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Abstract 

Wastewater treatment is one of many global challenges that we face, where currently 80% of 

wastewater discharges into our environment go untreated. The most widely used approach is a 

centralised model using sewage networks to collect the waste, often treating it linearly. The linear 

approach does not explore the value in the waste that can be extracted. The research explored 

opportunities to transition towards a circular economy where we extract the value from within the 

wastewater; to develop a new sustainable approach for decentralised wastewater treatment for 

remote and underserved regions that lack wastewater infrastructure. The research undertaken was to 

explore the ability of Biological Electrochemical Systems (BES) to transform our approach to 

wastewater treatment. BES can recover valuable resources such as energy in the form of electricity, 

hydrogen and methane as well as nutrients. The project explored the various BES technologies to 

understand which system will likely provide the initial route to commercialisation.  

Academic research on BES is spread mainly across Microbial Fuel Cells (MFCs) and Microbial 

Electrolysis Cells (MECs) with both technologies showing potential to revolutionise wastewater 

treatment. However, both MFCs and MECs face challenges with commercial deployment to meet the 

needs of underserved communities, from the complexity of design to cost. The research aimed to 

assess whether a less researched route of Electro-Methanogenesis is technologically and 

economically feasible. Electro-Methanogenic Reactors (EMR) can accelerate the performance of 

Anaerobic Digestion (AD); a widely commercially available technology. EMR provides multiple 

opportunities to improve our current approach to wastewater management and provide a compact 

decentralised treatment. The United Nations Sustainable Development Goals (SDG) have identified 

multiple challenges that could be tackled by EMR; including clean water and sanitation (SDG6), 

affordable and clean energy (SDG7) and sustainable cities and communities (SDG11).   

The research explored the scaleup of EMR from lab scale (2.3 L) to pilot (1300 L) , assessing both the 

technical challenges but also the economic viability. The lab experiments highlighted challenges, 

including, designing a continuous flow system and regulating pH through the organic loading rate. 

During batch testing, the EMR systems operating on brewery spent grain demonstrated a high 

substrate efficiency of 99.2 ± 15.3%, identifying that the system is effectively converting the 

breakdown of the organics into methane. The batch test results identified that EMR could provide 

better pH regulation and organic removal compared to AD systems. EMR was able to breakdown the 

Volatile Fatty Acids (VFA) once the pH had dropped below 5, which in the case of AD systems 

inhibited the microbial community. EMR is still susceptible to having a high Volatile Solids (VS) 

concentration as an increase in the concentration from 14.6 g/L to 21.1 g/L did not recover as quickly; 

with the EMR taking initially 7 days to increase the pH above 6 whilst the increased VS meant the pH 

reached 4.92 after 28 days.  

Scaling up the lab research to pilot scale proved to be a challenge with unforeseen operational 

barriers affecting performance. The pilot identified that defining the EMR operational parameters are 

crucial to ensure commercial applications where the technology will be deployed in less controlled 

environments. The results showed that EMR would likely require further post-treatment to reduce 

the COD and pathogens within the effluent. A Technological Economic Analysis (TEA) is used to 

compare the current solutions that are widely used in Kenya, including pit latrines, septic tanks and 
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anaerobic digestions systems with EMR. The TEA was based on lab results and assumptions on future 

increases in EMR performance. Including COD removal increases through improved reactor design 

and updated costs obtained from manufacturers. The TEA identified that EMR had a lower lifetime 

cost compared to fixed dome AD systems, which are commonly used in Kenya. 

BES still have a long way to go before becoming widely commercially viable. EMR offers a route to 

commercialisation that could provide decentralised wastewater treatment. The research identifies 

the barriers and next steps to reach the goal of moving EMR towards implementation.  
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1 Chapter 1 - Introduction  

The chapter outlines the research thesis, the importance of the research at this present time and the 

motivations for carrying out the research. The chapter will cover a background of the research area, 

while the aims and objectives of the study will be outlined, to highlight the new scientific contribution 

to the field.   

The research proposes an alternative approach to wastewater treatment, centred on the circular 

economy and decentralisation. The circular approach is proposing the use of Biological 

Electrochemical Systems (BES) to treat wastewater and to recover the chemical energy. 

  

1.1 The Global Outlook   

An assessment of the long-term global threats by the World Economic Forum found ten risks that 

could shape the world as a result of their impact Figure 1-1. The top three include biodiversity loss, 

climate change and a future water crisis as being the most significant threats that need addressing 

(World Economic Forum, 2020). Water is intricately linked with most sectors (UN-Water, 2014) and if 

issues to do with water are not addressed, there could be a significant impact on society. Water 

demand is estimated to rise by 55% from 2000 to 2050 (Leflaive et al., 2012). The increasing demand 

will multiply the burden on ageing infrastructure, which is not able to cope with our needs as 80% of 

wastewater is discharged untreated (WWAP, 2017). Even with this growing threat, water 

management is not integrated into development planning within a majority of countries, leading to 

inadequate monitoring of wastewater, sanitation and drinking water. Lack of action and planning for 

future wastewater infrastructure could cause severe economic implications with $45 trillion of assets 

at risk from the result of water stresses by 2050 (Wojciechowska-Shibuya, 2015).  

 

 

Figure 1-1: Global Long-Term Risk Outlook adapted from (World Economic Forum, 2020) 
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Alongside the threats of climate change and a water crisis, inadequate sanitation is a global 

issue affecting over half of the population (WHO, 2016). Often affecting communities in rural areas 

where 9 out of 10 people open defecate (Chakraborty et al., 2014). In some countries, only 6% of the 

population has safely managed sanitation, resulting in 1.8 billion people using drinking water 

contaminated with faecal matter (The World Bank, 2020). To eradicate open defection by 2025 The 

United Nations Children’s Fund (UNICEF) and the World Health Organisation (WHO) set up the Joint 

Mentoring Partnership. To achieve the goal of being open defecation free in less than 5 years, radical 

changes to our current approaches need to be implemented.  

Tied to the efforts of tackling open defecation, there need to be solutions to treat the waste. Table 

1-1 shows the clear distinction between a country’s economic growth and the level of untreated 

wastewater. Future aspirations to half the level of untreated wastewater leave an immense challenge 

that will require multiple solutions and approaches. Two new ISO standards were recently published 

to aid in the development of new decentralised wastewater treatment systems for onsite sanitation. 

The ISO 30500:2008 aim is to standardise non-sewered sanitation systems with prefabricated 

integrated treatment units. The second, which is still under revision, is the ISO/FDIS 31800 aimed at 

faecal sludge treatment units that are energy independent, prefabricated, community-scale, resource 

recovery systems. The ISO/FDIS 31800 highlights the need for circular wastewater treatment systems 

that do not require external energy supply which in many areas is not accessible.  

Table 1-1: Untreated wastewater compared to countries economic growth and security of regions adapted from (WWAP, 

2017) 

Countries  Untreated wastewater 

(2015) 

Aspiration 2030 

Low Income  92% 46% 

Lower - Middle Income 72% 36% 

Upper Middle Income  62% 31% 

High Income 30% 15% 

Average 64% 32% 

 

BES not only treat wastewater but can also recover energy enabling the solution to target other 

challenges around energy access. Globally 940 million people lack access to electricity, and 3 billion 

people do not have access to clean cooking facilities (World Bank Group, 2020a). Energy access issues 

predominantly affect Sub-Saharan Africa and developing Asia (SE4ALL, 2011). Improving energy 

access and services has a positive effect on the Human Development Index (HDI). Providing 

sustainable energy access can remove the need for fuels that lead to indoor air pollution such as 

charcoal and kerosene. The transition to sustainable energy can provide economic savings and 

healthier living environments, that contribute to the HDI increasing by 38%  (Craine et al., 2014).  

