+, where i refers to the specific 

anode: 1 for cylinder, 2 for cone, and 3 for flat. The negatively sloped line is 

representational of substrate being depleted from the main chamber (i.e., bacteria using 

up its fuel), and its value is represented by Si
–, where i refers to the specific anode design 

as before. Using linear regression analysis, the values of the slopes were obtained for 

these lines and along with the peak output power, appear in Table 13. 

 

Table 13 | Summary statistics for the slopes observed in the batch-fed run mode as well 
as the peak output power for each anode design.  

Anode  
Design 

Peak  
Output  
Power [mW] 

Positive  
Slope [mW/h] R2 

Negative  
Slope [mW/h] R2 

Cylinders 1.3 × 10-3 S1
+ = 7.08 × 10-5 0.99 S1

– = -7.07 × 10-5 0.99 
Cones 3.0 × 10-4 S2

+ = 2.65 × 10-5 0.98 S2
– = -1.15 × 10-5 0.99 

Flat 9.1 × 10-5 S3
+ = 7.88 × 10-6 0.92 S3

– = -2.11 × 10-6 0.96 
 

The physical significance of these slopes is that they are representative of the substrate 

conversion rate to electricity for the bacterial consortium [127, 214]. For the positively 

sloped lines, the conversion rate is increasing; for the negatively sloped lines, the 

conversion rate is decreasing. Due to the fact that the anodes used in each trial were never 
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previously in contact with bacteria, it can be assumed that the bacterial consortium on the 

anode surface at t = 0 was at its minimum activity in terms of substrate oxidation and 

electron transfer to the anode [215, 216]. Likewise, the power output does not attain its 

peak value immediately, but only after some delay (t = 7.4 h for the flat design, t = 8.3 h 

for the cylinder design, and t = 7.6 h for the cone design — Figure 25). Furthermore, 

previous research has reported that the substrate conversion rate depends on the amount 

of bacterial cells present [127] and it has also been reported that faster rates (steeper 

slopes) correspond to larger anode surface areas [214]. Similar trends were seen here 

(Table 13): the cylinder design exhibits the maximum positive slope value (S1
+ = 7.08 × 

10-5 mW/h) and also the maximum surface area (13.9 cm2); the flat design exhibits the 

minimum positive slope value (S3
+ = 7.88 × 10-6 mW/h) and also the minimum surface 

area (8.81 cm2). In summary, the rate at which output power increases is determined by 

surface area: the more surface area, the faster the rate of increase.  

 

For the negatively sloped regions of the output power curves, the same trends were 

observed, namely that steeper slopes (larger magnitudes) corresponded to larger surface 

areas: the maximum magnitude was for the cylinder design (|S1
–| = 7.07 × 10-5 mW/h) 

which has the largest surface area (13.9 cm2); the minimum magnitude of slope was for 

the flat design (|S3
–| = 2.11 × 10-6 mW/h) which has the smallest surface area (8.81 cm2). 

A larger slope means that the substrate is being converted to electrons at a faster rate 

[127, 214], and again this can be seen to increase alongside surface area. Also in the 

negatively sloped region, the oxidation of the substrate and the subsequent electron 
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transfer to the anode are rate-limiting factors, due to the decrease in the amount of 

substrate available (a diffusion-limited regime).  

 

Table 14 | Additional summary statistics for batch-fed run mode. Power densities 
normalized with respect to anode surface area and main chamber volume. The electrode 
spacing is the distance from the topmost point of the anode to the cathode surface. For the 
cone design, this topmost point corresponds to the apex of each structure.  

Anode  
Design 

Peak  
Output  
Power 
[mW] 

Peak  
Power  
Density 
[mW/m2] 

Peak  
Power  
Density 
[mW/m3] 

Time  
to Peak  
Power [h] 

Anode  
Surface  
Area [cm2] 

Electrode 
Spacing 
[mm] 

Cylinders 1.3 × 10-3 0.93 78.6 8.3 13.9 18.75 
Cones 3.0 × 10-4 0.29 18.0 7.6 10.4 18.75* 
Flat 9.1 × 10-5 0.10 5.43 7.4 8.81 19.05 
 

 

We also consider the scaling between the surface area and the output power (Table 14). 

From the flat design to the cylinder design, the surface area increases by a factor of 1.60, 

but an increase in power output of a factor of 14.3 is observed. In previous research 

[152], it was shown that an increase in surface by a factor of 3 was able to increase power 

output density by a factor of 10.85 (from 7.40 mW/m2 to 80.3 mW/m2). However, the 

scaling observed in this study is larger (a factor of 8.94 to 3.62), suggesting an additional 

factor aside from the surface area is at work here, and needs further investigation which is 

beyond the scope of this thesis. The anode designs were fabricated by the same process 

and from the same stock graphite plate, and differences in electrical resistance were 

minimal: 0.53 Ω for the flat design, 0.43 Ω for the cone design, and 0.39 Ω for the 

cylinder design (Table 9). Therefore, these factors cannot explain the observed trends. 
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In summary for the batch-fed run mode, it was shown that the output power follows the 

trend of surface area: as surface area increases, so does the output power. This can be 

explained by the fact that with larger surface area, more bacteria are able to adhere to the 

surface of the anode and therefore more electrons per anode can be captured [214]. For 

the pre-peak, positively sloped region, bacteria is colonizing the anode [215, 216] and the 

substrate conversion to electricity is limited by the number of bacteria; for the post-peak, 

negatively sloped region, the substrate conversion to electricity is limited by the 

decreasing concentration of available substrate.  

 

From these results, the substrate conversion rates, in addition to the peak output power, 

can be considered a product of the anode surface area, as expected from previous 

research [127, 214–216]. In addition, the electrode spacing may also contribute to the 

trends in observed output power, but require further investigation. The cylinder design 

has the largest amount of surface area (1.13 cm2) in close proximity (18.75 mm) to the 

cathode and exhibited the largest power output. In contrast, the anode design has its entire 

surface (8.81 cm2) a greater distance (19.05 mm) away and exhibited the smallest power 

output. While the power output increase was shown to result from an increase in anode 

surface area and electrode spacing in batch-fed operation, it remains unknown how 

important these considerations are in continuous-flow mode. In addition, to gain a better 

understanding of the relationship with shear rate, MFC power output for continuous-flow 

operation was also collected for each anode design, as described next.  
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4.11 MFC Continuous-flow Power Output Measurements 

Once the batch-fed run mode was complete (Section 4.10), the valves were opened, the 

pump turned on, and 3 days of continuous-flow data were recorded for each anode 

design. The MFC output was recorded as a voltage drop across the external resistance 

(Rex = 1 kΩ) before being converted to a power output according to Equation (20). For all 

power outputs shown in Figure 26, the flow rate was maintained at 0.14 mL/min. A time 

constant τ was defined as the time it required each system to reach 95% of its final output 

power. The output powers for each design were averaged from t = τ to t = 3 days and the 

results are tabulated in Table 15. 

 

From the results, the flat design exhibited the largest average power output and average 

power output density, followed by that of the cylinder design, followed by that of the 

cone design. If surface area was an important influence on power output, as with batch-

fed operation, then the flat anode would exhibit the least amount of power output, but this 

was not observed. Instead the largest power output was observed for the flat anode 

design, despite having the smallest surface area. Likewise, if electrode spacing was an 

important factor determining power output, then the anode with the greatest electrode 

spacing would exhibit the smallest power output, but again this was not observed: the 

largest power output was observed for the flat anode design, despite having the largest 

electrode spacing. These results suggest that in continuous-flow mode, factors aside from 

surface area and electrode spacing are responsible for determining power output. 
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Figure 26 | Shown are the power outputs vs. time t for all three anode designs. Flow rate 
was set to 0.14 mL/min and data was recorded for 3 days following batch-fed 
measurements. Background noise power output P0 is shown to demonstrate that the 
addition of live bacteria yields a functioning MFC.  

 

 

 
Table 15 | The summary statistics for the power output vs. time plots of the three anode 
designs. Power densities are reported with respect to anode surface area and main 
chamber volume.  

Anode  
Design 

Average  
Output  
Power [mW] 

Time 
Constant  
τ [h] 

Average 
Output Power  
Density  
[mW/m2] 

Average 
Output Power 
Density  
[mW/m3] 

Anode  
Surface  
Area [cm2] 

Flat 7.46 × 10-3  
± (2.07 × 10-4) 

7.6 8.41 441.4 8.81 

Cylinders 2.68 × 10-3  
± (5.54 × 10-5) 

4.5 1.92 163.2 13.9 

Cones 7.12 × 10-4  
± (4.72 × 10-5) 

1.2 0.68 42.9 10.4 
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By comparing the observed power outputs alongside the shear rate results from the 

numerical study (Section 3.11), a marginal relationship between the average output 

power and the dimensionless shear rate magnitude averaged over the anode surface was 

seen. From the numerical results, the largest shear rate averaged over the entire surface of 

the anode was calculated for the flat design (γs = 1.73 × 10-6), compared to the values for 

the cylinder (γs = 1.62 × 10-6) and the cone (γs = 1.60 × 10-6). These values follow the 

observed trend in power output: the increase in shear rate corresponded to an increase in 

power output. However, the scaling between the power output values and shear rate 

values cannot entirely explain the observed trends. For example, the average shear rate 

calculated for the flat design was 1.08 times larger than that of the cone, yet the average 

power output scales by a factor of 10.6. In the only other study that investigated the effect 

of shear rate on MFC power output, it was found that an increase in shear rate by a factor 

of 400 (from 0.3 s-1 to 120 s-1) resulted in a tripling of power output (160 W/m3 compared 

to 50 W/m3) [5]. Therefore, it is unreasonable to claim that the shear rate is the principal 

cause of the differences in power output. Instead, another mechanism must be responsible 

for the observed trends and the discussion to follow presents a few additional hypotheses.  

 

With the operational conditions of the MFC and the substrate composition maintained 

between experiments, the only difference between the tests was the geometrical design of 

the anode. The surface area, electrode spacing, and geometry-influenced shear rates have 

already been examined and deemed incomplete in explaining the complete observed 

trends in power output for the continuous-flow operation. An alternative explanation 
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involves the influence of the geometry on the fluid flow itself. Bacteria rely on a supply 

of fresh substrate in order to avoid a diffusion-limited regime that would hinder electron 

production. At the same time, a fluid flow can remove metabolic waste products (such as 

CO2) whose presence may interfere with healthy bacterial metabolism. Along the same 

lines, it is reasonable to assume that a fluid flow directed from the anode surface to the 

surface of the cathode could assist the transport of protons, thereby reducing the internal 

resistance of the MFC and increasing power output [123]. To better examine the fluid 

flow, Figure 16 is reproduced here as Figure 27 for easy reference. 

 

 
 (a) (b) (c) 

Figure 27 | Velocity plots of each anode design: (a) flat, (b) cylinder, (c) cone. 2D cut-
plane is at z = 18.7 mm. y-dimension is 19.05 mm; x-dimension is 30 mm. Inlet and outlet 
ports are indicated. Black lines indicate streamlines for the x and y components of 
velocity (u and v). Velocity is non-dimensionalized according to Equation (19). 

