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Preface 

This thesis is submitted in partial fulfilment of the requirements for the degree of 

Philosophiae Doctor (PhD) at the University of South-Eastern Norway (USN). The thesis 

is based on the work carried out at the Department of Process Energy and 

Environmental Technology in the Faculty of Technology, Natural and Maritime Sciences 

from December 2016 to February 2020. This work is financed by the Norwegian Ministry 

of Education and Research through the PhD program -Process, Energy and Automation 

Engineering- at USN.  

The dissertation contains two parts. In the first part, a literature review, a brief 

description of materials and methods followed by a summary of all the results and 

discussion and conclusions are given. The articles that the dissertation is based on are 

included in the second part. The reactor design, construction, and operation together 

with the chemical analyses were performed at USN.  
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Abstract 

Power to Gas (PtG) is being viewed as systemic innovation in terms of integrating 

renewable electricity systems and wastewater treatment systems to provide renewable 

transport fuel. The highly varied nature of the sun and wind does usually produce either 

less or more electricity than the required amount during certain period of the day or a 

year. The PtG technologies can be integrated with the renewable electricity systems that 

are able to utilize the excess electricity to produce renewable transport fuel. This helps 

not only save the electricity produced but also integrate the transportation sector in the 

renewable energy ecosystem. 

The current thesis addresses a specific use of PtG with the help of microbial 

electrosynthesis (MES) to upgrade biogas in food waste/wastewater treatment systems. 

The thesis starts with an extensive state-of-art review of all the existing reactor 

configurations especially single chambered systems, cathode materials that support 

biofilm growth, electron transfer mechanism and finally the integration of MES with 

anaerobic digestion (AD) systems. It also identifies research gaps in terms of lack of 

analysis and optimisation experiments in terms of pH and cathode potentials in single 

chamber continuous flow reactor configuration. A major research gap is identified in 

terms of direct interspecies electron transfer (DIET) and using anaerobic reject water as 

feed for biogas upgrading. This thesis attempts to address the gaps identified and 

contributes to the literature on MES integrated AD systems. 

Simple cyclic voltammetry tests were first used on artificial wastewater to compare the 

different electrode materials and it was identified that carbon felt performs relatively 

similar to platinum-coated titanium as an anode. The experiments also provided 

approximate optimised values of pH and temperature for MES operation. Carbon felt 

was subjected to MES operation at -0.80 V for over 2 months in fed batch mode to grow 

biofilm. Two of the biocathodes were selected and different optimisation experiments 

were conducted at different operational conditions. 
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It was observed that the pH directly affects the heterotrophic methanogenesis and the 

electrochemical methane production indirectly through the availability of CO2/HCO3
-. 

The reactor pH must be controlled below 8.0, which implied that the feed pH must be 

in the range of 7.0 to 7.2. The main reasons identified for the increase in pH is the 

consumption of protons and acetic acid through heterotrophic methane production 

with simultaneous conversion of CO2 to bicarbonate/metane. The optimised cathode 

potential for methane formation was identified to be around -0.65 V vs Standard 

Hydrogen Electrode (SHE) whereas for acetic acid formation to be above -0.80 V vs SHE.  

In order to study the electron transfer mechanisms, electrochemical experiments at 

both the above-mentioned cathode potentials were compared with each other. Blank 

and control experiments were also conducted to compare the methane production and 

acetic acid consumption rates. The baseline MES operation (19.5 mmol/L(reactor)-d) 

showed 13 – 39% more methane than the control experiment (16.5 – 14.5 

mmol/L(reactor)-d) in terms of methane production rates. It was demonstrated that the 

effluent pH could be lowered by feeding low concentrations of acetic acid. This also 

showed a simultaneous increase in current production and decrease in alkalinity 

concentrations, denoting biocathode adaptation to electrochemical conditions.  

Further adapting the biocathode to feed with no supplemented acetic acid (reject water 

from sludge AD at Knarrdalstrand wastewater treatment plant, Porsgrunn) increased 

the methane production rate by 50% from 4.0 mmol/L(reactor)-d to approximately 6.0 

mmol/L(reactor)-d. All the continuous flow experiments were conducted at 24-h HRT and 

reactor pH (measured in the effluent) through the different operating conditions was 

brought down to 8.2 from 8.7. HRTs lower than 24 h were analysed for lowering the pH 

below 8.0 and other observations were made regarding biogas production rates and 

methane concentrations. The 18-h HRT operation showed 12.2 and 7.4 mmol/L(feed)-d 

methane production yield respectively with approximately 90% methane concentration 

in the biogas. High COD removal of approximately 40.6 and 23.4% were observed in the 

18-h HRT MES operations of feeds with and without supplemented acetic acid. 

Moreover, observations were made regarding electro-oxidation of COD at the anode. 



Nelabhotla: Electrochemical Unit Integration with Biogas Production Processes 

 

  

___ 

VII 

 

As the HRT is lowered to 12 hrs and below, the current production shows an increase 

with a corresponding decrease in alkalinity concentrations. This denoted enhanced 

electrochemical activity. However, when HRT was reduced below 6-hrs the amount COD 

removal decreased along with decrease in CO2 reduction rate resulting in higher CO2 

biogas content.  

A total of 4 mechanisms for methane production are observed in the thesis and are 

discussed as part of unpublished work. It is concluded that 45% of total methane 

produced in feeds that do not contain acetic acid is via the direct interspecies electron 

transfer mechanism (DIET) by converting bicarbonate to methane. Finally, the thesis 

concludes with a proposed scale-up of MES-AD integration at the Knarrdalstrand WWTP 

from where the feed was sourced during the course of thesis. It is estimated that an 

MES reactor sized approximately 82m3 preferably in multi-train tubular configuration. 

The extrapolated values show 4% increase in methane production only through reject 

water treatment and doesn’t include CO2 conversion. CO2 conversion to methane is 

expected to increase in plug flow configuration as the electrode surface area to reactor 

volume ratio increases. However, the final COD is estimated to decrease by 15-20 % by 

extrapolating results obtained in thesis.  

Keywords 

Microbial electrosynthesis system, methane, CO2 reduction, biogas upgradation and 

hydraulic retention time. 
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1 Introduction 

Anaerobic Digestion (AD) is the process of converting complex organic material into 

simple sugars, amino acids and fatty acids which are further converted to acetic acid and 

then to a mixture of methane and carbon dioxide called biogas (Fig. 1, Batstone et al., 

2002). These processes are carried out by microorganisms that thrive in anaerobic 

conditions and are sensitive to many physicochemical parameters such as pH, 

temperature, total solids and conductivity of the organic waste being treated (Moset et 

al., 2015).  

 

Figure 1.1: Schematic representation of anaerobic digestion process 

1.1 Biogas Upgrading 

Biogas is a useful source of energy and can be used for various purposes such as heat, 

cooking gas, generating electricity and transport fuel (Lausund, 2014). The application 

of biogas depends on the concentration of methane in the biogas. A higher 

concentration of methane implies higher calorific value and high-quality fuel gas 

(Esposito et al., 2019). A traditional AD process produces biogas with methane content 

between 60 – 80% and CO2 of about 20 – 40% (Eq. 1 & 2) (Rasi et al., 2007). The methane 

concentration in biogas can be increased to improve the biogas quality, termed biogas 
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upgrading. This can be done in two ways, either by removing carbon dioxide (carbon 

capture) or converting carbon dioxide to methane (carbon capture and conversion). 