To highlight the importance of tackling the global threats that threaten society, the UN set up the 17 

Sustainable Development Goals (SDGs). Both clean water and sanitation (SDG6) and affordable clean 

energy (SDG7) are included along with industry, innovation and infrastructure (SDG9) and sustainable 

cities and communities (SDG11). Since the release of the SDGs, the issues have been brought to the 
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attention of the world. The attention is increasing the interest to invest and develop new renewable 

energy and wastewater treatment infrastructure. The UN Secretary General, and their advisory 

board highlights the need for research institutions to carry out further developments in renewable 

energy, wastewater pollution, treatment and recycling technologies and solutions  (SE4ALL, 2011; 

Wojciechowska-Shibuya, 2015). 

 

1.2 Conventional Wastewater Treatment  

Conventional wastewater treatment systems connect to extensive sewerage networks, using ‘end of 

pipe’ technologies to treat the waste in a linear approach. Conventional secondary wastewater 

treatment has both high energy requirements and Capital Expenditure (CAPEX) (Hernández-Sancho et 

al., 2015). In the UK the water industry accounts for 2-4% of the country's energy demand, with the 

most energy-intensive aspect of the process being the aeration beds used for activated sludge 

(Heidrich et al., 2014). 

Thus, the conventional centralised system has been unsuccessful at making a significant impact in 

underserved low-income countries (Werner et al., 2009). Especially when countries like the USA have 

inadequate funding for maintenance of their wastewater infrastructure (Anand and Apul, 2014) 

The cost is only one of the disadvantages in centralised sewer networks and conventional treatment, 

where other issues listed below are also present:  (Starkl et al., 2015; Werner et al., 2009) 

• Unsatisfactory purification or uncontrolled discharge  

• Pollution of water   

• Environmental damage  

• High water consumption   

• High investment, energy, maintenance and operating costs  

• Nutrient loss   

• Health and hygiene   

Centralised sewerage networks also require water to transport waste from its source to treatment 

facilities. Using sewer networks require water to transport the waste to a central location. The 

approach can pollute water and also dilute waste streams making centralised approaches less 

sustainable (Starkl et al., 2015; Werner et al., 2009). In many cases, centralised systems produce 

drinking quality of water for industrial applications, irrigation and flushing, 

wasting resources and energy (Anand and Apul, 2014). Even with these disadvantages, there is a bias 

by political organisations towards centralised networks.  

There is a severe lack of finance and planning for wastewater infrastructure compared to other 

sectors, with water continually being an undervalued resource (Wojciechowska-Shibuya, 2015). A vast 

amount of countries have insufficient finances to meet their targets to implement wastewater 
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infrastructure (World Health Organization, 2014). Investing in wastewater and sanitation has 

significant societal and economic benefits with a 3-34 USD return on investment for every dollar 

invested (UNESCO, 2016). A third of water utilities are unable to cover their costs (Danilenko et al., 

2014). Therefore the UN wants to focus on the underperforming municipal water and sanitation 

facilities (Wojciechowska-Shibuya, 2015).  

Table 1-2 shows a comparison of centralised and decentralised wastewater treatment processes. The 

data has been adapted from Sun et al., removing costs of supplementary equipment and CAPEX of 

pipe networks to compare the technologies directly. An analysis of the full lifetime cost of wastewater 

treatment systems, including sewage pipelines, demonstrated that decentralised WWTP had 9% 

higher costs. The higher costs were associated with having black and grey water pipelines that used 

vacuum instead of gravity flow. In some cases, having a decentralised treatment with combined flows 

may be more appealing and would reduce the pipeline CAPEX. The table shows that Activated Sludge 

(AS) has a higher CAPEX and significantly higher OPEX compared to Upflow Anaerobic Sludge Blanket 

(UASB). Membrane Bioreactors (MBRs) were significantly higher in both CAPEX and OPEX. The 

research highlights the potential benefits of moving away from centralised WWTP, which offers 

significant environmental benefits and an increase in infrastructure resilience.  

Table 1-2: Review of WWTP designs comparing centralised and decentralised options, based on a population of 30,000 

adapted from (Sun et al., 2020) 

Technology COD 

Reduction 

(%) 

TSS 

Reductio

n (%)  

Energy 

Balance 

(kWh/m3) 

CAPEX 

(£/(per 

person)) 

OPEX 

(£/(per 

person/year

))  

Treatment 

to Pipeline 

costs ratio  

Direct 

GHG 

emission 

(kg/m3) 

AS - 

Centralised 

99.1 - -0.592 330 645 41:59 0.062 

MBR -

Centralised 

99.6 - -1.59 415 729 41:59 0.025 

UASB - 

Decentralised 

78 (95 

including 

trickling 

filter) 

93 -0.142 312 192 33:67 0.004 

Despite the bias for centralised systems, distributed and non-networked technologies offer an 

attractive option (Starkl et al., 2015). There is an emerging opportunity to develop new wastewater 

treatment technologies that are adaptable to the changing environment, with a lower economic and 

environmental cost. Transitioning from seeing wastewater as a problem of waste, to one where we 

see it as a resource which can be reused, could have significant economic and environmental 

benefits. New solutions that can adapt and fit into conventional systems to improve efficiencies or 

allow decentralised treatment could provide solutions to our current unsustainable wastewater 

management.  
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1.3 A pathway to a Circular Model 

A transition to a closed-loop model, which recovers resources (energy, nutrients and water), is 

required (Werner, et al., 2009, (Beck et al., 2010; Guest et al., 2009). The high volumes of water and 

energy required for centralised sewage treatment systems reduce the chances of them being a 

sustainable option for the future (Anand and Apul, 2014; Schouten and Mathenge, 2010; Sun et al., 

2020). 

Future urban infrastructure needs re-engineering so that it benefits the environment and counteracts 

the human interventions in the natural cycle. Sustainable water management needs to encompass 

environmental, economic and social assessments (Guest et al., 2009); these three elements comprise 

the triple bottom line (TBL). Elkington's (1994) TBL ensures that organisations do not solely 

concentrate on the economic value they add, but also the environmental and social value they create 

or destroy. The TBL approach gives a holistic view of the organisation or proposed solution so that 

improvements make the idea sustainable and should be used as a platform for future developmental 

research.  

Wastewater Treatment Plants (WWTPs) need to go beyond treating water to become sustainable. 

WWTPs need to reduce their reliance on non-renewable resources through energy efficiency 

improvements and remove waste generation through resource recycling (Mo and Zhang, 2013). There 

is a consensus that new technologies and designs should integrate water, nutrient and energy 

recovery (Guest et al., 2009). Resource recovery will lead to new uses of human waste (WHO, 

2014), that create net positive systems (Beck et al., 2010). Circular economy approaches which focus 

on resource recovery can alleviate the financial costs that are typically associated with wastewater 

treatment and sanitation.  