 

From Figure 27, recirculation in the fluid flow occurs near the inlet for all designs, and 

between nearly every structure in the cylinder design. Recirculation in these regions may 
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be undesirable for increasing power output because such vortices could reduce the 

amount of fresh substrate reaching the anode surface while simultaneously trapping waste 

products and protons. The recirculation regions are prominent on the cylinder design and 

nearly every region between structures exhibits them. Conversely, the flat anode design 

only exhibits minor recirculation regions in close proximity to the inlet and outlet ports. 

The presence of these recirculation regions could help explain the lower observed power 

output for the cylinder design in comparison to the flat design; however, their absence in 

the cone design implies that fluid vortices alone do not completely explain the observed 

trends.  

 

In general, the average power outputs observed in the continuous-flow run mode were 

larger than those observed in the batch-fed mode (for example, the continuous-flow 

power output of the cone design was 2.06 times larger than the peak output power of the 

batch-fed design). This result can be attributed to the advection of substrate (acetate ions) 

to the surface of the anode, thereby reducing mass transport limitations in the MFC [4]. 

In the presence of a fluid flow, the bacteria are no longer in a diffusion-limited regime 

and are more readily supplied with the required substrate for electron production. To test 

for the possibility that the advection of the acetate ions due to the fluid flow may be a 

factor in the observed trends, the Péclet number (Pe) was calculated for each design 

according to Equation (23):  

Pe Lv
D

=  (23) 
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where Pe is the dimensionless Péclet number, L is a characteristic length in mm (taken as 

the height of the MFC main chamber, L = 19.5 mm), v is the fluid velocity in mm/s, and 

D is the mass diffusion coefficient of an acetate ion in water at 25°C (D = 1.4 × 10-3 

mm2/s) [217]. For the fluid velocity, v, an average inlet velocity was calculated based on 

the flow rate at the pump exit and the physical diameter of the MFC inlet port, resulting 

in v = 0.037 mm/s. The Péclet number represents the ratio of the rate of advection of 

acetate within the fuel cell by the flow to the rate of diffusion of the acetate due to 

solution concentration gradients. The calculated value was Pe = 511. This value suggests 

that the advection of acetate ions to the anode surface by the fluid flow is a likely 

candidate for the observed increase in power output, but whether the rate of advection or 

another mechanism is dominant for increasing power output cannot be determined from 

the Péclet number alone and a number of other possibilities are considered next. 

 

By comparing the batch-fed power outputs to the continuous-flow power outputs of each 

anode design (Figure 28), another possibility to the observed power output trends 

presents itself. It was observed that the cone design exhibited an increase by a factor of 

2.06 between the peak power output in batch-fed mode compared to the average power 

output in continuous-flow mode and by a factor of 2.37 for the cylinder design. However, 

a dramatic difference is observed for the flat anode design, which exhibited an increase 

by a factor of 82.0 between the peak output power in batch-fed mode compared to the 

average power output in continuous-flow mode. Any explanation regarding the influence 

of the fluid flow on the power output must be capable of explaining this large difference.  



100 
 

 

 

Figure 28 | The first 60 hours of fuel cell operation for each anode design from the initial 
batch-fed mode start-up, to the continuous-flow run mode. The red, vertical, dotted lines 
indicate the transition between batch-fed and continuous-flow modes. The background 
noise power output P0 is shown to demonstrate that the addition of live bacteria results in 
an operational MFC.  

 

One possible explanation for the dramatic difference involves the behavior of the fluid 

flow. If the fluid flow was capable of transporting fresh acetate ions to the entire anode 

surface area, then internal resistance of the MFC would be reduced due to the increased 

area of biologically active surface. In addition, a continuous, fresh supply of substrate 

would result in the majority of the surface unhindered by diffusion limitations, thereby 

also contributing to a decrease in internal resistance. Along the same lines, increased 

bacterial metabolic processes such as growth rate and electron production would also 

benefit from a fluid flow capable of carrying away waste products and aiding in the 

transport of protons to the cathode. If the fluid flow is simultaneously capable of enabling 
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all these various processes in the flat anode design, then together the reduction in overall 

internal resistance could help explain the observed increase in power output. However, 

this is only true if these fluid flow conditions do not hold for the cylinder and cone 

designs, and this idea is considered next.  

 

In comparison to the fluid flow across the flat anode design, the major differences for the 

cylinder and cone designs include (1) reduced area in contact with dynamic fluid flow 

and (2) the presence of recirculation regions between structures. From Figure 27, it 

appears that the incoming fluid flow field (represented by the streamlines) primarily 

traverses the top facets of the cylinders and the apexes of the cones. The top facets of the 

cylinders represent only about 8% of the total anode’s surface area (the topmost points of 

the cones would represent an even a smaller amount). The majority of the surface area 

(59%) for the cylinder design is the flat base (74% for the cone design), yet this area 

appears in Figure 27 to suffer from low substrate transport and a diffusion-limited 

regime.  

 

This idea is further confirmed by the numerical shear rate results: for the cylinder design, 

a dimensionless shear rate magnitude averaged over the base was calculated to be 0.78 × 

10-6 compared to 1.73 × 10-6 for the flat anode, suggesting that the advection of acetate 

ions to the majority of the cylinder design’s surface area is diminished over that of the 

flat design. Similar results were observed for the cone case (a value of 1.11 × 10-6  for the 

dimensionless shear rate magnitude averaged over the area of the base). Furthermore, 
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only 8% of the cylinder design’s surface area is in close proximity (18.75 mm) to the 

cathode (and even less for the cone), yet these regions could be expected to show a larger 

concentration of fresh substrate feed due to the fluid flow. If the majority of biological 

activity is occurring on the top facets, the presence of a flow rate would not significantly 

increase the power output over the batch-fed case due to the comparatively small number 

of bacteria capable of growing on this reduced surface area size. Considered alongside 

the possible effect of the recirculation regions, these ideas could help explain the lower 

observed power outputs for the cylinder and cone designs in the continuous-flow results, 

and are offered as further avenues of research in Section 5.1.  

 

By changing the time scale of the continuous-flow plot to represent the first hour of 

measurements immediately following pump start-up, further information can be gained 

(Figure 29). Here, the slope of the start-up curve is representational of the rate of 

substrate conversion to electrons and is a function of the effects of fluid flow. For 

example, a steep positive slope would mean that the substrate is being converted more 

quickly to electrons and that the MFC is quickly approaching its maximum output power 

for the run conditions. A shallower slope would therefore represent a design that has a 

slower response to the onset of fluid flow.  

 

The flat anode design exhibited the largest slope (8.67 × 10-4 mW/hr; R2 = 0.91), the 

cylinder design the next largest (7.73 × 10-4 mW/hr; R2 = 0.98), and the cone design the 

smallest (1.34 × 10-4 mW/hr; R2 = 0.93). In the cone design case, a possible explanation 
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for the shallow slope is that the presence of the fluid flow does not substantially alter the 

maximum power output of the cone design. If this was true, then the flat design would be 

expected to exhibit the greatest response to the onset of fluid flow, represented by the 

relative magnitude of the slope in relation to the other designs. In fact, the flat anode 

design exhibited the largest value of slope, suggesting that between the three anode 

designs studied, it had the largest response to the onset of fluid flow. In other words, the 

trends observed here lend support to the reasoning up until this point: the flat anode 

design exhibited a dramatic increase between batch-fed and continuous-flow mode due to 

being more strongly influenced by the flow than the other two designs studied.  

 

 

 

Figure 29 | Initial hour of continuous-flow measurements for each anode design begun 
immediately following pump start-up. Slopes were calculated for the curves and 
discussed in the text. The background noise power output P0 is shown to demonstrate that 
the addition of live bacteria results in power production in the MFC.  
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In conclusion for the continuous-flow mode, the principal difference between the anode 

designs was the geometry. The observed power output was shown to not follow the trend 

of anode surface area or electrode spacing, as the anode design with lowest surface area 

exhibited the largest observed power output and the anode design with the largest 

electrode spacing exhibited the largest observed power output. Also, the numerically 

calculated values of dimensionless shear rate magnitude averaged over the surfaces of the 

anodes were not on the same scale as the differences in observed power output (factor of 

1 to a factor of 10). Therefore, the shear rate was believed to be insufficient in explaining 

the observed trends. Another possibility considered was the geometrical influence on the 

fluid flow profile, specifically in relation to the advection of substrate ions to different 

parts the anode surface (top facets, between structures, anode base). A calculated Péclet 

number of 511 suggested that the advection of acetate ions to the anode surface by the 

fluid flow was a likely candidate for the observed increase in power output. By studying 

the structures of the anode and the fluid flow over them, it is possible that for the flat 

anode design, the fluid flow was unhindered to the entire available surface area of the 

anode, thereby reducing the internal resistance to a greater extent and resulting in the 

largest observed power output. In contrast, the presence of the cylinder and cone 

structures results in the majority of the surface area being unexposed to fresh acetate and 

instead must rely on diffusional rates in the recirculation regions around the structures 

base and sides. These explanations are offered as possible mechanisms for the observed 

power outputs and help to explain the trends seen in the data.  
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4.12 General Comparison of Batch-fed vs. Continuous-flow Modes  

A short comparison between batch-fed and continuous-flow run modes is presented here 

to help compare the benefits and drawbacks of each operational mode. In general, the 

continuous-flow mode produces larger power outputs from the MFC. Stable, continuous 

power output results from continuous-flow mode due to the substrate continuously being 

flowed through the interior of the fuel cell. Likewise, feeding cycles like those required in 

batch-fed mode are unnecessary. However, batch-fed mode is more practical for quickly 

determining the effect of systematic properties such as substrate feed composition and 

choice of bacteria. This is because the batch-fed feeding cycles are on the order of a 

single day, and so any changes to the setup can occur daily. Compare this to the 

continuous-flow design, which requires a bacteria colonization period of approximately a 

day before the pump can be turned on. Also, changes to the substrate feed in continuous-

flow mode require a complete refresh of the substrate reservoir, as well as complete 

cleaning of the associated tubing and valves, which requires approximately two hours of 

shutdown time and another 3–4 hours to re-achieve stable power output. However, 

despite these drawbacks, the continuous-flow mode is capable of achieving larger, stable 

power outputs and is therefore more conducive to studies involving improving MFC 

performance.  

 

4.13 Variable Flow Rate Results 

To test the effect of increasing the flow rate into the MFC while maintaining constant 

geometry, the following variable flow rate studies were performed. Here, an additional 
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test was run on only the flat anode design using three different flow rates: Qlow = 0.14 

mL/min, Qmed = 0.28 mL/min, and Qhigh = 0.42 mL/min. The fuel cell was run in 

continuous-flow mode at each flow rate for 20 hours and with an operating temperature 

of 25°C. The anode was removed, cleaned, and re-prepared between each set of 

measurements. An operating temperature of 25°C was used to eliminate effects of 

temperature difference between the substrate reservoir and the fuel cell interior (all 

components operated at 25°C). For this reason, the values of power outputs are not 

comparable to those in Figure 26, which has the fuel cell operated at 40°C. Results are 

tabulated in Table 16. 

 

 

Figure 30 | Variable flow rate study with the flat anode design using Qlow = 0.14 mL/min, 
Qmed = 0.28 mL/min, and Qhigh = 0.42 mL/min, measured at the pump exit. Each study 
was run for 6 hours and power outputs were averaged to obtain an average power output. 
The background noise power output P0 ≈ 1.76 × 10-7 mW and therefore does not appear 
on the plot.  
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Table 16 | Results of variable flow rate study. Uncertainty in the average output power 
values represents one standard deviation; output power normalized with respect to the 
surface area of the flat anode and the main chamber volume. 