Acetoclastic (heterotrophic) methanogenesis (Metcalf and Eddy, 2014) 

𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2                                       ∆𝐺 =  −33 𝑘𝐽/𝑚𝑜𝑙      (1)  

Autotrophic methanogenesis* 

4 𝐻2 + 𝐶𝑂2 → 𝐶𝐻4 + 2 𝐻2𝑂                                 ∆𝐺 =  −135 𝑘𝐽/𝑚𝑜𝑙      (2) 

*Depending on the type of catalysts the same reaction can be termed as hydrogenotrophic 

methanogenesis or biomethanation (catalysts: hydrogenotrophic methanogens), catalytic methanation 

(catalysts: metals). 

1.2 Carbon Capture Technologies 

There are currently many commercial methods available for capturing carbon dioxide 

present in the biogas. Popular methods are a) Absorption, b) Adsorption and c) 

Membrane separation (Ebner and Ritter, 2009; Meisen and Shuai, 1997; Mondal et al., 

2012; Olajire, 2010; Sahota et al., 2018; Yang et al., 2008).  

 

Figure 1.2: Schematic representation of use of carbon capture technologies for biogas 

upgradation. 

1.2.1 Absorption 

Absorption can be either physical or chemical where the gas diffuses into liquid phase 

crossing an interfacial region. Absorption largely depends on the type of solvent used, 

as it is the selectivity of the solvent that determines which gaseous component is 

absorbed (Mondal et al., 2012). In case of biogas upgradation, the solvent must be 

capable of solubilizing carbon dioxide and other impure gaseous matter such as 

hydrogen sulphide. Water scrubbing, physical absorption (e.g. Organic solvents, 

polyethylene glycol) and chemical absorption (e.g. Amines: MEA, DMEA, Alkali solutions) 

are the three popular absorption methods and are able to upgrade biogas to about 93 
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to 98% methane (Yang et al., 2008). However, these methods would require a capital 

investment of about 1 -2 million €/1000 m3 and an operation and  maintenance cost of 

about 15,000 – 59,000 €/y/1000 m3 (Sahota et al., 2018). In addition, these methods are 

not considered highly sustainable, as they require large quantities of water or chemicals 

with a risk of contamination and methane loss to the atmosphere. 

1.2.2 Adsorption 

Unlike absorption, adsorption is a surface phenomenon and depends on the binding 

characteristics of both gas of interest and the micro-porous material used. Depending 

on the binding forces, adsorption can be either reversible or irreversible. Reversible 

adsorption or physisorption relies on the weak Van der Waal’s forces and can be multi-

layered (Sahota et al., 2018). The irreversible or chemisorption relies on the ‘chemical 

bonding known as Langmuir adsorption between the gaseous component and the 

adsorbate material’ and always exists as monolayer (Sahota et al., 2018). 

Pressure swing adsorption (PSA) is the most popular and most commercialised form of 

biogas upgradation technology as there is no requirement of either water or harmful 

chemicals (Ebner and Ritter, 2009). As PSA is a physisorption technique, it can 

regenerate the adsorbate easily by releasing pure CO2 at lower pressure levels and 

storing it separately. It can produce 96 – 98% methane containing biogas, but at very 

high capital, maintenance and operating (electricity) costs. It is also susceptible to 

breakdown as it is sensitive to the presence of hydrogen sulphide in the feed biogas 

(Sahota et al., 2018).  

1.2.3 Membrane separation 

Membrane separation technology involves penetration of the gaseous component 

through membrane that depends on the concentration gradient, chemical affinity and 

molecular size of the gases of interest (Olajire, 2010). Polymeric materials create a 

strong affinity towards small sized gas molecules such as H2, H2S and CO2 than a larger 

molecule such as CH4. Although the technology requires low maintenance, the operating 

costs are high as membrane processes require high energy supply (Sahota et al., 2018). 
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Moreover, membranes are not capable of achieving high degree of gas separation and 

therefore cannot be used for large scale separations. The technology itself is new and is 

in need of innovative solutions for improving transport properties of the membranes 

(Mondal et al., 2012). 

1.3 Power-to-Gas (PtG) Technologies (Summary of Article 1) 

The concept of Power-to-Gas technologies gained a huge traction with worldwide 

renewable electricity production showing a steep rise in the past decade. The 

contribution of wind and solar power to world electricity production has increased 700% 

from 130 GW in 2008 to 1052 GW in 2018 (BP, 2019). However, the fundamental issues 

of irregular production and the unreliable nature of these energy sources have remained 

the same. PtG emerged as a potential renewable electricity storage solution as an 

alternative to intermittent production. It also provides a potential opportunity to 

renewablise the transport sector by converting renewable electricity into fuel gases such 

as methane and hydrogen. There are mainly three ways to achieve this conversion:  

a) Non-microbial electrolysis combined with methanation 

b) Microbial electrolysis of wastewater for hydrogen production (MEC) 

c) Microbial electrosynthetic methanation (MES) 

1.3.1 Electrolysis combined Methanation 

1.3.1.1 Electrolysis 

Electrolysis here refers to the splitting of water into hydrogen and oxygen using 

electricity, which can be either, renewable or fossil fuel generated. Electrolysis is carried 

out in an electrochemical cell with a cathode where the hydrogen molecule and a charge 

carrier are produced via reduction of water and an anode where oxygen is produced via 

oxidation of the oxide ion. Depending on the technology, the charge carrier can be 

either OH− (alkaline electrolysis), H3O+ (PEM electrolysis), or O2− (solid oxide electrolysis) 

(Carmo et al., 2013).  
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Electrolysis Reactions (Rabaey and Rozendal, 2010) 

4 𝐻2𝑂 → 2 𝑂2 + 8 𝐻+ + 8 𝑒−                              𝐸° =  +0.81 𝑉 𝑣𝑠 𝑁𝐻𝐸      (3) 

2 𝐻+ + 2 𝑒−  → 𝐻2                                                𝐸° =  −0.414 𝑉 𝑣𝑠 𝑁𝐻𝐸      (4)  

The alkaline and proton exchange membrane (PEM) electrolysis are currently available 

as commercial products in the market. The solid oxide electrolysis on the other hand is 

still under development. The alkaline and PEM systems are operated at lower 

temperatures (20 – 100 °C) and higher cell voltages (1.8 – 2.4 V) whereas the solid oxide 

electrolysis is operated at lower cell voltages (0.9 – 1.3 V) and higher temperatures of 

about 800 – 1000 °C (Götz et al., 2016). The end product of electrolysis i.e. hydrogen, is 

an efficient fuel with very high calorific value, but it is a huge challenge to store and 

transport hydrogen to be utilised as a fuel (Chalk and Miller, 2006; Mazloomi and 

Gomes, 2012; Mori and Hirose, 2009). Moreover, it needs to be converted to methane 

using an additional methanation step.  

1.3.1.2 Catalytic methanation 

 

Figure 1.3: Schematic representation of use of catalytic methanation for biogas 

upgradation. 

Catalytic methanation is the hydrogenation of carbon oxides to methane (Eq. 2) using 

metal catalysts such as nickel, cobalt, iron, ruthenium etc. Catalytic methanation takes 

place at high temperatures (250 -500 °C) and high pressures (1-100 bar) (Götz et al., 

2016). There are different types of catalytic reactors such as a) fixed bed (Zhang et al., 

2013), b) fluidized bed (Liu et al., 2012), c) three phase (Zhang et al., 2014) and d) 
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structured (Liu and Ji, 2013). An important and necessary characteristic of a 

methanation reactor is for it to be flexible or dynamic in its operation (Bartholomew, 

2001). As Power-to-Gas systems depend highly on renewable electricity, which by 

nature are intermittent in their production supplies, the reactors need to be stable over 

longer periods of no power supply but need to have short start-up period when the 

power supply is back on.  