For the wastewater sector to adapt its linear approach to treatment, we need to understand its 

interaction with other vital sectors that support society. Figure 1-2 depicts the Water-Energy-Food 

nexus, which illustrates the interconnections between these three areas. Energy and food production 

requires water for cooling and irrigation. Energy is used to treat water, and we can transport water 

through the embedded water within crops. The nexus illustrates that we cannot view the three most 

vital pillars of our society as separate entities; they have significant impacts and interconnections 

between them.   
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Figure 1-2: Water-Energy-Food Nexus 

Within a circular economy, wastewater can sit at the centre of the nexus providing energy, water and 

nutrients, producing resources for the three pillars that are essential for society. Wastewater contains 

excessive amounts of Nitrogen, Potassium and Phosphate, which if not removed, cause 

environmental issues like eutrophication (Lovins, 2016). However, the nutrients in wastewater have a 

commercial value. Recovering them to produce organic fertilisers can be profitable and necessary in 

the future, as we are currently facing global phosphorus shortages (Cordell et al., 2011). Energy 

generation from wastewater is not a novel concept. It is estimated that the inherent chemical energy 

of wastewater from organic materials is ≈ 9.3 times greater than the energy needed for conventional 

wastewater treatment (Kim et al., 2018). 

As mentioned, centralised systems present a high cost and they are not suitable for every situation. 

Centralised solutions in India, for example, are being overwhelmed with increasing demand and 

decentralised WWTPs can offer a solution to the immediate access needs (Schellenberg et al., 2020). 

Decentralised solutions have proved successful using both conventional treatment methods alongside 

new innovations. However, one of the main challenges is that WWTPs cannot take a one system fits 

all approach and need to be designed for the specific users and the local conditions, encompassing 

the triple bottom line (Kaundinya et al., 2009; Werner et al., 2009). 

One approach for energy recovery used within WWTPs is through biogas production using Anaerobic 

Digestion (AD) of sludge. To recover electrical energy requires additional Combined Heat and Power 

(CHP) systems which typically require a large volume of biogas. The large volume of gas required 

restricts their implementation in small wastewater systems (Mo and Zhang, 2013). As a result, AD 

systems are typically implemented in communities with more than 40,000 people (Garrido-Baserba et 

al., 2018). New small CHP systems (Yanmar) or low-cost generators (Oaktek) could open the door to 

smaller WWTP to generate electricity from biogas.  
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AD generates biogas via the digestion of acetate to form methane and CO2 (Van Eerten-Jansen et al., 

2012a). However, the process is relatively slow and produces high volumes of CO2 within the biogas, 

reducing the energy density. The high CO2 content makes the biogas challenging to store as it requires 

large amounts of space or requires extensive chemical treatment, including cryogenic separation, to 

remove CO2 (Awe et al., 2017). The large space requirements or the post biogas treatment 

significantly increase CAPEX.   

There are emerging technologies which allow energy recovery. BES offers an attractive alternative for 

energy recovery from wastewater. BES can recover energy at a faster rate directly into electricity 

within Microbial Fuel Cells (MFC), hydrogen within Microbial Electrolysis Cells (MEC) or methane in 

Electro-Methanogenic Reactors (EMR). The promise of BES has driven a significant amount of 

research interest in recent years. The majority of research has focused on lab systems which offer the 

opportunity to develop an understanding of the complex interactions of the biological and 

electrochemical processes within a controlled environment.  

BES have been used as alternative methods for sustainable wastewater management, including onsite 

sanitation in Ghana and larger scale wastewater treatment. A pit latrine was constructed with a three-

chamber MFC and composting chamber for solid waste for onsite sanitation. Urine flowed into a 

separate nitrification chamber and liquid from the solid waste was fed into the MFCs anodic chamber, 

the effluent from both flowed into the cathodic chamber for oxidation. The system successfully 

demonstrated energy generation, although it faced low power production due to ohmic losses 

resulting from simplified design and high cost due to import fees and the experimental nature (Castro 

et al., 2014). Other researchers have explored combing BES with constructed wetlands to create an 

optimised system with high performance and lower footprint. Of the options outlined in the research, 

the constructed wetland MFC is indicated as the most novel option to provide nutrient and solid 

removal whilst extracting energy. The cathode is located below the plants in the root bed (aerobic 

zone), water flows upwards through the anode, which is below in the anaerobic zone (Ramírez-Vargas 

et al., 2018).  

 
Going forward, in order to accelerate the implementation of BES, we need to scaleup the research 

focus into pilot systems. Figure 1-3 shows the logarithmic scale of 77 MFC and MEC research articles. 

The graph illustrates the distribution of research for different sized reactors, which shows that the 

main focus of research has been on systems below 10L. However, we are now seeing a shift with an 

increase in research into systems larger than 10L.  
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Figure 1-3: Articles reviewed within the research on MFCs and MECs reactor size distribution, the darker the shadows 

indicate a higher concentration of research articles. 

 

1.4 Summary 

There is a need to revise the current implementation of wastewater treatment systems to meet the 

global needs of today. Centralised systems have historically proven pivotal to the development of the 

urban societies which have implemented them, but now a new circular approach is required. The 

research aims to build a case that the future is one where we unlock the potential of wastewater to 

become a resource that can deliver energy, water and food to global societies. 

 The thesis will focus on the application of BES systems to recover energy from wastewater and sludge 

to create a circular solution for either decentralised or centralised waste management.  
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2 Chapter 2 - Overview of Previous Works 

2.1 Biological Electrochemical Systems  

Bio-electrochemical systems (BES)  are comprised of an anode and cathode, whereby the reaction of 

at least one electrode involves an electrochemical reaction which uses microorganisms as a catalyst 

(Escapa et al., 2016a). The microorganisms create an electrically active biofilm on the electrode 

surface. They convert chemical energy present in organic substances into electrical and extractable 

chemical energy as well as other valuable chemicals (Pant et al., 2012).  

BES can convert the chemical energy within a variety of waste streams creating a circular approach to 

wastewater treatment, allowing the recovery of valuable resources within the wastewater. The 

technology combines a variety of interdisciplinary areas of research, including electrochemistry, 

microbiology and engineering. The field opens up an opportunity to explore the relatively unknown 

area of microbial electrochemistry. BES have a wide range of applications, but they all contain an 

anode where a biofilm is grown. The microorganisms within the anode biofilm oxidise the 

biodegradable substrates releasing electrons which create an electrical current (Wang and Ren, 

2013).  

There are a variety of different designs of BES that have different applications and outputs. Microbial 

Fuel Cells (MFC) capture the current produced within the cell to generate electrical energy (Scott, 

2016). Microbial Electrolysis Cells (MEC) have an additional current applied to the electrodes, which 

enables the production of hydrogen and other value-added chemicals at the cathode (Cotterill et al., 

2016) as well as dichlorination (Aulenta et al., 2008). Research in BES has been consistently growing 

due to the potential impact the field could have on a variety of sectors. The main BES focus of 

research is currently between MFCs and MECs.  

 

2.1.1 Performance Parameters  

 One of the central parameters in assessing the wastewater quality before it can be discharged is the 

amount of organics it contains. The concentration of organic material present in wastewater is 

measured using the Chemical Oxygen Demand (COD). When the COD drops below 200 mg/L the 

performance of BES drops due to lower current densities that lower energy recovery (X. Zhang et al., 

2015). The reason BES lower in performance at low COD levels is due to the microorganisms requiring 

a carbon-based feedstock for fuel. The current EU discharge standards for COD are 125 mg/L. 