Flow Rate 
[mL/min] 

Average  
Output Power [mW] 

Average Output  
Power Density 
[mW/m2] 

Average Output  
Power Density 
[mW/m3] 

Qlow = 0.14 7.75 × 10-3 ± (2.39 × 10-6) 8.80 461.1 
Qmed = 0.28 7.84 × 10-3 ± (2.45 × 10-6) 8.91 466.8 
Qhigh = 0.42 7.94 × 10-3 ± (4.43 × 10-6) 9.01 472.4 
 

In general, the results suggest that the observed power output is positively correlated to 

the flow rate: an increase in flow rate increased the observed power output. However, the 

relation was minimal: for an increase in flow rate by a factor of 2, the average power 

output only increased by 1.01; for an increase in flow rate by a factor of 3, the average 

power output only increased by 1.02. Previous research has shown that approximately 2–

9 days were required for an increase in flow rate to result in a larger than 3-fold increase 

in power output [126, 218]. This is possibly due to a lengthy biofilm enrichment phase 

under continuous-flow conditions. While a weak correlation was observed here, an 

enrichment period longer than the 6 hours provided may have produced a stronger shear-

rate–to–power-output relationship. Regardless, the results of this study suggest that 

increases flow rate result in increases in marginal increases in power output, as expected 

from the literature [5].  

 

4.14 Polarization Curves 

Polarization curves plot output voltage as a function of current and are commonly used to 

analyze and characterize MFC performance [8]. For this reason, the metric of 
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performance is the measured output voltage rather than power. A resistor bank is 

typically used to set the external resistance (Rex) of the MFC through a range of values to 

evaluate the effect of external loading on the MFC power output. The polarization curve 

data can then be recorded from both high-to-low Rex and from low-to-high Rex (a 

complete loop). 

 

For this study, the polarization curves (Figure 31) were obtained as follows. Once the fuel 

cell had been in continuous-flow operation for approximately 50 hours, i.e., operating at 

steady state, Rex was varied in increments from 1 kΩ to 8 kΩ, then from 8 kΩ to 80 Ω, 

and finally from 80 Ω to 1 kΩ (a complete range of 80–8000 Ω.). The voltage at each 

external resistance value was recorded every 10 s for 10 min, averaged, and used to 

calculate the current from Ohm’s law.  

 

The output voltage values were recorded only when pseudo-steady-state conditions were 

established. The time required to reach such conditions depends primarily on the system, 

but is also affected by the value of Rex and the amount of time spent recording at each 

resistance value. For example, for low values of Rex (80–200 Ω), steady output was 

reached in approximately 3–4 minutes; for large values of Rex (4–8 kΩ), steady output 

was reached in approximately 9–10 minutes. Therefore, 10 minutes was chosen as an 

appropriate recording time at each value of Rex.  
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Figure 31 | Shown are the polarization curves for each anode design. Error bars represent 
one standard deviation in the measurements; some are smaller than dot size. For visual 
clarity, dotted lines have been added to show data trends. Measurements were taken 
during continuous-flow conditions with Rex = 80–8000 Ω. Hysteresis is inherent to the 
data collection method, but is removed by averaging all measured voltage values at a 
given external resistance as per common practice [4]. The raw data curves with the 
hysteresis are shown in Appendix D.   

 

Between the various designs, the flat design exhibited the largest overall output voltage 

and the cone design the smallest. The polarization curves for each anode design are 

roughly linear, as expected [8]. The cell voltage is a linear function of the current and can 

be described as: 

Ecell = OCV – IRint (24) 

where Ecell is the output voltage in mV, OCV is the open-circuit voltage in mV, I is the 

current in mA, and Rint is the internal resistance in Ω. From this relationship, it can be 

seen that as the external resistance increases, the calculated current (I = Emeas/Rex) 
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decreases. Therefore, as Eex → ∞, I → 0, and Ecell = OCV. Also, as Rex → 0, I becomes 

large, and Ecell → 0. From Equation (24), Rint is the slope of the polarization curve and 

OCV is the y-intercept. Thus, by employing regression analysis to determine the linear 

equation representing each curve, both the value of the internal resistance Rint and the 

OCV can be determined from the polarization curves. The results of this study are 

tabulated in Table 17.  

 

Table 17 | Shown is a summary table of values obtained from the polarization curve: the 
internal resistance (Rint) and the open-circuit voltage (OCV).  

Anode Design 
Slope,  
Rint [kΩ] R2 OCV [mV] 

Flat 1.02 0.989 187.5 
Cylinders 1.96 0.992 173.5 
Cones 4.10 0.999 156.0 

 

It is important to distinguish between the external resistance, Rex, and the internal 

resistance, Rint. The external resistance is the externally applied electrical resistance 

(load). To obtain the polarization curve data, this value is altered by cycling through the 

resistors in the resistor bank. By dividing the measured cell voltage by the known value 

of Rex, one obtains a calculated output current, I, according to Ohm’s law. On the other 

hand, the internal resistance Rint is a system property that represents the sum of all 

internal losses of an MFC. This value cannot be directly measured, but is obtained from 

the slope of the polarization curve (Figure 31).  
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In general, internal resistance can depend on several physical properties such as electrode 

spacing and PEM resistivity [4], but comparable MFCs to the one employed in this study 

have reported internal resistance values in the range of 10–500 Ω [6, 204, 205]. 

Comparatively, the internal resistance values reported here for all three anode designs are 

larger than those expected from the results of previous research (1–4 kΩ compared to 

0.01–0.5 kΩ). Possible reasons for the disparity in magnitude include (1) the lack of a 

catalyst at the cathode leading to large over-potentials at the cathode and (2) the low mass 

diffusivity of oxygen through the solid-graphite cathode. Both possibilities were 

previously discussed in Section 4.3.  

 

Furthermore, the measured output voltage of the cone design was observed to decrease 

fastest with current (steepest slope) as indicated by the relative scale of its internal 

resistance: over 4 times greater than that of the flat anode design (4.10 kΩ to 1.02 kΩ) 

and over 2 times greater than that of the cylinder anode design (4.10 kΩ to 1.96 kΩ). 

Attempting to relate the difference in values to anode surface areas and electrode spacing 

resulted in no observable trend, suggesting that anode surface area and electrode spacing 

are not contributing factors to the observed differences as previously discussed in Section 

4.12. In addition, the measured values of electrical resistance of the anodes themselves 

were not large (Table 9): 0.53 Ω for the flat design, 0.43 Ω for the cone design, and 0.39 

Ω for the cylinder design. Therefore, the electrodes themselves contribute little to the 

internal resistance. Possible explanations for the relative differences in Rint between the 

anode designs were thoroughly discussed in Section 4.12.  
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4.15 Power Curves 

Power curves relate the output power of an MFC to the output current. The current is 

calculated with Ohm’s law as previously described for polarization curves (Section 4.14) 

and the output power is calculated as described in Section 4.7. For open-circuit 

conditions (electrodes not electrically connected), no current flows and therefore no 

power is produced (Rex at a maximum). This is represented by the point (0, 0) on the 

power curve (Figure 32). As the current increases, the power follows suit until a 

maximum attainable power density (MAPD) — a point of interest for characterizing 

MFC performance — is achieved. The MAPD is a value that represents the maximum 

amount of achievable power that the fuel cell is capable of producing [8]. At values of 

current larger than those at the MAPD, the power decreases due to increasing ohmic 

losses [8] until no power is produced due to short-circuit conditions (Rex at a minimum).  

 

Symmetrical, semi-circular power density curves are typical for high internal resistance 

MFCs that are limited by ohmic resistance [8]. For systems that exhibit symmetrical 

power curves, the MAPD is achieved when the internal resistance is equal to the external 

resistance (Rint = Rext) [189]. In other words, the maximum attainable power that an MFC 

is capable of producing occurs when the external applied electrical load has an equivalent 

resistance to that of the internal resistance of the system. In addition, power curves 

skewed to the left (towards lower values of current) represent fuel cells whose power 

output is limited by mass transfer [8]. For this study, the power curves for all three anode 

designs are shown in Figure 32. 
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Figure 32 | Power curves for each anode design. Error bars represent one standard 
deviation in the measurements; some are smaller than dot size. For visual clarity, dotted 
lines have been added between points to indicate trends. Measurements were taken 
during continuous-flow conditions with Rex = 80–8000 Ω. Hysteresis is inherent to the 
data collection method, but is removed by averaging all measured output power values at 
a given external resistance. The raw data curves with the hysteresis are shown in 
Appendix D.   

 

From the power density curves (Figure 32), a number of metrics can be determined, 

including MAPD and the value of Rex at MAPD. All values are summarized in Table 18.  

 

The largest MAPD was observed for the flat anode design and was 3.4 times greater than 

that for the cylinder design (9.05 mW/m2 compared to 2.69 mW/m2) and 6.2 times 

greater than that for the cone design (9.05 mW/m2 compared to 1.45 mW/m2). The 

MAPD was observed to be 1.9 times greater for the cylinder design than for the cone 
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design (2.69 mW/m2 compared to 1.45 mW/m2). The relative differences in MAPD can 

be explained by relation to the calculated internal resistances: as Rint decreases, MAPD 

increases. 

 

Table 18 | Shown is a summary table for power density curve results. MAPD refers to 
maximum attainable power density. Power density measured at Rex = 1 kΩ (from Table 
17) is provided for comparison purposes. Rint values from Table 17. Percent difference is 
between Rex and Rint. 

Anode  
Design 

MAPD  
[mW/m2] 

Rex at  
MAPD [kΩ] 

Power Density 
at Rex = 1 kΩ 
[mW/m2] Rint [kΩ] 

Percent  
Difference 
[%] 

Flat 9.05 0.98 8.41 1.02 3.8 
Cylinders 2.69 1.76 1.92 1.96 10.3 
Cones 1.45 3.85 0.68 4.10 6.32 
 

 

Compared to power curves obtained from previous research [203], all three power curves 

reported here fall well within the typical range (within 20 mW/m2) for MFCs operated 

with uncatalyzed cathodes. Again, this can be explained by the large internal resistances 

of this fuel cell (Section 4.3). The values provided in Table 18 for power density at Rex = 

1 kΩ are from Table 17 and are shown for comparison purposes. The reported MAPD for 

the cylinder and cone designs are larger than their respective values of output power 

achieved at Rex = 1 kΩ. The implication is that for the continuous-flow run mode (Section 

4.11), the MFC was not operated under optimal values of external resistance for the 

cylinder and cone designs. However, this is not the reason for the reported discrepancies 

in power output because regardless of what value of external resistance was chosen, the 
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relative trends observed would remain unchanged. Finally, by visual inspection, the shape 

of each power curve is symmetrical about the point of MAPD with no obvious skewing. 