However, such dynamic operations significantly affect the metallic catalyst performance 

and the reactor conditions, which depend on high temperatures and pressures. Some 

catalysts have shown oxidation of CO2 during down time that affects the reactor 

adversely. It was suggested that in order to maintain reactor stable during stand-by 

period and continuous supply of H2 must be provided (Mutz et al., 2015), which again 

depends on the supply of renewable electricity. Although some recent studies have 

shown reduced catalytic instability, there is not enough research available for deducing 

or developing pilot plants with capability of dynamic operation. 

1.3.1.3 Biological methanation 

Biological methanation carry out power-to-gas reactions using microorganisms as 

catalysts by reducing CO2 to CH4 with help of hydrogen (or electron equivalents) 

provided through renewable electrolysis. These microorganisms are naturally part of the 

mixture of microbes already present in wastewater and are called hydrogenotrophic 

methanogens (Hu et al., 2008). Depending on the availability of nutrients and favourable 

physico-chemical parameters, these microbes can either remain dormant or become 

active in a matter of few minutes to hours. Biological methanation is carried out at 

relatively low temperatures (20 – 70 °C) and atmospheric pressures. In these ways, 

biomethanation reactors are more stable and flexible towards changes in external 

factors. 
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Figure 1.4: Schematic representation of use of biomethanation for biogas upgradation 

in a separate step or integrated in AD. 

However, as biological methanation is carried out parallel to other anaerobic reactions 

such as acetoclastic methanogenesis, changes in physico-chemical parameters such as 

pH, temperature and ion concentrations can destabilise the reactor. This in turn affects 

the methane production rate and methane percentage in the biogas produced. On the 

other hand, since hydrogen is supplied as a gas from an external electrolysis reactor into 

the bulk liquid of either the digester or a methanation reactor, the gas liquid mass 

transfer resistance reduces the reduction reaction efficiency (Götz et al., 2016). 

1.3.2 Microbial Electrolysis Cell (MEC) 

1.3.2.1 Concept 

An MEC is a modified form of microbial fuel cell (MFC), one of the first 

bioelectrochemical systems that demonstrated the use of microbes as catalysts to 

transport electrons (Potter, 1911). An MFC is capable of treating wastewater to produce 
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electricity via the oxidation of organic matter by the bacteria (Logan et al., 2006). The 

electrons that are released by the bacteria are used for the production of current by 

connecting a resistor in the external circuit. However, this method of production of 

electricity is expensive and highly inefficient for a low value product such as electricity. 

The concept of MFC was then used to produce high value gases and chemicals with the 

development of MEC (electrolysis) and MES (electrosynthesis). 

A microbial electrolysis cell (MEC) was developed for production of hydrogen gas 

through electrochemical treatment of wastewater. In an MEC, the positive electrode is 

a bioanode and is used to treat the organic matter to generate electrons and protons 

that are used to generate hydrogen gas at the cathode (Call and Logan, 2008; Guo et al., 

2010). In many cases, the anodic and cathodic chambers of MEC are separated by a 

proton exchange membrane (PEM) in order to obtain pure hydrogen gas (Eq. 2) in the 

cathodic chamber (Cheng and Logan, 2008; Jeremiasse et al., 2010; Kiely et al., 2011; 

Logan et al., 2008). However, use of PEM results in higher overpotentials and reduced 

mass transfer coefficients (Sleutels et al., 2009). On the other hand, hydrogen 

production at cathode in an MEC is not biologically catalysed and requires precious 

metals such as platinum to obtain highly efficient results at a relatively higher standard 

potential.  

Microbial electrolysis reaction (Rabaey and Rozendal, 2010) 

𝐶2𝐻4𝑂2 + 2 𝐻2𝑂 → 2 𝐶𝑂2 + 8 𝐻+ + 8 𝑒−            𝐸° =  +0.280 𝑉 𝑣𝑠 𝑁𝐻𝐸     (5) 

4 𝐻+ + 4 𝑒−  → 2𝐻2                                                     𝐸° =  −0.414 𝑉 𝑣𝑠 𝑁𝐻𝐸     (4) 

1.3.2.2 Development 

The concept of MEC was also evaluated for integration with anaerobic digestion mainly 

through indirect electron transfer (Eq. 2 + Eq. 4 + Eq. 5). This was mainly due to the 

realization that methane was an unavoidable by-product during targeted hydrogen 

production in an MEC (Clauwaert and Verstraete, 2008). The integration allowed MEC 

unit placed as a pre-treatment prior to main anaerobic digestion process or to be placed 

in together in one single reactor (Bo et al., 2014; Gao et al., 2017; Guo et al., 2013). This 
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was further optimised to develop microbial electrosynthesis systems that allow direct 

interspecies electron transfer and can be more efficient without the membrane 

separating the anodic and cathodic chambers (Clauwaert and Verstraete, 2008). 

1.3.3 Microbial Electrosynthesis System 

1.3.3.1 Concept  

A microbial electrosynthesis system (MES) is a type of biological methanation reactor 

that also carries out partial water electrolysis. In an MES, the cathodic half reaction of 

electrolysis is modified to biomethanation with the help of cathode potential and 

biofilm. The protons and electrons generated at anode are combined with CO2 at 

cathode to produce methane, termed as direct interspecies electron transfer (Zhao et 

al., 2016). MES either can be part of AD as an integrated unit or as a pre or a post AD 

treatment attachment unit. In this thesis, the latter theme is explored, and various 

advantages and challenges involved in using MES as a post AD biogas upgradation 

system are discussed.  

Microbial electrosynthesis reaction (Rabaey and Rozendal, 2010) 

4 𝐻2𝑂 → 2 𝑂2 + 8 𝐻+ + 8 𝑒−                          𝐸° =  +0.810 𝑉 𝑣𝑠 𝑁𝐻𝐸      (3) 

𝐶𝑂2 + 8 𝐻+ + 8 𝑒−  → 𝐶𝐻4 + 2 𝐻2𝑂            𝐸° =  −0.244 𝑉 𝑣𝑠 𝑁𝐻𝐸      (6) 

 

Figure 1.5: Schematic representation of use of electrosynthesis for biogas upgradation. 

One of the main reasons for selecting MES is first to avoid the separation of hydrogen 

production step that has proven to be an economic barrier for the success of electrolysis 

combined methanation based biogas upgradation solutions. Secondly, to investigate the 

potential in electrochemical degradation of residual organic matter that is present in the 

effluent of an AD (Candido et al., 2013; Cho et al., 2014; Ghimire et al., 2019). Thirdly, it 
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is a practical way to modify existing wastewater treatment plants without huge capital 

investment or operating costs. The fourth motivation, as explained earlier, is that 

biomethanation is more flexible for dynamic operation using renewable electricity 

(Bartholomew, 2001). The reactors use microbes as catalysts growing as biofilm on 

relatively cheap electrode materials. The internal stability, CO2 reduction efficiency, 

residual COD degradation and electron transfer mechanisms are studied in this thesis. 