Therefore using BES in isolation may not be suitable as they will likely require tertiary treatment to 

polish the water to meet discharge standards. Combining BES with other treatment processes can 

enable consistent energy recovery and ensure the effluent reaches acceptable discharge levels (X. 

Zhang et al., 2015). 

BES have a difference in electrode potential between the cathode and the anode, if the Ecathode > Eanode 

the system is an MFC, which will generate electricity. Alternately, if the Eanode > Ecathode external power 

is required, which makes the system a MEC (Bajracharya et al., 2016). 
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The microorganisms in BES operate anaerobically, similarly to AD systems. AD, typically like 

temperatures within the mesophilic (30-39oC) and thermophilic  (48-60oC) range (Streitwieser, 2017). 

As a result, BES could be affected by temperature fluctuations which could reduce their efficiency. 

The temperature will also affect the energy within the system according to the first law of 

thermodynamics.  

However, it’s been shown that the microbes present in BES may be less temperature-sensitive than 

AD systems. Different species of microorganisms are dominant in the biofilm of BES, which are active 

in temperatures from 4oC to 35oC (Saratale et al., 2017).  

BES can be used to treat a variety of waste streams from complex to simple substrates. The 

relationship between substrate and system performance is complex with reactors showing a diverse 

difference in microbial communities, coulombic efficiency and COD removal. Research suggests that 

reactors fed simple substrates such as acetate are not able to predict the performance of complex 

substrate reactors fed wastewater (Heidrich et al., 2017). The temperature coefficient (Q10 ) for 

wastewater fed reactors was found to range from 1.1 to 1.6 (Ahn and Logan, 2010). Values of 1 

indicate thermal independence whilst those greater than one and up to three show thermal 

dependence. Due to seasonal changes in temperature, the ability to sustain a consistent performance 

is critical. In the future, there may be novel ways to sustain higher temperatures for small-scale 

remote systems. Since bacteria, metabolic activity generates heat as a byproduct, and in research the 

temperature of the effluent was found to be higher than the influent (Heidrich et al., 2013a).  

2.1.2 Biofilm Development 

Biocatalysts used in BES  offer a sustainable catalyst that can regenerate and adapt to the 

environmental conditions (Premier et al., 2016). All organisms depend on the combination of electron 

donors and acceptors through an oxidation and reduction process to support their energy 

requirements. The majority of organisms can only use soluble electron donors and acceptors. In some 

cases, insoluble and solid-state electron donors can be used. Using insoluble electron donors and 

acceptors requires extracellular electron transfer, which is a mechanism that allows the microbes to 

transport electrons from the donor within the cell to an acceptor outside of the cell (Philips et al., 

2016). The group of microbes are called exoelectrogens, which are electrochemically active 

microorganisms. Exoelectrogens can transfer electrons extracellularly to iron and other metal oxides, 

carbon electrodes and other microbes (Logan and Regan, 2006). The solution conditions affect the 

development of the biofilm. If they are favourable to the electrochemically active biofilm, it can 

significantly increase system performance. However, this presents the risk that the environmental 

conditions can decrease microbial activity, leading to low performance and the destruction of the 

biofilm (Premier et al., 2016).  

Electrochemically active microbes are found in various waste streams, including wastewater, sludge 

and sediments (Logan and Regan, 2006). Heidrich et al., hypothesises that a diverse range of microbes 

within the system may be critical to the performance (2017). Biodiversity increases the system 

stability during fluctuations of the system conditions (Babanova et al., 2017). It is difficult to measure 

and analyse all the complex interactions that take place within the biofilm due to the relationships 

between different microbial species. Mixed bio-cultures interact in a symbiotic nature for Extracellular 
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Electron Transfer (EET) to the anode (Read et al., 2010) and they also allow broader substrate 

utilisation (Babanova et al., 2017; Du et al., 2007). The composition of the microbes within the biofilm 

can alter vastly under the same conditions. Different microbial communities affect performance in 

different ways. Biofilms with lower exoelectrogenic microorganisms showed an increase in hydrogen 

production (Heidrich et al., 2014). The interactions of microbial community and system performance 

are relatively unknown and complex. There is an increasing need to understand the EET mechanisms 

used by different microbes to get a better understanding of why microbial composition affects 

performance. 

Gram-Negative Bacteria (G-) have a thin peptidoglycan layer with an outer plasma membrane while 

Gram-Positive Bacteria (G+) have a thick peptidoglycan cell wall with teichoic acids. Most research has 

shown that G- species (i.e Shewanella and Geobacter) can transfer electrons without a mediator 

whereas G+ are commonly unable to, occasionally at a much lower performance than G- (Read et al., 

2010). Pseudomonas (G-) produce phenazine-based metabolites, and G+ species can utilise these 

metabolites for EET and increase power production (Logan and Regan, 2006; Pham et al., 2008). 

In early experiments of MFCs extraneous mediators were used to aid electron transfer from the 

microbes to the anode for species which cannot achieve EET directly. Mediators allow the transfer of 

electrons by shuttling between the anode and the microbe. In some cases, microorganisms can 

produce their own mediators like Pseudomonas aeruginosa. Anodophiles can directly transfer 

electrons to the anode, but EET is enhanced with the addition of mediators (Du et al., 2007). Other 

metal-reducing microbes can use the anode as an electron acceptor like Shewanella, Rhodoferax and 

Geobacter  (Bond and Lovley, 2003a; Du et al., 2007; Philips et al., 2016). The same principle applies 

to the cathode for electrophilic microbes that can accept electrons from solid-state electron donors 

(Philips et al., 2016). Shewanella and Geobacter species produce conductive nanowires that contact 

the anode surface so they can directly transfer electrons without being on the anode surface. 

Geobacter sulfurreducens have long thin filament nanowires and Shewanella oneidensis MR-1 have 

bundles of nanowires that have multiple filaments. Shewanella oneidensis MR-1 rapidly produce these 

nanowires during the colonisation to touch the anode surface and other microbes (Logan and Regan, 

2006).  

Not all microbes within the systems are beneficial to performance. Exoelectrogens are also in 

competition with fermentative and methanogenic microorganisms. Both of which can diverge 

electron transfer from the anode to other electron acceptors like carbon, nitrate and oxygen (Premier 

et al., 2016), reducing the Coloumbic Efficiency (CE) of the system (Logan and Regan, 2006). Exposing 

the anode to air can reduce the methanogens that are anaerobes; however, it may also affect 

exoelectrogenic microorganisms like Geobacter spp. that are anaerobes (Call and Logan, 2008a). 

Most lab BES systems are operated at mesophilic temperatures, as microbes are more active at this 

temperature range. However, most industrial wastewater is usually at lower temperatures. 

Acclimatising microbes at low temperatures allow them to adapt to the conditions, whereas systems 

inoculated at mesophilic temperatures tend to fail if the temperature is reduced dramatically 

(Heidrich et al., 2014). In low-temperature systems, the inoculation source could create mixed 

cultures that thrive better within the conditions, and artic soils that have extensive microbial 

communities can be used (Heidrich et al., 2017). Although research into the biofilm composition of a 
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pilot MEC found that the microorganisms present were almost identical despite the temperature 

fluctuations, (Heidrich et al., 2013a).  