Therefore, for all three of the anode designs, the MFC used in this study is limited by 

ohmic resistance and not by mass transfer [8]. Possible reasons for the ohmic resistance 

were discussed previously in Section 4.14.  
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Chapter 5: Results Summary and Conclusions 
 

The MFC literature has shown that increases in surface area in a batch-fed MFC leads to 

an increase in output power. Also, it has been shown that an increase in fluid shear rate 

acting on the surface of the anode in a continuous-flow setup can also result in an 

increase in output power. Taken together, it is reasonable to assume that physical 

modification of the anode surface structure could simultaneously increase physical 

surface area and surface shear rate while maintaining a constant flow rate, thereby 

resulting in a MFC capable of higher output power density. Prior to this study, it was not 

known whether surface area, surface shear rate, or other effects played a more important 

role in determining MFC output power, or what specific geometries would be capable of 

producing desirable results. The purpose of this thesis was to answer the question: Can 

the structural geometry of an anode surface be modified to increase the output power of 

an MFC? This question was addressed from two approaches: a numerical study focused 

on determining which geometries could be used to modify shear rates and fluid flow 

characteristics and an experimental study focused on developing a working MFC and 

testing the anode designs. The results from these studies are summarized along with all 

relevant values for each anode design and are presented in Table 19. 
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A number of conclusions can be drawn from the results. The surface areas from largest to 

smallest are in the order: cylinder (13.9 cm2), cone (10.4 cm2), then flat (8.81 cm2). In the 

batch-fed operation mode (with no flow rate, i.e., quiescent fluid, and therefore no 

surface shear effects), it is expected that surface area considerations will determine the 

power output — and this is exactly what was observed. Based on the peak output power 

measurements for the batch-fed anode designs, output powers from largest to smallest are 

in the order: cylinder (1.3 × 10-3 mW), cone (3.0 × 10-4 mW), then flat (9.1 × 10-5 mW), 

following the trend in surface area. Also, the power output was observed to be affected 

by the electrode spacing: the minimum of power output was observed for the flat design 

which has the largest electrode spacing (19.05 mm), while the maximum of observed 

power output occurred for the cylinder design which has the smallest electrode spacing 

(18.75 mm). The cone design, with only the apexes of each structure 18.75 mm away 

from the cathode surface, exhibited an observed power output between that of the flat and 

cylinder designs.  

 

From the continuous-flow results, the flat design exhibited the largest average power 

output (7.46 × 10-3 mW), followed by that of the cylinder design (2.68 × 10-3 mW), 

followed by that of the cone design (7.12 × 10-4 mW). The observed power output was 

shown to not follow the trend of anode surface area or electrode spacing, as the anode 

design with lowest surface area exhibited the largest observed power output and the 

anode design with the largest electrode spacing exhibited the largest observed power 

output. Likewise, the observed power output was not reasonably explained by 
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considering only the calculated values of dimensionless shear rate magnitude averaged 

over the surfaces of the anodes. While the shear values followed the observed trend in 

power output, the scaling between the power output values and shear rate values could 

not entirely explain the observed trends (the calculated shear for the flat design was 1.08 

times larger than that of the cone, yet the average power output between the two designs 

scaled by a factor of 10.58).  

 

A possible explanation for the observed differences in power output for the continuous-

flow results were the effects of the fluid flow profile in relation to the advection of 

substrate ions to the anode surface. A calculated Péclet number of 511 suggested that this 

could be a likely candidate for the observations. In general, it was surmised that the 

presence of the cylinder and cone structures affected the flow in such a way as to limit 

the amount of surface area in close proximity to fresh substrate. This idea was supported 

by the presence of recirculation regions around the sides and bases of the cylinder 

structures which are largely absent from the flat anode design. Such fluid flow profiles 

could be a responsible mechanism for causing the surfaces of the anodes to be diffusion-

limited and, in result, exhibit larger values of internal resistance as calculated from the 

polarization curves (1.02 kΩ for the flat design, 1.96 kΩ for the cylinder design, and 4.10 

kΩ for the cone design). These explanations were offered as possible mechanisms for the 

observed power outputs and may help to explain the observed trends in the continuous-

flow data.  
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Table 19 | Summary table with all relevant values for comparison purposes. 
Abbreviations are listed below the table for easy reference. 

 Metric Flat Cylinder Cone 
Sy

st
em

 Anode Wetted Surface Area [cm2] 8.81 13.9 10.4 
HRT [h] 2.00 1.95 1.98 
Chamber Volume [mL] 16.8 16.4 16.6 
Electrode Spacing [mm] 19.05 18.75 18.75 

γ s 
 Entire Wetted Surface of Anode 1.73 × 10-6 1.62 × 10-6 1.60 × 10-6 

Only Flat Anode Base 1.73 × 10-6 0.78 × 10-6 1.11 × 10-6 
Only Structural Elements n/a 2.72 × 10-6 2.91 × 10-6 

B
at

ch
-

fe
d 

Peak Output Power [mW] 9.1 × 10-5 1.3 × 10-3 3.0 × 10-4 
Peak Power Density [mW/m2] 0.10 0.93 0.29 
Peak Power Density [mW/m3] 5.43 78.6 18.0 

C
on

tin
uo

us
-f

lo
w

 

Average Power Output [mW] 7.46 × 10-3 ±  
(2.07 × 10-4) 

2.68 × 10-3 ±  
(1.7 × 10-5) 

7.12 × 10-4 ±  
(1.7 × 10-5) 

Average Power Density [mW/m2] 8.63 ±  
(1.7 × 10-3) 

1.97 ±  
(2.1 × 10-4) 

0.70 ±  
(7.8 × 10-4) 

Average Power Density [mW/m3] 452.7 ±  
(8.9 × 10-2) 

166.7 ±  
(1.8 × 10-2) 

43.7 ±  
(4.9 × 10-2) 

MAPD [mW/m2] 9.05 2.69 1.45 
Rex at MAPD [kΩ] 0.98 1.76 3.85 
Internal Resistance, Rint [kΩ] 1.02 1.96 4.10 
OCV [mV] 187.5 173.5 156.0 

     
Abbreviations: HRT = Hydraulic retention time, γs = Dimensionless shear rate magnitude 
averaged of a surface of interest, OCV = Open-circuit voltage, MAPD = maximum 
attainable power density 
 
 

To characterize the MFC performance, polarization and power curves were also created. 

The polarization curves were roughly linear and OCV and internal resistances were 

obtained for each anode design. The largest value of OCV was for the flat anode design 

(187.5 mV) and the smallest was for the cone design (156.0 mV). The largest value of 
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internal resistance was from the cone design (4.10 kΩ) and the smallest from the flat 

(1.02 kΩ) — which is in agreement with previous results that the cone design produces 

the least amount of power and the flat the greatest for the continuous flow MFC. From 

the power curves, the maximum attainable power densities are obtained from each anode 

and were observed as 9.05 mW/m2 for the flat design, 2.69 mW/m2 for the cylinder 

design, and 1.45 mW/m2 for the cone design. The trends in OCV, internal resistance, and 

maximum attainable power density that were observed in the power and polarization 

curves follow those of the continuous-flow results and therefore can be explained by the 

same reasoning discussed previously.   

 

In summary and in answer to the main testable hypothesis behind this thesis, the 

structural geometry of an anode surface can be modified to influence the output power 

density of an MFC, but both additive structures studied here (cylinder and cone) led to a 

decrease in power output over a baseline flat design case (4.4 times smaller in the case of 

the cylinder; 12.3 times smaller in the case of the cone). This is despite the fact that both 

modified geometries were larger in surface area (1.6 times larger in the case of the 

cylinder; 1.2 times larger in the case of the cone) as well as slightly larger in calculated 

shear rate averaged over the structures’ surfaces. Instead, it is believed that the fluid flow 

properties and their effect on substrate advection to the biofilm is the responsible 

mechanism for dictating power output, and several possibilities were discussed. In short, 

the presence of structures on the surface of the anode could limit the amount of surface 

area that is in direct exposure to fresh substrate, thereby forcing a majority of surface area 
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to remain in a diffusion-limited regime. Thus, the unaltered, flat anode design was 

observed to produce the largest power output between the three anode designs studied.  

 

5.1 Proposed Tasks for Future Work and Future Outlook 

The practical application of MFCs in wastewater treatment necessitates the use of 

continuous-flow operation and therefore relies on the MFC’s ability to efficiently 

perform at high flow rates. For these reasons, the dependence of power output on internal 

hydrodynamic surface shear rates is an effect that requires investigation.  

 

One immediately obvious avenue for pursuit is to gather information regarding the 

composition, growth, and morphology of the biofilm in this study. The bacterial adhesion 

and growth patterns would lend invaluable insight into the effect of flow conditions on 

the power output of the MFC. There is the possibility that, with the addition of structures 

to the anode surface, the bacteria consortium has some preference to where it grows. Are 

inter-structural locations somehow better for bacterial metabolism and electron 

production, or do the bacteria prefer the tops of structures where the surface shear rates 

are highest? Does the presence of recirculation zones hinder or promote bacterial growth? 

Information on the bacteria communities obtained with, for example, SEM images or gel 

electrophoresis would provide valuable information to address such questions and lead to 

further insights in increasing the performance of MFCs.  
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The fluid flow itself presents interesting problems and a wholly unexplored area of 

potential research that remains unaddressed in the literature. For example, the forced 

advection of protons out of the main chamber due to the fluid flow is a topic that deserves 

consideration. The protons generated at the surface of the anode must physically travel 

through the volume of the main chamber before being drawn to the cathode surface. 

During this travel time, they are subjected to the physical advection forces of the 

hydrodynamic flow. There is the possibility that with enough growth time, the 

consortium of suspended bacteria inside the main chamber near the cathode may adjust to 

the concentration difference. In other words, the near-cathode bacteria may take 

advantage of the cathode’s demand for protons to provide some metabolic benefit to 

themselves. However, these effects have not been addressed in the literature, yet 

undoubtedly deserve further study.  

 

Also, a better understanding of the relative importance between surface area and surface 

shear rate is needed. Can a structural geometry be engineered that results in both a larger 

surface area and a larger surface shear rate? Such a system would improve power output 

through a combination of both surface area increase and surface shear rate increase 

effects. Yet, as this research has shown with the case of the cylinder and cone, increasing 

the surface area of the anode can lead to decreases in shear rates on various surfaces of 

the design. Along the same lines, is it possible to develop an anode structure not simply 

through the addition or subtraction to a flat design, but rather one that takes advantage of 

the interior flow conditions to increase substrate flux into the biofilm, promote bacteria 
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growth, and increase power output? It has been shown that changes to the physical 

properties of the MFC interior result in changes in the biofilm morphology, composition, 

and community composition. Therefore, it may be possible to design an anode structure 

that utilizes these changes to promote extracellular production of electrons and inhibit the 

growth of non-exoelectrogens. To our knowledge, these are issues which have not been 

investigated but deserve consideration.  

 

Finally, the future outlook of MFCs is promising, but to bridge the power gap between 

what has currently been achieved and what is theoretically possible will require better 

understanding of the microbiological considerations that determine extracellular 

production of electrons, the electrical and material property considerations that affect 

electron capture at the anode surface, and the practical engineering considerations into 

the design and interior fluid flow aspects of an MFC. Only through a combination of 

these widely different performance aspects can MFCs become a practically feasible 

solution to wastewater treatment and power production.  
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Appendix A: Parts, Materials, and Equipment List 
 

Chemicals  

• Ammonium Chloride (09725-25G), Sigma-Aldrich  

• 500 mL 3% Sodium Sulfide (757016), Fisher Scientific  

• Sodium acetate (W302406), Sigma-Aldrich  

• Dipotassium phosphate (59937), Sigma-Aldrich 

• Sodium chloride (S7653), Sigma-Aldrich  

• Magnesium sulfate (M7506), Sigma-Aldrich  

 

Physical Fuel Cell Components  

• Optically Clear Cast Acrylic Sheet 1/4" Thick, 6" x 6" McMaster-Carr #8560k358 

• Nafion 117 10.0 × 10.0 cm Fuel Cells Etc. 