 

Figure 1.6: Schematic representation of the different reactions in MEC and MES 

1.3.3.2 Biocathodes 

Biocathodes play a major role in the functioning of MES and are the backbone for the 

microbial catalysts that carry out the electrosynthetic reactions. A MES cathodic 

material must possess the following characteristics: a) high conductivity b) large surface 

area c) cheap and d) long operational life. Many carbon-based materials have been 

explored previously such as carbon cloth, carbon fibre, graphite granules, rods, beds and 

plate, carbon nanotubes, and carbon felt (Siegert et al., 2014). All these materials 

support biofilm growth for either electrochemical methane or acetate production with 

coulombic efficiencies ranging from 55 – 100%. Cathodic biofilm is the lifeline of an MES, 

and the efficiency of the reactor is determined by mass and electron transfer through 
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and within the biofilm network. Many factors contribute to a healthy biofilm such as 

electrode surface, pH of electrolyte, temperature of the reactor, cathode potential and 

the biofilm thickness itself. These conditions allow biofilm to change its physiology and 

metabolism towards the electrochemical product.  

The advantages of using a biocatalyst are manifold: a) biofilms are native to the feed 

conditions and can be selectively enriched further by providing favourable physico-

chemical conditions , b) biofilms are self-replicating and rejuvenating and thereby do 

not require to be replaced on a timely basis, c) In case the physico-chemical conditions 

are changed rapidly, the biofilms do not die or get eliminated, rather become inactive 

and are activated quickly as soon as favourable conditions are provided, d) Almost all 

biocatalysts are active at ambient temperatures and pressures unless they are 

thermophilic when the highest temperature required is around 65 °C. This implies that 

biocatalysts are less energy intensive than other methanation processes that require 

250 - 500 °C. The biocatalysts are disadvantageous when one is starting up the reactor 

for the first time or after a long hiatus, as they require some time to regain primary 

functionality. Biofilms that are thick could be unhealthy and inefficient in their 

productivity as the upper layers of biofilm effect the mass and electron transfer to the 

roots of biofilm (Torres et al., 2008).  

1.3.3.3 Extracellular Electron Transfer Mechanisms 

Electron transfer efficiency is the key to electrochemical reaction and productivity. 

There are mainly two types of extracellular electron transfer (EET) mechanisms involved 

during CO2 reduction to methane – a) indirect electron transfer (Eq 2 + Eq 4 + Eq 5) and 

b) direct electron transfer (Eq 3 + Eq 6). “EET is defined as a microbial metabolic process 

that enables electron transfer between microbial cells and extracellular solid materials” 

such as electrode materials and other microbes (Kato, 2015). In direct electron transfer, 

microbes attach themselves to solid materials such cathodes or anodes and transfer 

electron either to or from the electrode material. This is mainly done through conductive 

filamentous growth structure termed pili (Gorby et al., 2006). With the help of pili, a 

microbial cell is able to conduct electricity without being in direct contact with the 
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electrode material. The efficiency of biofilm over its thickness increases due to these 

structures and direct EET. 

Moreover, it has been identified that, such filamentous structures are able to establish 

syntrophic relations between microbes of different characteristics and metabolic 

functions. This syntrophy is termed as direct interspecies electron transfer (DIET). For 

microbial methane generation in anaerobic digestion through degradation of organic 

matter and volatile fatty acids, hydrogen is used as key electron carrier molecule. This 

constitutes indirect electron transfer or interspecies hydrogen transfer (IHT). The 

efficiency of such IHT is dependent on the physico-chemical characteristics and 

parameters of the process. Slight changes in pH or ion balances can impact hydrogen 

formation and hydrogen mass transfer. Therefore, DIET is considered more stable and 

efficient to carry out methanogenesis reactions. Presence of conductive materials such 

as carbon can further enhance DIET and accelerate electron transfer reactions. More 

recently, it was reported that DIET (44.9 × 103 e-/cp/s) had much higher external electron 

transfer rates per cell pair (cp) than hydrogen-interspecies electron transfer (IET 5.24 × 

103 e-/cp/s) (Storck et al., 2016). 

1.3.3.4 Current State 

Microbial electrosynthesis systems have gained immense research interest in the past 5 

years with the need for development of sustainable industries and reduced carbon 

emissions. Another motivation for increased research towards MES is that it presents a 

viable solution for utilising excess and/or intermittent electricity production through 

renewable resources (solar and wind). MES systems are capable of reducing carbon 

dioxide to many chemicals such ethanol, formate, acetate and  butyrate (Bajracharya et 

al., 2015; Ganigue et al., 2015; Jiang et al., 2013; Katuri et al., 2018). However, they are 

stand-alone processes and are favourable only for continually operating large scale 

production in order to be financially viable (Christodoulou et al., 2017). MES for 

methane, on the other hand, can be used as a subsidiary process to anaerobic digestion 

and does not demand renewable electricity in a scale equivalent to large volume 

chemical production.  
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Although new, much research has been carried out on MES, mostly on batch and semi-

continuous testing of reactors. Some continuous operations have been published with 

a maximum span of 72 days of operation (Cai et al., 2016; Yin et al., 2016). Many 

publications involve two chamber reactor systems that are not scalable for integrating 

with full scale AD systems. Moreover, two chamber systems reduce process efficiency 

and require continuous monitoring and regular maintenance work (Clauwaert et al., 

2008; Guo et al., 2017). Single chamber systems have also been studied but majority of 

research involve microbial electrolysis cells where the main product is hydrogen that is 

used for integrating with anaerobic systems for enhanced methane production using 

indirect electron transfer. Some single chamber MES have been discussed in the past 

but no comprehensive results have been produced (Fu et al., 2015; Zhao et al., 2015). 

The current PhD study is comprehensive starting from electrode material selection, 

reactor design, parameter optimisation and integration of AD with food waste or 

wastewater treatment facilities. 
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2. Aims, Objectives and Approach 

2.1 Objectives 

 

1. An extensive review on bioelectrical systems. A “state of the art” to stablish a 

knowledge platform. The field of bioelectrical systems in water /wastewater 

could be divide in direct electricity generation (from wastewaters) and 

applications towards process intensification and optimization of organics 

synthesis. It is important to have a broad “database” from the literature as a 

platform for our approach.  

2. A section is dedicated to the study of the electrochemical unit itself where a) 

Electrode material selection based on material conductivity, erosion resistance, 

compatibility with biofilms; b) Energy requirements; c) Design; and d) Cell effect 

related to the flow dynamics in the electrochemical units are studied.  

3. The main study was on how the flow of electrons can be manipulated in a 

biologically mediated process and how this influences the several sub-processes 

co-coexisting in a biogas reactor. E.g. hydrolysis, acidogenesis, acetogenesis and 

methanogenesis may all be influenced by changes in the electron flow, perhaps 

even “bottleneck” sub-processes.  

4. Study the electrochemical unit(s) integration in the overall biogas process: 

Evaluate the possibilities of “physical” installation of such units in typical process 

lines; look for the feasibility of such based to costs and energy balances to 

evaluate potential improvements in the process against costs of installation and 

operation.  