Alongside soils previously mentioned microorganisms could be found in multiple natural 

environments for BES including seawater (Hidalgo et al., 2015), bogs (Siegert et al., 2014a), rice paddy 

soils (Holmes et al., 2017; Li et al., 2020). Geobacter species directly supply electrons to Methanothrix 

species in rice paddy fields to support the reduction of CO2 into CH4 (Holmes et al., 2017). Geobacter 

species are widely known as one of the main microorganisms populating the anode in BES and are 

responsible for Direct Interspecies Electron Transfer (DIET). DIET is the free flow of electrons between 

cells through syntrophic metabolism without the need of shuttling electrons between reduced 

molecules such as hydrogen. The research demonstrated that they work with other microorganisms 

to support electron transfer allowing the generation of other chemicals, in this case, methane, which 

would make rice paddy soils a suitable inoculum for EMR systems.  

 

DIET is relatively unknown, and it is thought that the pilli on species such as the Geobacter 

sulfurreducens were responsible for supplying the electrons to the anode. However, recent research 

into Geobacter species repressed the pili genes but not the extracellular cytochromes. The study 

found that the Gmet_2896 cytochrome of Geobacter metallireducens is a significant part of DIET, and 

conductive pili are not necessary for DIET to occur in cocultures of Geobacter (X. Liu et al., 2018) 

 

The soil properties including pH, amorphous Fe and electrical conductivity (EC) have been found to 

affect MECs and the microbial community (Li et al., 2020). Soils with high EC were found to reduce 

overpotentials in MEC biocathodes. The higher EC soils also had a higher concentration of 

electrotrophs which can receive electrons from the cathode in MECs and are crucial for 

bioremediation. The dominant electrotrophic species found on the enriched MEC cathodes were 

Firmicutes bacterial phylm and with this Bacillus genes. Soils with pH of 5.2-6.7 had higher 

electrotrophic species and soils with amphorous Fe of 16.22g/Kg of dry soil may support the microbial 

community within the soils (Li et al., 2020). The research supports the argument that bacteria found 

in the environment are well suited as an inoculum source in MFC, MEC and EMR systems. More 

research into soil properties may allow quick identification of possible inoculum sources. 

 

2.1.3 Applications of BES for Wastewater treatment  

Alongside energy and nutrient recovery, BES can have been shown to have other benefits. Antibiotics 

and pharmaceuticals are another factor that needs considering in wastewater treatment. The field 

has gained interest due to antibiotic contaminants considered as an emerging contaminant and raises 

serious public health issues due to antimicrobial resistance (Baker et al., 2018). There have been 

multiple studies exploring the ability of BES to remove antibiotics from wastewater. BES are a 

promising solution for antibiotic removal due to the microbial metabolism coupled with the 

electrochemical redox reactions (Yan et al., 2019). 

 

Removal antibiotics is an alternative treatment solution and will likely require different operational 

and physical parameters such as electrode material. However, there is limited research into different 

electrode materials with only one study exploring different foam metal cathodes to break down 
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Chloramphenicol (CAP). The study found that copper foam was more effective than carbon rod and 

nickel foam, removing 100% of 32mg/L of CAP at a Vapp of 0.5 V in just 12 hours (Wu et al., 2017). 

Temperature and pH also affect CAP removal, and optimal conditions were found to be a pH of 7.12 

at a temperature of 31.48oC, removing 96.53% of CAP in three days with a concentration of 

106.37mg/L (Zhang et al., 2017). Antibiotic resistance genes are diverse, and further research into the 

interaction with BES is required (Yan et al., 2019) 

 

Metal contamination is another health hazard, as they are non-biodegradable and can accumulate in 

natural resources. Bio-electrochemical systems show promise for recovering and removing metal 

from wastewater streams (Nancharaiah et al., 2015). BES can remove heavy metals through 

biosorption, bio-electrochemical reduction, bioaccumulation and biomineralisation (Nancharaiah et 

al., 2015). The bio-electrochemical pathway requires a carbon source at the anode to complete the 

electron transfer sequence and reduce heavy metals (Jugnia et al., 2019). Both MFCs and MECs can 

remove heavy metals. MFCs have been shown to remove chromium (Wang et al., 2008), cobalt 

(Huang et al., 2013a), copper (Tao et al., 2011), mercury (Wang et al., 2011) and silver (Yun-Hai et al., 

2013) to name a few. While MECs have been shown to remove cadmium (Choi et al., 2014), cobalt (L. 

Jiang et al., 2014), nickel (Qin et al., 2012), chromium (Huang et al., 2010), zinc, iron, aluminium and 

lead (Jugnia et al., 2019). 

 

GAC is also regularly used as an absorption material for various gases and pollutants in wastewater. As 

a result, GAC electrodes show promise as they can also support biofilm growth for both biotic anode 

and cathodes. MECs using GAC electrodes have been shown to remove up to 99% of Cu, Zn, Pb, Al & 

Fe at a HRT of 4-6 days from wastewater collected at a firing range. The MEC removed the metals 

through bio-electrochemical pathways and sulphur, reducing bacteria (Jugnia et al., 2019). The study 

used a peat moss layer to provide a slowly degrading carbon source that required replacing for the 

anodic biofilm and the sulphur reducing bacteria in both the MEC and GAC control. Integrating a 

modified GAC electrode for heavy metal removal as a tertiary treatment for both sludge and 

wastewater could increase the attractiveness of BES to demonstrate both energy recovery and 

complex pollutant removal. Wastewater from food and drinks industries and urban communities will 

contain a carbon source readily available for the microorganisms within the system, simplifying the 

reactor design.  

 

Alongside pharmaceuticals and heavy metals, synthetic chemicals in wastewater present risk to 

human health and environmental degradation. Often synthetic chemicals are found in industrial, 

agricultural and household wastewaters such as endocrine-disrupting compounds, detergents, 

plasticisers, surfactants, food additives, dyes, disinfectants, pesticides and insecticides (Chakraborty et 

al., 2020). The majority of research into BES to remove these emerging pollutants has focused on 

textile wastewater to remove dyes  (Cui et al., 2020; Liang et al., 2018). Research shows that 

combining BES to treated mixed dye waste can increase performance. A MEC (Granular Graphite 

electrodes at a Vapp of 0.5) followed by an Aerobic Biofilm reactor and denitrification reactor were 

optimised to treat azo dye, anthraquinone dye, and triarylmethane dye, whilst the denitrification 

stage was vital in decolourisation and further reducing COD (Cui et al., 2020). 4-Chlorophenol is 

derived from pesticides and other chlorinated compounds, MFCs have been shown breakdown 4-

Chlorophenol at a rate of 0.58 ± 0.036 mg/L/h from concentrations of 25mg/L (Huang et al., 2013b). 

The system demonstrated co-metabolically mineralisation, whilst the current generation from the 
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MFC accelerated the degradation via phenol production, which was further degraded. Going froward 

BES do show promise of synthetic chemical removal through oxidation and mineralisation and is 

another promising benefit of these emerging technologies.  