• Nylon 6/6 Hex Nut Off-White, 10- 32 Thread Size, 3/8" Width, 9/64" Height 

McMaster-Carr #94812a415 

• Nylon Threaded Rod 10-32 Thread, 2' Length, Off-White McMaster-Carr 

• Optically Clear Cast Acrylic Sheet 1" Thick, 6" × 6" McMaster-Carr #8560k329 

• 10-32 x 2 Binder Head Slotted Machine Screws Nylon Fastener-Express 

• Watts® SVGEΩ¼-inch (8 mm) OD, 0.170-inch (5 mm) ID, Part #: HSVEB20 

clear vinyl tubing 
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• McMaster-Carr® Nylon 6/6 hex nut, 10-32 thread size (Part #: 94812A415) 

• Platinum wire, 0.404 mm, annealed, 99.9% ≈ 2.7 g/m (CAS: 7440-06-4, EINECS: 

231-116-1), Alfa Aesar  

• FDA Luer Lock Polycarbonate Stop Cock (7033T11), McMaster-Carr  

• Double/Bubble® Orange High Peel Strength Epoxy Adhesive (04007) 

• Silver-based conductive epoxy, Chemtronics® (CW2400) 

 

Operational Equipment and Materials  

• 32 oz. Spray bottle with attachment (41101 and 41102), OSU Stores 

• Keithley 2100 Digital Multimeter  

• 1 L Solvent reservoir with cap (9301-1421), Agilient Technologies 

• Cole-Parmer, Low-flow Peristaltic Pump (SP100V1.016CP) 

 

Computer Software 

• COMSOL Multiphysics version 4.3 

• Keithley KI-Link Excel Add-In version 2.03; Keithley Instruments, Inc. 

• National Instruments, LABView 2010 

• R, Statistical Computing Software 
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Appendix B: Safety Protocol and Procedures  
 

Overview: 
This document is the protocol for the Microbial Fuel Cell Project in MNSL in Scott W491.  
 
Project members: 
 
Matt Gerber (Lead)  gerber.117@osu.edu  614-447-8504 
Clare Cui    cui.163@osu.edu  513-375-9407 
Dr. Shaurya Prakash  prakash.31@osu.edu  217-390-5683 
 
General Guidelines: 
 
Personal Protection Equipment (PPE)  
 
To be worn at all times during experiment operation: 

1. Lab coat 
2. Goggles 
3. Gloves 

 
Standard Microbiological Practices 

1. Access to the lab is restricted at Dr. Prakash’s discretion when work with bacteria 
cultures is in progress 

2. No eating, drinking, smoking, handling contact lenses, applying cosmetics, or storing 
of food inside the lab 

3. Mouth pipetting prohibited 
4. Throughout this document, the key term “DEDICATED” refers to: (1) a storage 

container, (2) a physical workspace, or (3) a piece of equipment that is solely for use in 
this experiment. That is, no other materials may be stored in DEDICATED storage 
containers, no other work/experiments may occur within DEDICATED workspaces, and 
no piece of DEDICATED equipment may be used for purposes other than those 
specifically outlined in this document. 

5. If a storage container, workspace, or piece of equipment listed in this document is not 
labeled as DEDICATED, then it is assumed to be a shared, laboratory storage container, 
workspace, or piece of equipment and should follow all safety and cleaning procedures 
associated with it. 

6. DEDICATED storage and work spaces must clearly be labelled at all times with special, 
bright, ORANGE TAPE.  

7. ORANGE TAPE is for the sole purpose of this experiment and should not be used for 
other reasons 

mailto:gerber.117@osu.edu
mailto:cui.163@osu.edu
mailto:prakash.31@osu.edu


155 
 

8. Within this document, EXPERIMENT INFORMATION refers to the following, where 
applicable: 

• The text “MFC Experiment” 
• Contents 
• Creation date 
• Expiration date 
• Experimenter name(s) 

9. Work surfaces decontaminated after any spill 
10. When running, MFC and associated tubing must be contained within incubator 
11. All bacteria not in use is stored in DEDICATED sealed storage container located within 

shared, laboratory refrigerator 
 
 
I. Storage 
 
Equipment 

1. Refrigerator  
2. DEDICATED sealed storage container 
3. Celsius thermometer 
4. DEDICATED sealed vials/containers marked with ORANGE TAPE 

 
Procedure 

1. Refrigerator to remain at 4°C at all times 
2. Each vial/container labeled with experiment information and ORANGE TAPE 
3. Thermometer will remain in refrigerator and will be checked weekly to ensure consistent 

temperature is maintained  
4. Vials/containers to remain inside DEDICATED storage container within refrigerator and 

are to remain sealed and labeled with experiment information unless in use  
 
 
II. PEM Preparation 
 
Equipment 

1. DI water 
2. Tweezers 
3. Hot plate 
4. Two 200 mL beakers 

 
Procedure 

1. Disinfect tweezers with 10% bleach solution 
2. Pour 150 mL DI water into 200 mL beaker 
3. Place beaker on hot plate and bring to a gentle boil at 110°C 
4. Place PEM in beaker using tweezers and allow to boil for 1 hour 
5. Add DI water as needed to maintain consistent volume 
6. After 1 hour, turn off hot plate and allow to cool 
7. Fill second 200 mL beaker with DI water and transfer PEM with tweezers to the second 
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beaker 
8. If using PEM immediately, transfer to MFC while assembling  
9. If PEM is to be stored for future use, cover beaker with parafilm and store on storage 

rack; label with contents and date prepared  
 
III. Preparation of Chemicals 
 
Procedure 1: Creation of 0.4 M NaOH Solution 
 

1. Crush ~40 pellets (~5 g) of NaOH in mortar and pestle 
2. Add 4 g NaOH powder to 250 mL glass storage jar (brown) 
3. Add 250 mL DI water and stir with stirring rod until completely dissolved—this is 0.4 M 

NaOH 
4. Seal jar, label with contents and creation date; store along with other bases 
5. Shelf life is approximately 1 year 

 
 
Procedure 2: Creation of 50 mL Reducing Agent (RA) 
Steps 2–6 must be performed within the fume hood! 
 

 
Figure 1: Creation of the reducing agent.  

 
1. Add 25 mL of 0.4 M NaOH to small storage vial with rubber stopper 
2. Inside the fume hood, use chemistry ring stand to secure N2 gas line into the vial and 
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begin aerating the NaOH 
3. Add 1.35 g Cysteine-HCl to the vial, ensuring all solid grains are mixed into the liquid; 

Aerate with N2 gas for 5 minutes (set a timer)  
4. To the vial, add 20 mL of 3% w/v Na2S while continuing to aerate with N2 gas 
5. To the vial, add 5 mL of DI water while continuing to aerate with N2 gas  
6. Continue to aerate an additional 10 minutes with N2 (set a timer) 
7. Seal and store at room temperature; Indicate contents and expiration date on bottle 
8. Reasonable shelf-life is 1 week and should be used within this time frame 

 
Procedure 3: Creation of 1 L of Substrate Feed  

1. Clean container for storing substrate (hereafter called “reservoir”); See Part V 
2. Fill reservoir with 1 L of DI water  
3. Add parafilm to reservoir top (to protect the contents from particles in the air) 
4. Ensure 50 mL of reducing agent has been created; keep it accessible nearby 
5. Place reservoir on magnetic stirrer, add stir bar, set to 400 rpm; Ensure a nice “tornado” 

spiral forms in the center of the reservoir 
6. Weight and add 5 g of Sodium acetate and start a timer (Sodium acetate requires 10 

minutes to dissolve) 
7. Next, weigh and add the following compounds in the order below to the reservoir: 

 
Component Formula Amount 
Dipotassium phosphate K2HPO4 0.9 g 
Ammonium chloride NH4Cl 0.73 g 
Sodium chloride NaCl 0.9 g 
Magnesium sulfate MgSO4 0.09 g 

 
8. These components should dissolve immediately; Allow timer to reach at least 10 minutes 

then check if any undissolved particles remain. If so, allow to stir until no particles 
remain. 

9. Reapply parafilm to reservoir top and transfer to chemistry ring stand inside the fume 
hood 

10. Insert N2 gas tube into reservoir and bubble gas through for 10 minutes, turning the 
reservoir 180° every minute or so 

11. While the N2 is bubbling through the reservoir, towards the end of the 10 min, add the 50 
mL of reducing agent. Do this slowly and ensure no air bubbles are being mixed in. 

12. At this point, there is 1 L of substrate feed in the reservoir and it is ready to be used in the 
continuous flow setup.  

13. For 1 L of substrate feed in a storage jar, simply repeat the above procedures using a 1 L 
storage jar 

 
IV. Assembling MFC 
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Figure 2: All components for MFC: (a) main chamber, (b) cathode, (c) anode end cap, (d) tubing, 
(e) valves, (f) rubber gaskets, (g) brass ports, (h) hex nuts, and (i) bolts.  
 
 

   
(a) 

 

(b) 

 

(c) 

 

   
(d) 

 

(e) 

 

(f) 
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(g) (h)  
 
 
Figure 3: Assembly process for MFC. 

 
Equipment 

1. All physical MFC components (Figure 1) 
2. Wrench 
3. Flathead screwdriver (larger the better) 
4. Teflon tape 

 
Procedure 

1. Gather all physical MFC components. Components are: 
a. Main chamber 
b. Pre-assembled anode component 
c. Graphite cathode  
d. Four nylon 10-32 bolts 
e. Four nylon 10-32 hex nuts 
f. Two (2) silicone rubber gaskets 
g. PEM 

2. Add Teflon tape to brass ports (Figure 3a) 
3. Screw ports into main chamber (Figure 3b) 
4. Fit one rubber gasket over anode (Figure32c) 
5. Fit anode with gasket into main chamber, hold together with fingers (Figure 3d) 
6. Add PEM and second rubber gasket to cathode, with PEM sandwiched between the 

cathode and the gasket (Figure 3e) 
7. Add result of Step 6 to main chamber (Figure 3f), lining up the holes 
8. Fit 4 nylon bolts through each hole; the head of the bolt should be on the cathode side 

(the nuts should go on the anode side—important!) 
9. Secure nuts with fingers and once tight, tighten further with wrench and screwdriver. 

Result should look like Figure 3g 
10. Add about 1 inch of tubing to each port 
11. Add valve to each bit of tubing (Figure 3h) 
12. At this point, MFC should be fully sealed and open to air only through the ports 
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V. Setting Up Continuous Flow Mode 
 
 

 
 
Figure 4: Schematic for continuous flow setup.  
 