5. The experimental work is supported by modelling and simulation both in 

planning and interpreting experiments. It is used to identify the most important 

parameters that can be affected by the change in the electron flow and for 

preliminary design of electrochemical units related to the flow dynamics and gas 

yield. ADM1 (anaerobic digestion model 1 implemented in AQUASIM) was 

applied.  
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2.2 Aims  

The goal is to establish a new bio-electrochemical approach to the biogas research at 

USN to bring it to the international forefront of bioprocess research. The long-term aim 

is to make methane production by anaerobic digestion substantially more attractive and 

sustainable than what is achievable by biology alone. A shorter term and internal goal is 

to establish more interdisciplinary research at faculty of Technology, Natural Sciences 

and Maritime Sciences (TNM) at USN.  

The biotechnology team cooperates extensively with the monitoring, control, modelling 

and simulation experts at TNM. The project seeks to strength this cooperation by 

studying and developing control and monitoring strategies (models) in biogas/water 

treatment technology. Building and operation of reactors with online data logging will 

give access to great amount of data for the participation of different specialists. There 

is also expertise in our region, outside HSN, the field of electrochemistry that we may 

establish cooperation with so that it can become part of our research portfolio at the 

TNM faculty.  

2.3 Approach 

The PhD study started with an extensive literature review of microbial electrosynthesis 

systems and other associated processes such as carbon capture and reduction 

mechanisms, chemical and microbial electrolysis systems and chemical and biological 

methanation methods. The study of MES involved state-of-art review regarding the 

developments in biocathodes, electron transfer mechanisms and reactor configurations.  

This was followed by experimental studies dealing with electrode material selection 

using cyclic voltammetry on actual and artificial wastewater. Carbon felt was selected 

for biocathode development and reject water from sludge anaerobic digestion was 

electrochemically treated for 2 months in fed batch mode. Parallelly, a continuous flow 

stirred tank reactor (CSTR) was designed, setup and tested using clean water.  
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The main experiments were then run on the CSTR for 16 months starting with 

biomethane production experiment, pH and cathode potential optimisation, MES-AD 

integration (for food waste and wastewater sludge reject water), control and mass 

balance experiments, biocathode adaptation and hydraulic retention time optimisation 

(Figure 2.1). 

Figure 2.1: Flow chart of research plan and experimental approach 
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3 Materials and Methods 

Series of laboratory experiments were conducted to investigate first electrode materials 

and temperature and secondly diverse process parameters affecting CO2 conversion to 

methane in continuous flow experiments with different feed compositions. The 

parameters such as temperature, pH, cathode potential, acetic acid concentration and 

feed flow rate where analysed using routine chemical analysis of gas volume, methane 

percentage, CO2 percentage, change chemical oxygen demand (COD), change volatile 

fatty acid (VFA) concentration, change in alkalinity and change in pH. 

3.1 Materials 

3.1.1 Electrodes 

To select the most appropriate electrode materials for MES operation three electrode 

materials were purchased (Table 1). The main criteria behind obtaining these materials 

were literature study, cost and ease of repetition or replacement. In the beginning few 

of the carbon felt pieces and graphite rods were pre-treated by soaking them in 1 M HCl 

followed by 1N H2SO4 to remove all the organic impurities present in the pores of 

electrode material. However, the graphite rods showed degradation of material while 

operating potentiostatic experiments and thus such pre-treatment was not carried out 

again. 

An Ag/AgCl reference electrode with a standard potential of +0.199 mV vs SHE (Amel 

S.r.l., Milano, Italy) was used for the cyclic voltammetry experiments. All the following 

potentiostatic experiments were carried out using an Ag/AgCl reference electrode with 

a standard potential of +0.209 mV vs SHE (3 M NaCl, QVMF2052, ProSense, BB 

Oosterhout, The Netherlands).  
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Table 3.1: Brief description of the electrode materials used in the thesis. 

Material Dimensions 
Geometric 

Surface Area 
Source 

Platinum 

coated 

Titanium 

2 cm x 2 cm x 0.3 cm 10.4 cm2 Ti Shop, London, UK 

Carbon felt 2 cm x 2 cm x 0.3 cm 10.4 cm2 

Alfa Aesar, Thermo 

Fisher GmbH, 76057, 

Karlsruhe, Germany) 

Graphite rod 

15.2 cm x 0.6 cm | 

10 cm x 0.6 cm 

(under wastewater) 

11.3 cm2 

Alfa Aesar, Thermo 

Fisher GmbH, 76057, 

Karlsruhe, Germany) 

 

 

Figure 3.1: Electrode materials used in during PhD 1) platinum coated titanium mesh 2) 

carbon felt piece 3) graphite rod and 4) Ag/AgCl reference electrode. 

3.1.2 Chemicals 

The following chemicals were used to prepare artificial wastewater and supplementing 

the reject water feeds. Artificial wastewater made of K2HPO4·3H2O 3.0 g/L, KH2PO4 11.8 
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g/L, NaHCO3 6.0 g/L, NaCl 1.0 g/L, NH4Cl 1.0 g/L, CaCl2 0.2 g/L, MgSO4·7H2O 0.15 g/L 

(Jiang et al., 2013), 10 mL/L of trace metal solution (Muyzer et al., 1993), and 10 mL/L 

of vitamin solution (Nevin and Lovley, 2000). The reject water was obtained from 

Knarrdalstrand wastewater treatment plant in Porsgrunn, Norway. The reject water 

supplemented with acetic acid at a concentration of 17.3 mM and 85.0 mM NaHCO3 to 

simulate reject water of food waste treatment plant. The reject water was 

supplemented with 85 mM sodium hydrogen carbonate to provide inorganic carbon 

source to the MES. 

3.1.3 Reactor Setup 

3.1.3.1 Batch studies (Article 2) 

A batch reactor was prepared using 100 mL Duran glass bottle where the three 

electrodes (anode, cathode and reference) were immersed into artificial wastewater 

using 3-port Teflon cap. A magnetic stirrer was also placed in the reactor which was 

seated on a magnetic plate.  

3.1.3.2 Continuous flow studies (Articles 3, 4 and 5) 

A continuous flow stirred tank reactor was constructed using 100 mL Duran glass bottle 

modified by fabricating two glass ports extended on opposite sides of the bottle (one at 

neck and one at bottom of the bottle). A 3-port Teflon cap was used to insert the anode 

and reference electrode along with the effluent tube. The bottom side port was used 

for feed inlet and the cathode was inserted into the reactor using side port at the neck 

of the bottle. The electrode terminals were connected to the respective potentiostat 

terminals. A reject water tank was connected to the CSTR using a Tygon tube through a 

pump to control flow of the feed. The effluent tubing was also Tygon and a 1-inch Teflon 

tube was used to avoid gas/effluent leaks. The effluent tube also carried the gas 

produced in the reactor, it was then separated using a gas separator (a 15 mL bottle with 

two side ports at the bottom and an open mouth at the top).  
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The gas-effluent separator was placed upside down on a metallic clamp stand and one 

of the side ports was used as the inlet for the effluent-gas mixture. The other side port 

was connected with a tube that lead the gas into a water displacement tank. The open 

mouth of the separator was placed in the bottom and connected to Tygon tube through 

a Teflon tube and rubber cork to let to effluent collection bottle. The height of the 

separator and U-shaped effluent tube was used to collect the effluent in a drip system 

and avoid gas leakage from the mouth of the separator. The reactor was placed in an 

incubator which was maintained at a temperature of 35 ± 0.1 °C. All the electrode 

connection and tubing were passed through the side holes drilled through the walls of 

incubator. Cotton was used to fill the remaining gaps in the drilled holes to maintain 

minimum heat exchange between the room and incubator.  