 

 

 

2.2 Microbial Fuel Cells   

Fuel cells have sparked much interest due to their ability to produce carbon-neutral energy and are 

viewed as a vital part in a clean energy future. The majority of research, however, has mainly focused 

on hydrogen fuel cells (HFC). HFCs use hydrogen as a feedstock to produce electricity. HFCs require 

expensive materials making them economically unsuitable for many applications. MFCs were first 

explored by Potter (1911), although it was not until the 1980s that research in the field gained 

momentum when it was discovered that current density and power output could be increased with 

electron mediators (Du et al., 2007). Although the power density of MFCs is considerably lower than 

chemical fuel cells due to the chemical energy present in substrates suitable for MFCs. MFCs must 

also sustain the microbial population, requiring water and inorganic nutrients which increase internal 

resistance (Kim et al., 2007). The development of MFCs are still in their infancy and need to overcome 

a variety of challenges before they become commercially viable. The challenges include; inoculating 

with efficient microbial communities, optimisation of EET, architecture (membranes and chamber 

design), integration of MFCs into the wastewater treatment process and economical system scale-up 

(Keshavarz et al., 2019).  

In a basic MFC shown in Figure 2-1, both the anode and cathode are submerged in aqueous solutions 

separated by a membrane. Microorganisms form a biofilm on the anode which oxidise the organic 

matter within the wastewater acting as an electron donor. During the oxidation, the microbes 

produce electrons and protons. An electrical current is produced due to the microbes on the biofilm 

transferring the electrons to the anode. The electrons go through a circuit to the cathode (electron 

acceptor) which is at a higher electrochemical potential. Within the cathode chamber, both the 

protons and electrons are consumed during a reduction reaction of oxygen to water (K Scott, 2016). 

Ions are transferred through three mechanisms (K. Scott, 2016): 

1. Convection - Ion transfer through the mechanical motion of the electrolyte 

2. Electric Migration – Ion transfer through an electric potential gradient 

3. Diffusion – Ion transfer though a potential chemical gradient  

MFCs have advanced in architecture design implementing air cathodes which remove the need for 

oxygen flowing through the cathode chamber (Fan et al., 2007; Shaoan Cheng et al., 2006; X. Zhang et 

al., 2015). MFCs offer high particulate COD reduction >89% for a variety of waste streams at varying 

temperatures (Ahn and Logan, 2010). Although at a certain level of COD, the energy recovery drops 

below a useful limit, making other treatments more suitable (Zhang et al., 2015).  
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Figure 2-1: Microbial Fuel Cell diagram showing the biofilm on the anode breaking down the organic compounds within the 

substrate producing carbon dioxide and H+, which migrates to the cathode and is oxidised to form water. 

 

2.2.1 Reactions in MFCs 

Within the MFC anodic oxidation and cathodic reduction reactions take place, the potential difference 

between these reactions within the MFC regulates the power output. The oxidation and reduction 

reactions that take place depend on the feedstock, where almost all biodegradable organic 

substances can be used for the oxidation (Bajracharya et al., 2016). Equation 2-1 to Equation 2-4 

show the oxidation reactions, and Equation 2-5 to Equation 2-13 show the reduction reactions that 

take place during the treatment of wastewater within an MFC (Gude, 2016). The Standard electrode 

potential (E0) is shown and compared to the Standard Hydrogen Electrode (SHE). SHE is used as a 

reference for half-cell reactions and has a standard electrode potential of zero.  

 

Oxidation Reactions (Anode) 

Equation 2-1 Glucose:  C6H12O6 + 12H2O → 6HCO3
- + 30H+ + 24e-  E˚ = -0.429 V vs. SHE 

Equation 2-2 Glycerol:  C3H8O3 + 6H2O → 3HCO3
- + 17H+ + 14e-  E˚ = - 0.289 V vs. SHE 

Equation 2-3 Malate:  C4H5O5
- + 7H20 → 4H2CO3 + 11H+ + 12e-   E˚ = -0.289 V vs. SHE 

Equation 2-4 Sulphur:  HS- → S0 + H+ + 2e-     E˚ = -0.230 V vs. SHE 

 

Reduction Reactions (Cathode) 

Equation 2-5 O2 + 4H+ + 4e- → 2H2O     E˚ = + 1.230 V vs. SHE  

Equation 2-6 O2 + 2H+ + 2e- → H202     E˚ = + 0.684 V vs. SHE  



  

38 
 

Equation 2-7 NO3
- + 2H+ + 2e- → NO2- +H2O   E˚ = + 0.433 V vs. SHE  

Equation 2-8 NO2
- + 2H+ + e- → NO + H2O     E˚ = + 0.350 V vs. SHE  

Equation 2-9 NO + H+ + e- → 1/2N2O + 1/2H2O   E˚ = + 1.175 V vs. SHE  

Equation 2-10 1/N2O + H + e- + → 1/2N2 + 1/2H2O    E˚ = + 1.355 V vs. SHE  

Equation 2-11 2NO3
- + 12H+ + 10e- → N2+ 6H2O    E˚ = + 0.734 V vs. SHE  

Equation 2-12 Fe3+ + H+ + e- →Fe2+ + 1/2H2O    E˚ = + 0.773 V vs. SHE  

Equation 2-13 MnO2 + 4H+ + 3e- → Mn2+ 2H2O    E˚ = + 0.602 V vs. SHE  

 

Wastewater COD Removal 

Wastewater is a complex substrate with a combination of suspended solids with readily and slowly 

degradable COD components. Zhang et al., found that the first 4 hours of treating domestic 

wastewater with an MFC showed a high current production that dropped in the following 4 to 24 

hours. The results were similar for both filtered wastewater which contained only Soluble COD (sCOD) 

and raw wastewater which had a total COD. The COD removal was similar when the cells were under 

current production and open-circuit conditions. The study found that the HRT for wastewater should 

not be longer than 8 hours (Zhang et al., 2015). 

 

2.2.2 Measuring Performance in MFCs 

Electrochemical methods are used to measure the performance of MFCs. Compared to chemical fuel 

cells, the additional microbial community and the biological influences make measuring performance 

difficult in comparison. Using one or two reference electrodes as well as the anode and cathode can 

help explain the variety of different limiting factors in the system; including exoelectrogens activity, 

EET, overpotential losses, impedances and cathode efficiency (Premier et al., 2016). Using just the 

anode and cathode (2 electrode system) gives an overview, whereas the addition of reference electrode 

which has a well known electrode potential means the anode and cathode characteristics can be 

controlled (Premier et al., 2016).  

 

2.2.3 Rate limiting Factors in MFCs 

Multiple limiting factors need considering  when designing MFCs and their possible applications.  

A low organic concentration within the wastewater can limit the performance of the anode biofilm. 

Whilst the wastewater conductivity can affect the ion transfer from the anode to the cathode. 

Increasing the concentration of organics increases the available chemical energy. As concentrations 
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increase the power density also increases up to a peak (1 g/L acetate), at this point increases in 

concentration levels plateau and show no further power increase (Cheng and Logan, 2011a). The peak 

energy output could be a result of the anode size and biofilm density, which could limit the redox 

reactions within the cell. Concentration levels affect the anode potential by increasing its negativity as 

concentrations go up, which will increase the power density (Cheng and Logan, 2011a). 