Equipment 

1. Assembled MFC 
2. Six luer-lock valves 
3. 1 L substrate reservoir (filled) 
4. 1 L storage jar of substrate (filled) 
5. Various lengths of tubing  
6. Peristaltic pump 
7. Reservoir cap with attached inner tubing (short and long) 
8. Hot plate 
9. Insulation box 
10. 10 mL disposable syringe 

 
Procedure 

1. Attach 2-cm length of tubing to brass fittings on MFC 
2. Onto both pieces of tubing, attach  luer-lock valves 
3. Using 10 mL syringe, fill MFC with substrate, ensuring no bubbles remain in the main 

chamber. To do so, open both valves, fill the syringe with substrate, attach syringe to one 
valve, then physically hold the MFC so that the other valve is pointed towards the ceiling. 
Squeeze the syringe, filling the main chamber with 10 mL of substrate. With syringe still 
attached, close both valves then remove syringe. Fill syringe with substrate, attach to 
valve, hold the other valve towards the ceiling, open both valves, and continue to fill.  

4. Repeat previous step until no bubbles are in the main chamber, then close both valves and 
place MFC onto hotplate at 50°C. 
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5. Using tubing, connect outlet valve to Peristaltic pump using an additional luer-lock valve. 
To do so, secure the empty tubing the syringe, use it to suck up substrate (filling the 
tubing), then attach the tubing to the luer-lock valve. Ensure the valve is closed, then 
remove the syringe. A full piece of tubing should be attached to the valve. Connect this to 
another luer-lock valve and secure this valve to the pump. This process should be used 
for all other tubing connections in this procedure.  

6. Top off reservoir with substrate from the storage jar and then add reservoir cap to 
reservoir 

7. Connect Peristaltic pump outlet to a luer-lock valve and tubing to the inlet of the 
reservoir (if reservoir inlet/outlet not labeled, the inlet is the port connected to the smaller 
inner tube).  

8. Connect reservoir outlet to a luer-lock, which itself is connected to the luer-lock already 
attached to the inlet of the MFC 

9. Place insulation box on top of hot plate and over MFC 
10. With all valves closed and the pump off, the MFC is on batch-fed mode. 
11. For continuous-flow operation, open all valves before turning on the pump 

 
 
VI. Electronics 
 
Equipment 

1. MFC in continuous-flow setup, from Part V 
2. 1 kΩ resistor 
3. Two alligator-clip leads 
4. DMM with alligator clip banana plug leads 
5. Faraday cage with banana plug grounding lead 
6. Ferrite beads, assorted sizes 

 
Procedure 

1. Using alligator clip leads, connect resistor to anode and cathode in series 
2. Connect DMM in parallel to the resistor 
3. Place Faraday cage over entire setup, excluding the DMM, and ground the cage to the 

DMM 
4. If possible, place ferrite beads on the ends of all leads 
5. Ensure there is an electrical connection between the ground and the Faraday cage 

 
 
VII. Cleaning and Emptying  
 
Part 1: Creating 10% Bleach Solution 
 
Equipment 

1. Bottle of commercially available Clorox bleach 
2. Tap water 
3. Bleach solution bottle. 

 
Part 1 Procedure 
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1. Fill bleach solution bottle to line indicated “10% fill line” with Clorox blean 
2. Fill bleach solution bottle to line indicated “Fill line” with tap water 
3. Seal bottle and store beneath sink 

Part 2: MFC Disassembly and Cleaning 
 
Equipment 

1. One (1) 1000 mL beaker 
2. 10% bleach solution from Procedure 1 
3. DEDICATED liquid contaminated waste container 
4. Paper towels 
5. DEDICATED solid waste container 

 
Part 2 Procedure 

1. Turn off electronics, unplug, and detach MFC from leads 
2. Ensure all valves are closed  
3. Disconnect all valves and tubes and place into 1000 mL beaker 
4. Remove reservoir cap and dump reservoir into liquid contaminated waste container along 

with 1 L of 10% bleach solution 
5. Remove MFC from hot plate and empty into 1000 mL beaker 
6. Dissemble MFC, placing each component into the 1000 mL beaker 
7. Fill beaker with 10% bleach solution and allow to soak for 10 minutes 
8. Empty contents into contaminated waste container 
9. Rinse components with tap water 3–4 times, then clean each with soap, rinse again 3–4 

times with tap water 
10. Finally, fill beaker with DI water, allow to sit for 5 minutes, then remove components and 

dry with paper towels 
11. For the reservoir, rinse with 10% bleach solution, dump into contaminated waste 

container 
12. Wash inside with soap, ensuring all particles are removed from the inside.  
13. Rinse with tap water 3–4 times, rinse with acetone, rinse again with tap water 3–4 times, 

then finally rinse with DI water before air drying (do NOT dry inside with paper towel) 
 

Part 3: Comprehensive List of Equipment Cleaning  
 
Cleaning Equipment for all Lists 

1. 10% bleach solution from Step 1 
2. DEDICATED liquid contaminated waste container 
3. DEDICATED solid waste container 
4. Paper towels 

 
List 1: Glass Equipment 

1. DEDICATED beakers, various sizes 
2. DEDICATED graduated cylinders, various sizes 
3. DEDICATED glass stirring rod 
4. DEDICATED 20 mL scintillation vials 
5. DEDICATED 10 mL test tubes 
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List 1 Cleaning Process 
1. Rinse all surfaces with 10% bleach solution 
2. Wash with soap and water 
3. Rinse 3–4 times with tap water, then with acetone, then 3–4 with tap water, then finally 

with DI water 
4. Set out paper towels and place cleaned equipment on to dry 
5. Once equipment is dry, can be reused or thrown away 
6. Dispose of used paper towels in DEDICATED solid waste container 

 
List 2: Non-glass Equipment 

1. Tweezers 
2. DEDICATED rubber stopper for flasks 

 
List 2 Cleaning Process 

1. To 500 mL beaker, add component  
2. Fill beaker with 10% bleach solution, ensuring components/equipment are fully 

immersed 
3. Allow beaker to sit for 10 minutes 
4. Empty liquid components of beaker into DEDICATED liquid contaminated waste container 
5. Wash component with soap and water, rinse with water 3–4 times, then rinse with DI 

water 
6. Set out paper towels and place cleaned components/equipment on to dry 
7. Clean empty beaker according to laboratory procedures for non-contaminated materials 
8. Once components/equipment is dry, can be reused or thrown away 
9. Dispose of used paper towels in DEDICATED solid waste container 

 
List 3: Storage and Work Spaces 

1. Laboratory refrigerator 
2. Sealed, storage container 
3. Tabletop workspace 
4. Workspace within fume hood  
5. Incubator 

 
List 3 Cleaning Process 

1. Wipe down surface with paper towels 
2. Dispose of paper towels in DEDICATED solid waste container 
3. Soak DEDICATED sponge with 10% bleach solution 
4. Scrub surface with sponge  
5. Dispose of sponge in DEDICATED solid waste container 
6. Dry surface with paper towels 
7. Dispose of paper towels in DEDICATED solid waste container 

 
V. Disposal 
 
Disposal Resources 

1. Sharps container 
2. DEDICATED liquid contaminated waste container 
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3. DEDICATED solid waste container 
 
When a piece of equipment breaks, is no longer required, or has otherwise been rendered 
unusable, follow these disposal procedures. Disposal procedures are unique to each piece of 
equipment used. 
 
Solid materials: 

1. MFC Main chamber 
a. Wipe down with sponge and bleach solution 
b. Place in solid waste container 

2. MFC Anode component 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

3. MFC Cathode end plate 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

4. MFC Cathode graphite 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

5. MFC Bolts, Washers, and Nuts 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

6. MFC 1/8 in. tubing 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

7. MFC 1/8 in. valves 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

8. MFC rubber gaskets 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

9. 150 × 15 mm plastic Petri dishes 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

10. Paper towels 
a. Place in solid waste container 

11. Sponges 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

12. Disposable pipettes 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

13. Glass scintillation vials 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

14. Cleaning tray 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
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b. Place in solid waste container 
15. Syringes and needles 

a. Place in sharps container; do not recap 
16. Incubator 

a. Dispose in solid waste container large outdoor trash receptacle 
17. Glass beakers 

a. Place in solid waste container 
18. Glass Erlenmeyer flasks 

a. Place in solid waste container 
19. Pump 

a. Attach tubing to outlet and inlet of pump 
b. Fill a 250 mL beaker with 200 mL bleach solution and place inlet tubing in 

solution 
c. Take an empty 250 mL beaker and place outlet tubing inside 
d. Allow pump to run until all bleach solution has reached the empty beaker 

20. Glove bag 
a. Compress bag 
b. Dispose in solid waste container 

21. Rubber stoppers 
a. Decontaminate in a 250 mL beaker with 200 mL bleach solution for 10 minutes 
b. Place in solid waste container 

22. Thermometers 
a. Place in solid waste container 
b. If broken, dispose of in sharps container 

 
Liquid materials: 

1. Substrate feed solution  
a. Can be poured down the sink drain with faucet on 

2. Bacteria solution 
a. Mix in bleach solution at a 1:1 ratio 
b. Pour liquid into liquid contaminated waste container 

 
General Procedure 

1. All surfaces, containers, and components exposed to cultures must be decontaminated 
with bleach solution prior to disposal 

2. Bleach solution must remain in contact with materials for 10 minutes when 
decontaminating 

3. Do not re-cap, bend, break, or remove needles prior to disposal; needles must be disposed 
of in laboratory sharps container 

4. Dispose of bleach solution by rinsing with water into sink drain 
 
VI. Accidents/Spills 
 
Equipment 

1. Paper towels 
2. 10% bleach solution 
3. DEDICATED sponges 
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List of Contingency Plans 

1. If refrigerator breaks and 4°C is not maintained (bacteria may be unusable) and vials 
must be thrown out 

a. Empty vials into liquid contaminated waste container 
b. Dispose of vials in solid waste container 

2. Mysterious storage vial appears (someone forgot to label it); the contents cannot be 
confirmed/known 

a. Empty vial into liquid contaminated waste container 
b. Dispose of vial in solid waste container 

3. DEDICATED sealed storage container within laboratory refrigerator breaks (is no longer 
air-tight or sealed) 

a. Check to see if any scintillation vials have broken 
b. If no, replace storage container with another that can be sealed and dispose of old 

in solid waste container 
c. If yes, empty refrigerator shelf that container was stored on, including any other 

chemicals 
d. Wipe down shelf and other items with paper towel soaked in bleach solution 
e. Wipe down glass scintillation vials with bleach solution 
f. Replace broken storage container with working sealed container and place vials 

back inside 
4. Someone forgot to reseal the storage container within laboratory refrigerator 

a. Remove storage container and check refrigerator for any spills 
b. If spillage occurred, remove contents and wipe down area with bleach solution 

and paper towels 
c. Wipe down contents with bleach solution and paper towels, including storage 

container 
d. Seal storage container 
e. Replace everything back into refrigerator 

5. Sodium acetate contaminates laboratory analytical scale 
a. Dust off sodium acetate into a paper towel and dispose of in solid waste container 
b. Wipe with paper towel soaked in bleach solution 
c. Dispose of all paper towels in solid waste container 

6. Sodium acetate falls onto laboratory floor 
a. Wipe up sodium acetate with a wet paper towel soaked in water 
b. Wipe area with paper towel soaked in bleach solution 
c. Dispose of all paper towels in solid waste container 

7. Substrate feed escapes workspace spilltray and contaminates desktop surface or floor 
a. Wipe up substrate feed with a wet paper towel soaked in water 
b. Wipe area with paper towel soaked in bleach solution 
c. Dispose of all paper towels in solid waste container 