 

Figure 3.2: Schematic representation of reactor setup used for continuous-flow 

experiments 

All the electrochemical experiments were carried out using Gamry 1010 B potentiostat 

purchased from Gamry Instruments, Warminster, PA, USA. The electric current and 

electron coulombs were measured using the software Gamry Framework v7.06. The 

tubing pump REGLO Analog MS-4/6 was purchased from ISMATEC, Cole-Parmer GmbH, 

Futtererstrasse 16, 97877 Wertheim, Germany.  
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3.2 Methods 

3.2.1 Experimental Methods 

The experiments were first setup for electrode material selection using cyclic 

voltammetry of artificial wastewater using platinum-coated titanium as cathode and 

evaluating the anode for comparing the electrode materials. Carbon felt was selected as 

the designated biocathode and was used to develop biofilm by running a potentiostatic 

fed-batch experiment on reject water supplemented with both acetic acid and sodium 

bicarbonate. This was followed by a biomethane potential experimental as a base for 

optimisation experiments. 

The parameters of pH and cathode potential were studied and optimised by changing 

the feed conditions and cathode potentials for every potentiostatic mode of operation 

in a continuous flow system. Furthermore, biocathode performance was studied at 

different potentials in order to understand the mechanism of direct interspecies 

electron transfer. The biocathode was then adapted to feed containing no acetic acid by 

gradually decreasing feed acetic acid concentration for every potentiostatic operation. 

Finally, the effects of hydraulic retention time were evaluated on MES using both types 

of feeds (reject water with and without acetic acid). The HRT experiments further 

enhanced the results of the biocathode adaptation experiments where electro-

oxidation of COD at the anode was also possible. 

3.2.2 Feed Preparation 

Raw feed was collected from the effluent of the centrifuge tank in wastewater 

treatment plant, post-anaerobic digestion process for every 2 months in 10 to 20 litre 

cans. The feed was brought to laboratory and stored in a cold room that is maintained 

at 6 to 7 °C. 500 mL to 3 L of the feed was taken out for every experiment and centrifuged 

at 10000 RPM for 15 min. Depending on the experiment, the centrifuged feed was then 

supplemented with acetic acid, sodium bicarbonate, 1M HCl solution or Phosphate 

buffer.  
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3.2.3 Analytical Methods 

All the feed and effluent samples were subjected to a series of analytical tests: pH, 

chemical oxygen demand, alkalinity and volatile fatty acids. COD was analysed using 

Merck COD cell test kit 110047 which follows the standard method APHA SMWW 5220D. 

VFA was analysed using the standard method APHA SMWW 6200B and a Gas 

Chromatograph Hewlett-Packard 6890 where the carrier gas helium and hydrogen at 4 

bar pressure are passed through the DB-FFAP GC column (30 m, 0.25 mm, 0.50 µm, 7 

inch cage) and are detected using a Flame Ionisation Detector (FID). Alkalinity was 

measured using the Merck cell test kit 11009 following the standard method APHA 

SMWW 2320B [38]. The voltage and current were measured the Gamry Echem Analyst 

v7.06 (Gamry Instruments, Warminster, PA, USA) respectively. Biogas was analysed 

using the 8610C gas chromatograph (SRI Instruments, Torrance, CA, USA) equipped with 

a thermal conductivity detector and with a Haysep-D (HD) and MoleSieve (MS13X) 

column which separates oxygen, nitrogen, methane and carbon dioxide. The carrier gas 

was Helium at 4 bar pressure and the oven temperature was kept constant at 80 °C. 

Table 3.2: Characteristics of reject water 

Characteristic Value Remarks 

Total solids 4250 mg/L - 

Volatile 

suspended solids 
2640 mg/L - 

COD (soluble) 1600-1800 mg/L Increased by supplementing acetic acid 

VFA 100-200 mg/L Increased by supplementing acetic acid 

Alkalinity 1000-1500 mg/L Increased by adding sodium bicarbonate 

pH 7.2 – 7.4 
Changed by adding acetic acid, sodium 

bicarbonate, phosphate buffer and HCl 
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4 Summary of Results 

In this section, the research leading to the four papers, key findings, and some 

unpublished results are summarized. 

4.1 Article 2: Optimisation of Electrochemical Treatment of 

Artificial Wastewater Using Cyclic Voltammetry 

A cyclic voltammetry study reveals at which cathodic potential a particular reaction 

occurs when the potential is varied within a range at a constant rate (here at 100 mV/s). 

The peak electric current and the corresponding cathode potentials are compared to 

identify the optimal combination of parameters. This study was carried out in batch 

mode to identify suitable electrode materials for MES operation at six different 

temperatures (30, 35, 40, 45, 50 and 55 °C) and four different pH conditions (7.0, 7.5, 

8.0 and 8.5) of the artificial wastewater feed. The carbon felt and graphite electrodes 

were used to compare the electrochemical activity with platinum-coated titanium mesh 

that is considered to be the ideal material for electrochemical hydrogen production 

reactions. The cathode for all the experiments was unchanged as platinum while the 

anodes were studied for platinum, carbon felt and graphite rod. The performance of 

carbon-felt electrode was very close to that of platinum coated titanium and the optimal 

pH and temperature were found to be approximately 7.0 to 7.5 and 35 to 40 °C that 

resulted in peak currents in the range of 30 to 32 mA corresponding to lower absolute 

potentials of -0.45 V.  

4.2 Article 3: Bioelectrochemical CO2 Reduction to Methane: 

MES Integration in Biogas Production Processes 

The experiments involved study of carbon dioxide reduction to methane by treating 

actual reject water from the local municipal wastewater treatment plant supplemented 

with acetic acid at a concentration of 17 mM. The acetic acid supplementation was done 

to simulate integration of MES at the recycle loop of reject water line of the food waste 

AD reactor (F1). Biocathodes were developed in a fed-batch reactor over 2 months in a 
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3 litre reactor where 500 mL of feed was replaced with fresh feed every week. Two of 

the biocathodes were selected to carry out an initial biomethane production experiment 

for 6 weeks. The continuous flow experiment with 24-hr HRT was carried out at a 

cathode potential of -0.80 V and samples were collected during the last week of 

operation. This was followed by optimisation experiments of cathode potential (1 

month) and pH (1 month) in a continuous flow stirred tank reactor. 

The biomethane production experiment reveals that electrochemical CO2 reduction is 

possible with carbon felt as a biocathode but requires optimisation of several 

parameters. The following experiments showed an optimal feed pH to be in the range 

of 7.0 to 7.5 and the optimal cathode potential in the range of -0.55 to -0.70 V. However, 

in the presence of acetic acid, heterotrophic methane production is dominant and 

makes it difficult to distinguish between the productivity of each of the pathways 

(heterotrophic or electrosynthesis). Methane concentrations of about 90% were 

consistently obtained but it was identified that due to dominant heterotrophic activity 

and high effluent pH the CO2 released would dissolve into the effluent liquid. The study, 

therefore, concludes with the importance of separation of heterotrophic and 

electrochemical activities and proposes a novel method for integration of MES as a post 

treatment unit for the biogas production processes. 