The composition within the feedstock also determines the availability of energy that the microbes can 

harness. Exoelectrogens have shown good performance for energy recovery when Volatile Fatty Acids 

(VFA) are in high concentrations. In particular acetate, a short-chain fatty acid, has been tested 

extensively within MFCs due to its easy digestibility by micro-organisms. Research has explored that 

potential pre-treatment of substrates may increase the conversion of complex substrates to VFAs and 

increase the solubilisation of COD (Premier et al., 2016). The conductivity of wastewater is another 

limiting factor in inhibiting system performance. Wastewater conductivity is typically 1.7 μS/cm, 

which impedes the potential power output of the system, where 107% power increase was observed 

when conductivity was increased to 7.8 μS/cm (Cheng and Logan, 2011a), making some substrates 

more suitable than others. 

The temperature could be seen as a limiting factor in MFCs because most bacterial systems operate 

at mesophilic and even thermophilic temperature ranges to increase efficiency. MFCs operated under 

mesophilic conditions (30 ± 1˚C) where shown to have higher COD degradation for both total COD 

and particulate COD, and higher nitrogen removal rates (Ahn and Logan, 2010). However, BES has 

operated in temperatures as low as 4 ̊C. The inoculation period is key as microorganisms need to form 

a biofilm at the desired operating temperatures (Heidrich et al., 2013a). Using inoculums containing 

microorganisms found in conditions that are similar to the operational temperature is important; for 

example, arctic soils have exoelectrogens present that has adapted to cold conditions and could be 

used within BES (Heidrich et al., 2017).  

 

2.2.4 Architecture 

The architecture of the cell can play a significant role in the performance of the MFC. The research 

into the system architecture can include material cost reduction, increased stability to reduce bio-

inhibition and scalability. Changing the cell design/architecture can reduce the ohmic resistance and 

increase performance through electrode spacing, increase mixing for mass transfer and activation 

losses are dependent on material properties (Premier et al., 2016). The first MFCs used a two-

chamber design with a membrane between them to stop oxygen diffusion into the anode chamber, 

which is under anaerobic conditions. Typically, Polymeric Proton Exchange Membranes (PEM) are 

used to allow H+ ions to transfer to the cathode chamber. Two-chamber systems require oxygen to be 

pumped into the aqueous cathode chamber, which combines with the H+ ions to form water acting as 

the proton collector (Du et al., 2007).  

A significant issue with a membrane is the hindrance of proton transfer from the anode to the 

cathode. The membrane results in an accumulation of protons in the anode chamber and negatively 

charged ions in the cathode chamber, resulting in a pH difference between the chambers (Gude, 
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2016). Rozendal et al., looked into the cation transfer through a Nafion 117 membrane which is 

commonly used in MFCs. The study found that the number of cations (K+, Na+, NH4+, Mg2+, Ca2+) that 

transferred from the anode chamber to the cathode chamber equalled the electrons transferred 

through the external circuit (Rozendal et al., 2006a). Cation transport is due to an electrodialysis 

process, resulting in very low proton transfer in the MFC, and the cation transfer is maintaining the 

system electroneutrality (Kim et al., 2007). During operation of the MFC, the membrane can become 

soiled, and a build-up of a biofilm and salt precipitation will reduce its performance. Membranes with 

larger pore sizes are less affected by this and are a more promising option for long term use (S. Zhang 

et al., 2015). Proton mass transfer is the main constraint in an MFC, where proton diffusion is slow in 

an aqueous phase. Electrolytes with a higher salt concentration speed up the process in a membrane-

less system but hinder proton transfer through a membrane as previously mentioned (Kim et al., 

2007).  

The dual-chamber MFC has an intricate design with additional components making them more 

challenging to scale, more expensive and more likely to fail. Single chamber systems can reduce the 

architecture complexity by removing the membrane and aeration, reducing the system cost (Du et al., 

2007).  Most research assessing commercial systems has explored single chamber air cathode 

systems because they do not require aeration like aqueous cathode systems (Premier et al., 2016). 

Proton Exchange Membranes (PEMs) can be directly applied to the cathode. However, the membrane 

increases internal resistance within the cell and therefore by removing the PEM altogether, the 

maximum power density will increase. However, with the PEM removed the coulombic efficiency 

deceases due to oxygen diffusion into the anode chamber  (Liu and Logan, 2004).  Reducing oxygen 

within the anaerobic anodic chamber increases the overall coulombic efficiency as the oxygen can 

lead to aerobic oxidation of the substrate. Adding diffusion layers to the air cathode can reduce 

oxygen diffusion and can stop water loss due to leakage (Cheng et al., 2006).  

A variety of parameters, including pH and temperature, can affect the equilibrium potential (Ee) of an 

electrode at open-circuit conditions. These can be calculated using the Nernst Equation (Equation 

2-15) 

Equation 2-14  𝐸𝑒 = 𝐸° + 2.303 
𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔

𝐶𝑂

𝐶𝑅

  

E˚ = the standard potential at pH 0, R is the molar gas constant (8.314 J/mol/K), T is the temperature 

(K), n is the number of electrons transferred, F is the Faraday's constant (96,485 C/mol), CO and CR are 

the concentration of the oxidised and reduced products at the electrode surface (Bajracharya et al., 

2016). 

 

Electrode Spacing 

The electrode spacing plays a significant role in the MFC performance. Increasing the distance 

between the anode and cathode increases the internal resistance within the system. However, the 

performance is dependent on whether the system is in batch or flow mode, and the direction of flow. 

During batch mode the system showed to have a decrease in performance with a 1 cm spacing, this is 
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due to the increase in the Open Circuit Potential (OCP) of the anode, whereas the OCP and Open Cell 

Voltage (OCV) of a system in continuous flow were constant. The effect of the OCV on power is shown 

in Equation 2-16 (Shaoan Cheng et al., 2006). 

Equation 2-15 𝑃 =  
𝑂𝐶𝑉2𝑅𝑒𝑥

𝐴(𝑅𝑖𝑛𝑡+𝑅𝑒𝑥)2
    

A is the surface area of the electrode (projected surface area). The change of the OCP within the 

batch system is due to the increased dissolved oxygen (DO) within the system leaching from the air 

cathode. With the increased distance between the cathode and anode in this scenario, the 

performance increases (Shaoan Cheng et al., 2006). The oxygen competes with the microorganisms 

within the MFC, oxidising the organic compounds within the system and affecting the growth of the 

anaerobic microorganisms. When the flow was directed through the anode at a 1cm electrode 

spacing, the power density of the system increased, and there was no dissolved oxygen found near 

the anode (Shaoan Cheng et al., 2006). Having the substrate flow directed through the anode to the 

cathode could increase the chances of the anode clogging if the substrate has a suspended solids 

content, and where carbon cloth anodes may not be suitable. In this case mixing within the chamber 

can help remove these issues.  

 

Anode 

Different materials have been explored for the anode material; typically, they are carbon or graphite-

based cloth, paper, granules, fibre and brushes. Increasing the surface area of the anode can increase 

the biofilm area, which can lead to increased cell performance (Dumitru and Scott, 2016). Initially, 

mediators were used within MFCs, as most bacteria are unable to release electrons to the anode 

(Ieropoulos et al., 2005). Synthetic redox mediators (neutral red, methylene blue, thinonine, 

meldola's blue and 2-hydroxy-1 ,4-naphthoquinone) were used first (Park and Zeikus, 2000; Roller et 

al., 1984; Tayhas et al., 1994). However, these are not sustainable, going forward due to their toxicity. 