8. HCl escapes workspace spilltray and contaminates desktop surface or floor 
a. Spread a neutralizing powder onto contaminated area 
b. Collect powder and dispose of in solid waste container 
c. Wipe over area with paper towels soaked in bleach solution 
d. Dispose of paper towels in solid waste container 

9. NaOH escapes workspace spilltray and contaminates desktop surface or floor 
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a. Spread sand, earth, or a similar material onto contaminated area 
b. Collect material and dispose of in solid waste container 
c. Wipe over area with paper towels soaked in bleach solution 
d. Dispose of paper towels in solid waste container 

10. Beaker/flask containing bacteria and broth falls to floor and breaks 
a. Use a dustpan and paper towels to sweep broken pieces and soak up broth 
b. Throw paper towels into solid waste container 

11. Needle punctures someone’s skin 
a. Throw away needle into sharps container 
b. Clean skin with alcohol pads from first aid kit 
c. Bandage affected area 

12. Flask leaks inside incubator 
a. Turn off incubator 
b. Remove flask from incubator 
c. Pour liquid inside flask into another flask with no cracks 
d. Wipe inside of incubator with paper towels and bleach solution 
e. Place flask back inside and turn on incubator once more 

13. Syringe filled with bacteria solution punctures someone’s skin 
a. Contact others for help immediately 
b. Empty syringe contents into liquid contaminated waste container 
c. Throw away needle and barrel into sharps container 
d. Clean skin with alcohol pads from first aid kit 
e. Bandage affected area 

14. Scintillation vial falls to floor and breaks 
a. Use a dustpan and paper towels to sweep broken pieces and soak up broth 
b. Throw paper towels into solid waste container 

15. MFC is not fully sealed and air-tight and begins to leak during construction phase 
a. Finish construction completely; MFC is expected to leak a small amount during 

construction 
b. After construction, take out MFC and wipe down with dry paper towel 
c. Pour excess fluid from catch tray into liquid contaminated waste container 
d. Wash catch tray with sponge and bleach solution 

16. MFC leaks into Petri dish, or otherwise cannot retain fluid and leaks inside incubator 
a. Deconstruct MFC inside catch tray 
b. Wash MFC and reconstruct as in Part III 
c. Pour fluid in catch tray into liquid contaminated waste container 
d. Wash and dry catch tray with bleach solution and paper towels 

17. We drop the fully sealed MFC onto the floor and it breaks open, damaging some parts 
a. Deconstruct MFC inside a catch tray and determine which parts are broken 
b. Dispose of broken parts into solid waste container 
c. Clean up any liquid on floor with paper towels 
d. Sanitize with bleach solution and then wipe dry with paper towels 
e. Dispose of paper towels into solid waste container 

18. Bottle of concentrated bleach spills onto floor or into workspace 
a. Remove all equipment from area to a dry location 
b. Wipe up spill with paper towels 
c. Soak paper towels in water and wipe over spill area twice 
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General Clean-Up Guidelines 
The above list is not assumed to be comprehensive. The following is a list of clean-up guidelines 
for general accidents and spills. 

1. Remove all associated equipment from contaminated area and place in sink 
2. If equipment is broken and needs to be disposed, refer to Part V for proper disposal 

method 
3. Wipe down equipment with paper towels soaked in bleach solution 
4. Soak up spill with paper towels 
5. Clean contaminated surface with bleach solution 
6. Leave bleach in contact with surface for 10 minutes 
7. Wipe up bleach with paper towels 
8. Paper towels disposed of in contaminated waste container 
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Appendix C: Acquiring Temperature and Determining Its Effect 
 

An ideal operating temperature for the bacteria consortium is 39±1°C [210]. To obtain 

this temperature, the fuel cell was assembled, filled with substrate feed (no bacteria), and 

placed on the hot plate inside the insulating box. A type-K thermocouple was inserted 

into the fuel cell and connected to an NI myDAQ data acquisition device. Measurements 

were obtained with LabVIEW. It was found that a hot plate temperature of 50°C achieves 

a 40°C internal operating temperature after approximately 10 hours (Figure 33). 

 

 

Figure 33 | Temperature plot for internal temperature test.  

 

The R code for the plot is: 

# import data from csv (source:labVIEW) 
dataset <- read.csv("2014-05-05-tempData.csv") 
attach(dataset) 
 
# plot data 
plot(time/60, temp, xlab="Time (hr)", ylab="Temperature (°C)") 
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In addition, an experiment was carried out to test the importance of temperature on MFC 

power output (Figure 34). The flat plate anode running in continuous-flow mode for 

approximately 4 days was used for this test. After about 2 hours, the hot plate 

temperature was decreased from 50°C to 40°C and the power output recorded for 

approximately 1 hour. Then, the hot plate was turned off and the thermal insulation was 

removed. The original temperature produced a power output 2.2 times larger than that 

produced at room temperature, despite the original MFC interior temperature being only 

1.6 times warmer than room temperature. The conclusion is that the operating 

temperature of the MFC can have significant impact on the power output and therefore all 

possible measures were taken to ensure constant temperature conditions.  

 

 

Figure 34 | The effect of hot plate temperature on MFC power output for the flat anode 
design under continuous-flow conditions. Initial temperature was 50°C; final temperature 
was 25°C. The first red arrow indicates a decrease in hot plate temperature to 40°C; the 
second red arrow indicates the hot plate turned off and the thermal insulation removed.  
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Appendix D: Polarization and Power Curves Raw Data 
 

For the polarization and power curves, hysteresis was inherent to the data collection 

method, but was removed by averaging all measured voltage values at a given external 

resistance as per common practice [4]. The unaltered polarization and power curves with 

hysteresis are shown here in Figures 34 and 35. 

 

 

Figure 35 | Raw data plot for the power curve. For visual clarity, dotted lines have been 
added to show data trends. Measurements were taken during continuous-flow conditions 
with Rex = 80–8000 Ω. Error bars (representing standard deviation) are smaller than dot 
size and have been removed.  
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Figure 36 | Raw data plot for the polarization curve. For visual clarity, dotted lines have 
been added to show data trends. Measurements were taken during continuous-flow 
conditions with Rex = 80–8000 Ω. Error bars (representing standard deviation) are smaller 
than dot size and have been removed. 
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Appendix E: Obtaining Background Noise Power Output 
 

To demonstrate that the addition of live bacteria to the MFC resulted in a measurable 

power output that is distinguishable from background noise, measurements were taken to 

determine an average value for the background noise power output. The MFC was 

assembled according to the procedures in Appendix B and fresh substrate along with a 

pre-prepared sample of a dead bacteria culture was introduced to the MFC in a 1:1 ratio. 

The sample of dead bacteria was obtained by removing 20 mL of live bacteria culture 

from a working fuel cell, then boiling the sample on a hot plate set at 300°C for 

approximately 10 minutes. The sample was then moved to an optically clear glass vial 

and subjected to a UV light treatment for approximately 1 hour. At this point, the bacteria 

were considered biologically inactive. The external resistance of 1 kΩ was added to the 

MFC as normal and the DMM was used to record voltage outputs every 1 minute. The 

voltage output was converted to a power output in mW according to Ohm’s law. The test 

was run for 3 hours on each anode design. Results are shown in Figure 37. 

 

Averaging the power output over the duration of the measurements resulted in an average 

background noise power output of 1.76 × 10-7 ± (6.13 × 10-9) mW for the flat design, 1.62 

× 10-7 ± (4.93 × 10-9) mW for the cylinder design, and 1.55 × 10-7 ± (3.12 × 10-9) mW for 

the cone design. The average power outputs obtained for the continuous-flow setup are 4 
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orders of magnitude larger than the background noise level for the flat and cylinder 

design, and 3 orders of magnitude larger for the background noise level for the cone 

design. These values of background noise power output are represented on all data plots 

where applicable throughout this thesis as a single line denoted P0.  

 

 

Figure 37 | Power output measurements of background noise. MFC was run in batch-fed 
mode and sealed with fresh substrate and a solution of biologically inactive (dead) 
bacteria. External resistance was 1 kΩ. Values were averaged over the measurement 
duration to obtain an average value of background noise power output.  
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Appendix F: Batch-fed Feeding Cycles 
 

To test the viability of the bacteria, determine a sufficient composition of substrate feed, 

and to find solutions to other, more practical engineering problems regarding the 

experimental setup (organization of components, physical space requirements, etc.), an 

initial set of batch-fed measurements were performed. Seven of these “feeding cycles” 

are shown in Figure 38 for the flat anode design. The hot plate temperature was 50°C and 

fresh substrate was added to the system approximately every 24 hours.  

 

 

Figure 38 | Feeding cycles for the batch-fed flat anode design. Red arrows indicate the 
addition of fresh substrate. P0 indicates the background noise power output. Time t was 
recorded in hours. Breaks in the data correspond to the MFC being opened and fed.  
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The batch-fed operation mode results in feeding cycles because there is a finite amount of 

substrate feed in the main chamber of the MFC. Once the bacteria metabolize the 

substrate, the power output will decrease to zero. However, this does not result in 

immediate cell death, as the bacteria are believed to be capable of surviving for several 

days in the absence of substrate [210, 211]. The feeding cycles here correspond to a cycle 

of approximately 24 hours, meaning fresh substrate was added to the MFC once every 

feeding cycle (indicated by red arrows in Figure 38). As can be seen from Figure 38, the 

addition of fresh substrate increases the power output of the MFC to some peak value 

before declining again (substrate depletion). Through these studies, much information 

was learned regarding the behavior of the MFC, bacteria, and experimental conditions. 

Primarily, the composition of the substrate feed was experimented on and arrived at 

(Table 10), the necessity of a Faraday cage was determined (Appendix H), and an 

approximate length of time the bacteria was capable of surviving in the absence of 

substrate (about 2–3 days).  
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Appendix G: Importance of Noise Reduction: Faraday Cage 
 

Through the initial batch-fed measurements (Appendix F), it was determined that large, 

unaccountable fluctuations were appearing in the measured output data of the MFC. An 

example is described here and shown in Figure 39.  

 

 

Figure 39  | Difference in power output measurements between flat anode batch-fed mode 
design for the setup with and without the insulation chamber (Faraday cage). P0 
represents the background noise power output.  

 

Without insulation, a large peak appears in the data, indicated by the red arrow in Figure 

39. This peak corresponds to the fume hood door in the laboratory being opened (at t = 14 

hours) and closed (at t = 15 hours). The peak represents a near-doubling in output power. 
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This means that a completely unrelated environmental condition in the laboratory (the 

position of the fume hood door which was approximately 1 m from the MFC setup) was 

influencing the data being recorded for the MFC. Therefore, it was considered of utmost 

importance to isolate the MFC from the effects of such conditions. To do so, a Faraday 

cage was constructed inside a corrugate case material (cardboard) box and grounded to 

the DMM. The Faraday cage serves to protect the setup from electrical and magnetic 

interference while the box itself is sealed to the working table and helps protect the setup 

from other environment conditions such as temperature differences. The data obtained for 

an identical batch-fed test with this insulation present is shown in Figure 39. The 

resulting data is smoother and the expected negatively sloped substrate depletion curve 

can be observed.  
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Appendix H: Substrate Reservoir Renewal Effect 
 

There was some concern that bacteria from the MFC interior could contaminant the 1 L 

substrate reservoir and deplete the acetate concentration being fed to the system. To test 

against this possibility, a test was performed during the continuous-flow operation of the 

flat anode (Figure 40).  