4.3 Article 4: Performance Analysis of Biocathode in 

Bioelectrochemical CO2 Reduction 

A set of blank (10 days) and control experiments (10 days) were carried out along with 

acetic acid production (34 days), baseline methane production (9 days) and biocathode 

adaptation (40 days). The open circuit operation (without electric supply) showed 

methane production rates of about 14.0 mmol/L(reactor)-d whereas the COD consumption 

rate (acetic acid) was approximately 17.5 mmol/L(reactor)-d. The blank (without acetic 

acid, without electric supply) operation showed negligible amount of methane 

production while the COD consumption rate was also negligible. These experiments 

established our control. The MES was able to produce acetic acid via CO2 reduction at 
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low rates when the applied cathode potential was -0.80 and -0.90 V vs SHE and feed pH 

of around 7.0. Both methane and acetic acid production rates were low when the feed 

pH was increased to 7.7. 

The baseline MES operation was carried out with both acetic acid (17.0 mM) and sodium 

bicarbonate (85 mM) in the feed and operated at a cathode potential of -0.65 V vs SHE. 

The MPR for baseline operation (F1) was observed to be approximately 19.5 

mmol/L(reactor)-d compared to 14.0 mmol/L(reactor)-d in open circuit operation. At the same 

time the COD consumption rate was also around 19.5 mmol/L(reactor)-d which is higher 

than what was observed in the open circuit mode (17.5 mmol/L(reactor)-d). 

Correspondingly, the COD consumption rate (19.5 mmol/L(reactor)-d) was higher than the 

VFA (acetic acid; 17.5 mmol/L(reactor)-d) consumption rate indicating oxidation or 

hydrolysis of additional COD in MES operation. However, the baseline operation showed 

no reduction in alkalinity owing to the dominance of heterotrophic methane production 

that also produces carbon dioxide (at equilibrium with bicarbonate in the effluent). 

Biocathode adaptation experiments were then carried out to evaluate the efficiency of 

direct interspecies electron transfer by reducing the amount of acetic acid in the feed. 

The share of methane production via electrochemical pathway increased gradually from 

7.5% (baseline operation) to approximately 45% when no additional acetic acid was 

supplied to the feed (F2: feed simulating wastewater treatment reject water). The 

average MPR was decreased by 80% whereas the acetic acid concentration was 

decreased by 90%. At the same time, the alkalinity in the reactor was reduced at a rate 

of 9.5 mmol/L(reactor)-d showing the source of methane to be bicarbonate. The methane 

concentration in biogas was always maintained above 90% for all feed acetic acid 

concentrations. To obtain a mass balance the coulombic efficiency was assumed to be 

100%, and the heterotrophic efficiency was observed to increase from 90.0% (baseline 

operation) to 99.5% (at feed acetic acid concentrations of about 8.3, 4.5 and 2.0 mM). 

This implies that COD required to support biomass growth and maintenance becomes 

limited at feed acetic acid concentration of approximately 8.3 mM. This also establishes 
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that electron transfer mechanism in the MES operation to generate methane is via 

bicarbonate at high effluent pH. 

4.4 Article 5: Effect of Hydraulic Retention Time on MES 

Operation for Biomethane Production 

The pH during biocathode adaptation experiments (at 24 hours HRT) never decreased 

below 8.4 which implied overall low methane production rates and harmful effluent. 

Therefore, hydraulic retention time (HRT) was used as a tool to optimise the feed flow 

rates to increase MPRs and lower the effluent pH. The food waste treatment reject 

water (F1) experiment were carried out in a new reactor (after biofilm growth and 

biomethane experiments for over 2 months) and the wastewater treatment reject water 

(F2) experiments were carried out in the same reactor used to carry out biocathode 

adaptation experiment. The experiments start with an HRT of 24-hrs and are operated 

at 18, 12, 6, 3, 2, 1-hr HRTs after every 8 to 10 sampling points. 

The methane production rate for the HRT experiments were analysed based on two 

parameters: a) reactor volume and b) feed volume. For the feed F1, the highest MPR of 

about 40.3 mmol/L(reactor)-d was obtained at 6-hr HRT operation while the highest 

methane yield was obtained at 18-hr HRT that was 12.2 mmol/L(feed)-d. The methane 

percentages at 24- to 12-hr HRT operation was around 90-92% which decreased 

thereafter due to unreacted CO2 at higher flow rates. Moreover, 18-hr HRT operation 

showed a high share of COD consumption 40.6%. Similar results were obtained during 

HRT optimisation of MES of feed F2. The adaptation of biocathode further increased 

methane production rates by 50% (4.0 to 6.0 mmol/L(reactor)-d at 24-hr HRT). Further, 

increasing feed flow rate increased MPRs to about 19.6 mmol/L(reactor)-d at 3-hr HRT. 

However, 18-hr HRT was identified as optimum due to high COD removal of 23.4% and 

methane production yield of about 7.4 mmol/L(feed)-d. The pH of the effluent decreased 

below 8.0 at 18-hr HRT and remain stable around 7.5 to 7.8 during all other lower HRT 

operations. The methane percentage in biogas is observed to be around 87to 90% 

during 24, 18, 12 and 6 -hr operations and decreased at a faster rate thereafter.  
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It can be concluded that the MES operation does not affect the electrochemical reaction 

efficiency as observed from the increasing ratio of heterotrophic and electrochemical 

methane. However, HRT affects the overall COD removal and methane production. The 

COD removal of around 20-25% was observed in experiments with feed F2. This was 

hypothesized to be due to direct electro-oxidation of organics at anode that is able to 

produce CO2 and protons. Most of the CO2 released via oxidation of organics remains 

unreacted and escapes as gas lowering the methane percentages. On the other hand, 

the protons seem to increase the current flow and reduce pH of the effluent as well.  

4.5 Additional Results 

4.5.1 Distribution of Reaction Mechanisms 

There are four possible reactions that can occur at the cathode to produce either of 

acetic acid or methane (Figure 4.1). Here it can be said that most of the methane was 

produced through via heterotrophic digestion of acetic acid by methanogens in the bulk 

(Fig 4.1 (a)). The methane contribution via heterotrophic pathway was around 90 to 95% 

v/v CH4 with feed F1 and approximately 55% v/v CH4 with feed F2. The methane share 

produced via electrochemical pathway (Fig 4.1 (b)) on the other hand, increased from 

about 7% to 45% when the feed was changed from F1 to F2. It is also important to 

consider that the CO2/HCO3
- required for electrochemical methane production can be 

obtained from four sources. 1) Heterotrophic conversion of acetic acid to methane and 

CO2/HCO3
- 2) CO2/HCO3

- dissolved in the feed 3) CO2/HCO3
- produced via electro-

oxidation of COD and 4) CO2 supplied as biogas for upgrading.  

The third pathway involves COD consumption that may or may not be available for 

purely biological methane production via the heterotrophic methane production 

pathway. If the COD is easily degradable, such as acetate, the degradation and methane 

production in this case is not necessarily increased but just shifted to electrochemically 

stimulated autotrophic activity and thus contributes to electrochemical methane 

production pathway. If the COD degraded at the anode is a fraction that will other ways 

not be degraded, the electrochemically stimulated degradation and methane 
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production will increase both methane yield and content.  This residual COD degradation 

at anode will deliver protons required for the electrochemical cathode activity. Thus, 

the process avoids splitting of water to produce the required protons, thereby avoiding 

oxygen production that would hinder methanogenic activity.  

  
(a) Heterotrophic methane 

90-95% methane source with F1 
~55% methane source with F2 

(b) Direct interspecies electron transfer 
5-10% methane source with F1 
~45% methane source with F2 

  

(c) Direct interspecies electron transfer at 
higher voltage (only with F2) 

(d) Indirect electron transfer 
No evidence 

 

Figure 4.1: Reaction mechanisms that may have been contributing to methane and 

acetic acid production in this study where two feeds were applied (F1 – AD effluent with 

acetate suplement and F2 - AD effluent without acetate suplement). The source of 

bicarbonate in (b), (c) and (d) can be heterotrophic degradation of COD, externally 

supplied bicarbonate and anodic oxidation of COD. 



Nelabhotla: Electrochemical Unit Integration with Biogas Production Processes 

 

  

___ 

29 

 

 

Figure 4.2: Schematic representation of flow balance of integrated MES and AD reactor in Knarrdalstrand WWTP.



Nelabhotla: Electrochemical Unit Integration with Biogas Production Processes 

 

___ 

30   

 

The other recognized method to produce methane by bio-electrochemistry is by indirect 

electron transfer via protons to produce hydrogen gas (Fig. 4.1 (d)) but this is assumed 

less favourable as it requires higher voltage and is accompanied by oxygen generation 

at the anode. However, no evidence of hydrogen production was observed in the gas 

analysis. Hydrogen gas analysis was carried out by changing the carrier gas from Helium 

to Argon in reverse polarity in the Gas analyser. There was also no evidence of oxygen 

gas production in the gas analysis that would be recognised as Air under normal 

operation, so it is concluded that indirect electron transfer by hydrogen was avoided. 

4.5.2 Integration Extrapolation 

The current study is applied and extrapolated to the Knarrdalstrand wastewater 

treatment plant from where the reject water feed was obtained. The MES operation is 

scaled up to match the reject water flow rate and all the optimised parameters are used 

to estimate the result.  

By scaling up the MES reactor for 12-hr HRT operation with a feed flow rate of 160 m3/d 

that is observed as the effluent flow rate post centrifugation in the wastewater 

treatment plant (WWTP; Hashemi, 2018). This allows the reactor size to be around 80 

to 82 m3. Scaling up the methane production for such a reactor, it is calculated that 27 

m3/d biogas produced with 90 % methane concentration. The overall methane 

production at this WWTP thereby increases by 4 % from 650 m3/d to 675 m3/d with a 

methane percentage of about 66 % in biogas. It is possible to increase the methane 

concentration and production further by injecting some or all of the AD-biogas into the 

MES reactor, such that, CO2 (35%) present in the biogas is also electrochemically 

reduced to produce methane. In such a case it is also estimated that the final output 

COD is decreased to 806 g/m3 from 1014 g/m3 which is currently the COD of the effluent, 

as a significant added benefit. 

The electrode area to reactor volume ratio of the lab-scale reactor is approximately 2.8 

m2/m3 which can and should be significantly increased in an industrial scale reactor, 

depending on the reactor design and electrode placement. Another factor that could 

impact in methane production positively is the current density that is propelled without 



Nelabhotla: Electrochemical Unit Integration with Biogas Production Processes 

 

  

___ 

31 

 

changing the cathode potential. The current density for MES reactor at different HRTs 

with feed F2 is measured to be around 4-5 A/m2 at -0.65 V cathode potential. This can 

be improved further by optimising reactor design at a larger scale. A plug flow tubular 

reactor would be able to maintain a healthy biofilm thickness with higher mass transfer 

efficiencies than a CSTR (Fassouane et al., 1990). Both these factors (area to volume 

ratio and current density) need to be evaluated firstly in pilot scale and can be applied 

to real-scale reactor upon optimisation. Such an optimised MES-AD integration solution 

appears capable to provide a cost-efficient biogas upgrading technology.  
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5 Conclusions 

Carbon felt electrode material was chosen for its performance similar to that of platinum 

coated titanium electrode. It is highly conductive and an inexpensive material to 

purchase and/or replace as necessary. It is flexible in terms of electrode shape design 

and the large effective surface area is suitable to hold high biofilm density. Through the 

cyclic voltammetry experiment it was also concluded to maintain a feed pH of 7.0 to 7.5 

and a temperature of 35 to 40 °C.  

Single chamber microbial electrosynthesis system has many advantages over using a 

proton/cation exchange membrane separated two chamber bioelectrochemical cells. It 

increases current densities and due to the avoidance of hydrogen production it does not 

affect the purity of final product. It took approximately 2-3 months to achieve steady 

state current production when new biocathodes are prepared. These have been used 

for over 2 years under various operating conditions without interruptions. It was 

possible to produce biomethane at a cathode potential range of -0.55 to -0.70 V vs SHE 

while the optimum potential was observed at -0.65 V. Methane concentrations in biogas 

was observed to be always greater than 90% but it was identified that 90-95% of the 

methane was heterotrophic in nature and the CO2 produced was dissolved within the 

reactor and came out as bicarbonate with the effluent. The main reason behind this was 

the acetic acid in the feed and pH within the reactor/effluent that was always in the 

range of 8.2 to 8.7. Evidence of electrochemical methane production was observed 

when the pH within the reactor was above 8.4 implying toxic heterotrophic 

environment. The control experiments showed only 13.6% improvement in methane 

through MES operation over open circuit mode of operation. 

As the biocathodes were operated in baseline MES mode operation for over 2 months 

the methane productivity showed a significant increase, 39% more methane compared 

to open circuit operation in terms of MPR. It was then observed that the 

bioelectrochemical operation was not only reducing CO2 to methane bust also oxidising 

COD to produce CO2 and protons that are in turn converted to methane. The biocathode 

adaptation to lower feed acetic acid concentrations showed improvement in the 
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electrochemical pathway for methane production from 7.5% to about 45% with and 

without additional acetic acid in the feed respectively. This showed the dominance of 

heterotrophic methane production over electrochemical methane. The electrochemical 

pathway contribution was made clear as it was observed the alkalinity was being 

consumed instead of being produced. The presence of acetic acid produces CO2/HCO3
- 

heterotrophically contributing to production of alkalinity. However, the adaptation 

experiments did not influence the effluent pH which were still in the range of 8.2 to 8.7. 

It was also concluded that higher cathode potentials operations at -0.80 and -0.90 V vs 

SHE would contribute to the production acetic acid via electrochemically albeit al low 

production rates. However, such an evaluation would require change in the biota of the 

biofilm and requires rigorous adaptation to the new conditions, and thus was 

discontinued. Production of acetic acid by MES is also less relevant for biogas production 

since the turnover of CO2 to methane trough acetate production is 50%. 

Decreased hydraulic retention time to 18-hrs was able to bring down effluent pH below 

8.1 while increasing the methane yield by approximately 7% compared to baseline 

experiment. However, the methane production was still dominated by acetic acid in the 

feed. HRT experiments without the acetic acid in the feed showed 50% higher MPRs 

compared to biocathode adaptation experiment at 24-hr HRT. 18-hr HRT experiment 

showed optimised performance of highest methane yield (7.4 mmol/L(feed)-d) combined 

with anodic oxidation of organics (COD removal of 23.4%). The HRT did not affect the 

share of electrochemical methane production (via DIET) but improved COD degradation 

that can be utilised for methane production of lower recycling requirements. 

Further advantages of using single chambered MES include low capital investment, 

operational and maintenance costs to be integrated with existing anaerobic digestion 

plants. The MES units can be an independent market, can be sold and serviced for the 

clients with minimal modification to the existing plant infrastructure. Moreover, MES 

systems are flexible that are not severely affected due to down time and can be used 

intermittently depending on the excess renewable electricity supply. 
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