 

 

Figure 40 | Effect of replacing the substrate reservoir with one filled with fresh substrate 
feed and reducing agent. First red arrow indicates the valves sealed, the pump turned off, 
and the MFC placed into batch-fed mode. The second red arrow indicates the reservoir 
re-attached and the pump turned on (the MFC placed back into continuous-flow mode). 
This test was performed on the flat anode design. The background noise power output, P0 
≈  1.76 × 10-7 mW, and therefore does not appear on the plot.  

 

After approximately 144 hours (6 days) of steady continuous-flow operation, in which 

the MFC had been consuming substrate, the pump was switched off and the valves sealed 
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(first red arrow in Figure 40). At this point, data collection was continued while fresh 

substrate feed was prepared. This process requires approximately 2 hours to perform and 

the MFC was operating in batch-fed mode during this time. Once the fresh substrate was 

complete, it was added back to the setup, the valves opened, and the pump turned back on 

(second red arrow in Figure 40). The resulting power output after approximately 3 hours 

is nearly identical to that pre-test, demonstrating that the substrate composition does not 

appreciably degrade over long (6 days) periods of time. This is expected from previous 

research, which has demonstrated that if the concentration of substrate is above a certain 

limit (approximately 100 mg/L), the concentration of the substrate does not affect power 

output, and only the time required to reach full substrate depletion [83]. In other words, 

the study performed here showed that even if bacteria is contaminating the substrate 

reservoir, in a 6 day period of time it does not deplete the concentration of acetate enough 

(below 100 mg/L) to directly affect the power output. Therefore, 6 days was taken to be 

the replacement cycle for the substrate feed and no experiments were performed with 

substrate that had been in use for longer than 6 days. 
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Appendix I: Numerical Shear Rate Data 
 

Tables 20–22 contain all the surface shear rate magnitudes averaged over various facets 

of interest in the single-structure, channel study (Section 3.6).  

 

Table 20 | Dimensionless shear rate magnitude values for various facets of interest for the 
single-structure channel studies with Re = 10-3. All values multiplied by 104. 

 Front Top Rear Right Left All Facets 
Barnacle O1 5.74 5.74 1.87 5.74 5.73 4.40 
Barnacle O2 1.82 5.73 5.73 5.74 5.73 4.39 
Barn O1 1.40 11.69 1.40 7.26 7.24 5.74 
Barn O2 3.32 8.51 3.30 5.16 5.16 5.42 
Block 2.56 8.57 2.52 6.21 6.22 4.88 
Cone 6.97 6.89 6.80 6.81 6.96 6.89 
Crescent O1 4.49 20.63 3.95 4.67 4.67 6.48 
Crescent O2 1.40 17.80 5.94 6.82 6.83 6.67 
Crown O1 1.12 9.01 1.11 4.81 4.82 4.92 
Crown O2 1.25 3.36 1.23 4.47 4.45 2.90 
Cube 1.74 14.06 1.71 5.72 5.74 5.79 
Cursor O1 4.92 14.63 2.07 6.04 6.02 6.48 
Cursor O2 2.13 14.78 5.02 6.19 6.21 6.62 
Cylinder 5.68 15.12 5.68 5.67 5.69 7.51 
Diamond 4.17 14.06 4.15 4.15 4.17 6.14 
Dome 8.18 12.36 8.23 8.19 8.23 8.21 
Drop O1 5.98 15.89 4.61 5.35 5.36 7.24 
Drop O2 4.65 15.89 5.93 5.35 5.33 7.23 
Halfmoon O1 6.06 18.20 1.74 6.04 6.07 6.12 
Halfmoon O2 1.77 18.28 6.03 6.02 6.05 6.13 
House O1 2.09 11.35 1.23 7.94 7.92 5.44 

Continued 
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Table 20 continued 

 Front Top Rear Right Left All Facets 
House O2 4.86 7.95 4.85 5.60 4.56 5.16 
Marlboro O1 1.54 15.66 1.97 6.26 6.25 5.51 
Marlboro O2 1.94 15.79 1.52 6.24 6.23 5.51 
Pacman O1 1.40 16.62 5.67 6.50 6.49 6.73 
Pacman O2 5.72 16.56 4.44 6.50 6.52 6.72 
Pyramid 2.40 4.93 2.33 7.52 7.49 4.93 
Slice O1 5.35 16.25 1.79 5.34 5.36 5.94 
Slice O2 1.80 16.31 5.33 5.33 5.34 5.94 
Stairs O1 1.23 10.05 1.49 5.13 5.14 4.39 
Stairs O2 1.49 10.03 1.24 5.15 5.15 4.40 
Stub O1 5.26 14.63 1.69 5.70 5.69 6.50 
Stub O2 1.74 14.64 5.23 5.67 5.69 6.51 
Vault O1 1.35 12.30 1.37 8.63 8.66 5.74 
Vault O2 6.80 10.62 6.76 4.95 4.94 6.05 
Wedge O1 4.51 4.51 1.66 4.92 4.92 3.76 
Wedge O2 1.62 4.45 4.45 4.88 4.94 3.72 
Flat      5.22 
 

Table 21 | Dimensionless shear rate magnitude values for various facets of interest for the 
single-structure channel studies with Re = 0.1. All values multiplied by 102. 

 Front Top Rear Right Left All Facets 
Barnacle O1 5.78 5.78 1.88 5.79 5.78 4.44 
Barnacle O2 1.83 5.76 5.76 5.76 5.75 4.40 
Barn O1 1.41 11.79 1.41 7.32 7.30 5.79 
Barn O2 3.38 8.58 3.29 5.21 5.21 5.46 
Block 2.59 8.63 2.52 6.25 6.27 4.91 
Cone 7.01 6.92 6.83 6.85 7.00 6.92 
Crescent O1 4.53 20.78 3.97 4.70 4.71 6.52 
Crescent O2 1.42 17.94 5.98 6.88 6.88 6.72 
Crown O1 1.13 9.09 1.12 4.85 4.86 4.96 
Crown O2 1.26 3.39 1.24 4.52 4.50 2.92 
Cube 1.77 14.19 1.71 5.77 5.79 5.85 
Cursor O1 4.99 14.76 2.08 6.11 6.09 6.55 

Continued 
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Table 21 continued 

 Front Top Rear Right Left All Facets 
Cursor O2 2.15 14.89 5.04 6.23 6.26 6.67 
Cylinder 5.75 15.24 5.71 5.72 5.74 7.57 
Diamond 4.23 14.19 4.17 4.19 4.21 6.20 
Dome 8.26 12.45 8.28 8.24 8.29 8.27 
Drop O1 6.04 16.01 4.63 5.39 5.40 7.29 
Drop O2 4.71 16.02 5.97 5.40 5.38 7.29 
Halfmoon O1 6.12 18.35 1.75 6.10 6.14 6.17 
Halfmoon O2 1.79 18.43 6.08 6.06 6.10 6.18 
House O1 2.11 11.44 1.24 8.00 7.98 5.52 
House O2 4.93 8.01 4.85 5.64 4.60 5.01 
Marlboro O1 1.55 15.79 1.98 6.32 6.31 5.56 
Marlboro O2 1.97 15.93 1.52 6.29 6.29 5.56 
Pacman O1 1.42 16.75 5.70 6.55 6.55 6.78 
Pacman O2 5.78 16.69 1.39 6.56 6.58 6.78 
Pyramid 2.42 4.97 2.34 7.57 7.54 4.97 
Slice O1 5.42 16.41 1.80 5.41 5.42 6.00 
Slice O2 1.82 16.43 5.37 5.36 5.37 5.98 
Stairs O1 1.25 10.15 1.49 5.18 5.20 4.43 
Stairs O2 1.51 10.10 1.24 5.18 5.19 4.43 
Stub O1 5.33 14.76 1.70 5.76 5.75 6.56 
Stub O2 1.76 14.77 5.26 5.72 5.73 6.56 
Vault O1 1.37 12.41 1.37 8.71 8.74 5.79 
Vault O2 6.88 10.70 6.79 5.00 4.98 6.10 
Wedge O1 4.58 4.58 1.68 4.98 4.98 3.81 
Wedge O2 1.63 4.45 4.45 4.91 4.96 3.73 
Flat      5.21 

 

Table 22 | Dimensionless shear rate magnitude values for various facets of interest for the 
single-structure channel studies with Re = 10.  

 Front Top Rear Right Left All Facets 
Barnacle O1 1.29 1.29 0.33 1.29 1.29 0.96 
Barnacle O2 0.79 0.45 0.45 0.46 0.45 0.57 
Barn O1 1.01 1.96 0.24 1.22 1.22 1.12 

Continued 
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Table 22 continued  

 Front Top Rear Right Left All Facets 
Barn O2 1.30 1.60 0.25 0.97 0.98 1.09 
Block 0.94 1.43 0.17 1.08 1.08 0.90 
Cone 1.46 1.08 0.70 1.06 1.10 1.08 
Crescent O1 0.94 4.27 0.73 0.92 0.92 1.29 
Crescent O2 0.89 3.06 0.66 1.11 1.10 1.29 
Crown O1 0.68 1.77 0.18 0.85 0.84 1.00 
Crown O2 0.89 0.48 0.22 0.77 0.76 0.60 
Cube 1.25 2.60 0.24 1.02 1.02 1.23 
Cursor O1 1.88 2.99 0.28 1.73 1.72 1.58 
Cursor O2 1.45 2.64 0.35 0.81 0.82 1.27 
Cylinder 1.97 2.92 0.63 1.30 1.30 1.61 
Diamond 1.69 2.88 0.33 1.01 1.01 1.38 
Dome 2.03 2.09 0.90 1.46 1.47 1.47 
Drop O1 2.01 1.60 0.93 1.08 1.08 1.46 
Drop O2 1.83 3.16 0.69 1.21 1.21 1.56 
Halfmoon O1 2.01 3.61 0.35 2.00 2.02 1.65 
Halfmoon O2 1.29 3.32 0.64 0.64 0.64 1.20 
House O1 0.97 1.85 0.21 1.30 1.29 1.04 
House O2 1.48 1.28 0.29 1.07 0.90 0.93 
Marlboro O1 0.88 2.70 0.27 1.15 1.16 1.13 
Marlboro O2 1.39 2.94 0.26 1.13 1.12 1.21 
Pacman O1 0.84 2.99 0.64 1.21 1.21 1.38 
Pacman O2 1.96 3.23 0.23 1.66 1.66 1.54 
Pyramid 0.67 0.82 0.17 1.23 1.23 0.82 
Slice O1 1.68 3.26 0.33 1.69 1.68 1.54 
Slice O2 1.29 2.87 0.42 0.42 0.42 1.00 
Stairs O1 0.77 2.06 0.26 1.00 1.00 0.99 
Stairs O2 1.09 1.84 0.18 0.91 0.91 0.99 
Stub O1 1.89 2.87 0.26 1.61 1.61 1.55 
Stub O2 1.27 2.66 0.49 0.78 0.77 1.25 
Vault O1 0.93 2.05 0.21 1.45 1.46 1.10 
Vault O2 1.96 1.91 0.68 0.92 0.92 1.16 
Wedge O1 1.10 1.10 0.41 1.11 1.12 0.89 
Wedge O2 1.08 0.32 0.32 0.81 0.82 0.68 
Flat      0.53 
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