Natural mediator properties of sulphate/sulphide were then explored (Habermann and Pommer, 

1991) before mediator-less MFCs were introduced when it was found that Geobacter sulfurreducens 

and anodophile species form a layer on the anode allowing it to transfer electrons directly to the 

anode (Bond and Lovley, 2003b). Synthetic mediators were found to have the lowest performance 

compared to natural mediators and mediator-less MFCs and also present other risks due to their 

toxicity. The sulphate/sulphide mediators showed potential as they are naturally present in 

wastewater, which will replenish the system. As they are naturally occurring they can also boost 

performance within mediator-less MFCs. Besides the mediator-less MFCs showed the most promise 

as they do not require any inputs solely relying on the microbial EET (Ieropoulos et al., 2005).   

Pre-treating the anode with ammonia gas and heat treatment increases the biofilm adhesion to the 

anode. The increased adhesion is due to the increased charge on the anode, which reduces the 

inoculation period by 50%. The treatment increases the electron transfer from the biofilm to the 

anode, which results in a higher power density. The process requires high-temperature ammonia and 

helium gas treatment (Cheng & Logan, 2007). The process was deemed to be too complicated for the 

minimal performance increase and is no longer used by the researchers. However, it does show that 
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surface treatments offer an exciting pathway to increase the performance of low-cost anodes. New 

approaches to designing electrodes can include; (i) larger specific surface area of nitrogen/metal-

doped carbon structures, (ii) nitrogen-doped, 3D porous carbon with metal nanoparticles, (iii) 

binary/ternary metal composition on a large surface area of carbon structures, (v) incorporating of 

metal nanoparticles into the porous structures (Palanisamy et al., 2019). Surface treatments could 

show promise, however researchers should consider the by-products to ensure they will not have an 

environmental impact. 

 

Cathode 

A variety of chemical redox reactions can take place at the cathode in MFC, although Oxygen 

Reduction Reaction (ORR) offer the best cathode reaction for MFCs due to its positive redox potential 

and the abundance of oxygen; although ORR is limited due to the low oxygen solubility in electrolytes 

(Bajracharya et al., 2016). Alternative redox couples to ORR have been explored, which offer greater 

mass transfer efficiencies such as ferri/ferrocyanide (Bajracharya et al., 2016; Oh et al., 2004). 

However, these chemicals are not sustainable due to their toxicity (Rabaey et al., 2005). A method to 

tackle the low oxygen solubility is to implement air cathodes into MFCs, where this issue is removed 

(Oh et al., 2004). 

Platinum (Pt) catalysts have been used in fuel cells, but they are susceptible to lower performance or  

‘poisoning’ in the presence of Cl-, HSO4
-, HPO4

2- and HS-, which are present in some of the waste 

streams used in MFCs, and could be part of the reason why non-Pt catalysts have similar performance 

(Zhao et al., 2009). Much research has focused on developing alternative ORR catalysts to Pt due to 

the considerable cost (Premier et al., 2016), which can hinder commercialisation as it is not justifiable 

given the low power output. A variety of catalysts have been tested including cobalt and iron and co-

naphthalocyanine which have shown comparable results to Pt, but activated carbon seems to be the 

most promising alternative (Premier et al., 2016). The ability to use low-cost catalysts is one of the 

advantages in MFCs making them more economically viable. The high cost is a barrier when 

introducing new technology and has hampered the widespread introduction of hydrogen fuel cells, 

which are slowly decreasing in price. Although a Pt catalyst is recommended if the coulombic 

efficiency of the system is high due to the increased performance and energy output; justifying the 

higher cost (Trapero et al., 2017). 

Introducing diffusion layers onto the cathode increases the performance, due to the decrease in 

water flooding of the catalyst. Diffusion layers have two purposes, to reduce oxygen permeability into 

the system and reduce water loss through the air cathode. Reducing oxygen into the system stops 

aerobic oxidation of the substrate, which competes with the oxidation reactions at the anode. This is 

less of an issue if there is a short HRT or if the power density is high as there is less time for aerobic 

oxidation and minimal power losses will occur (Cheng et al., 2006). Two methods have proved to be 

the most successful; a PTFE and carbon diffusion layer (Cheng et al., 2006), and a PVDF diffusion layer 

(Yang et al., 2014). Using four-layer PTFE and carbon diffusion layers increased the maximum power 

density by 42% (766 mW/m2) thought to be due to a three-phase interface for oxygen reduction. The 

coulombic efficiency also increased by 200%. At two layers, oxygen permeability was reduced, but at 
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four, no water loss was measured (Cheng et al., 2006). The MFC durability and performance is 

affected by the diffusion layer porosity as high percentage porosity can have an initial higher power 

production (70% porosity - 1214 ± 2 mW/m2) this decreases over time (1 year 40% decrease to 734 ± 

2 mW/m2) as a biofilm builds up reducing the catalysts SA. A 30% porosity diffusion layer only had a 

22% reduction over the year from 1014 ± 2 mW/m2 to 789 ± 63 mW/m2. The biofilm can be cleaned 

increasing the partial initial performance of 12% (70%) and 11% (30%) in power production, with 

fresh cathodes the performance increased to the original, highlighting the cathode and not the anode 

degradation  (Zhang et al., 2011).  

 

2.2.5 Challenges for Scale Up 

Typically AD generates 1 kWh for every 1 kg of COD, which equates to a power density of 400 W/m3, 

whereas MFCs could theoretically generate four times this value (Pham et al., 2006). Setting a power 

density of 400 W/m3 would demonstrate that MFCs can compete with AD in terms of energy 

recovery. Currently, the electricity produced by MFCs is minimal, especially when compared to 

chemical fuel cells. Increasing the size does not increase the energy output, so scaling is envisaged to 

be multiple MFCs connected in a parallel and series combination (Ieropoulos et al., 2013; Jiang et al., 

2011; Premier et al., 2016). Another method to achieve commercial power output is to use small 

liquid volumes and electrode spacing (Cheng and Logan, 2011a). Other considerations should be 

considered when scaling up MFCs for industrial use as this will impact the design of the system. 

Deciding the required outputs such as high power output of low COD levels need to be confirmed as 

this will affect the system.  

The cathode specific SA is the most critical factor for scaling up MFCs to achieve high power densities 

(Cheng and Logan, 2011a), but the cathode size will not increase COD removal as it is solely 

responsible for the ORR and not the redox reactions which are responsible for COD removal and take 

place at the anode (Premier et al., 2016). Changing the electrode has different effects due to the 

different oxidation or reduction reactions taking place. Doubling the cathode SA was shown to 

increase power by 50% more than doubling the anode SA (Cheng and Logan, 2011a), which could be 

due to oxidation of ions be a rate-limiting factor. Developing low-cost systems is one of the barriers 

and reducing the cost of electrodes and membrane will reduce scaleup challenges (Palanisamy et al., 

2019) 

 

2.3 Microbial Electrolysis Cells 

Two research groups discovered that MFCs with an additional voltage were able to produce 

hydrogen, these technologies where called MECs (Liu et al., 2005a; Rozendal et al., 2006b). MECs 

operate in a similar way to MFCs using an anaerobic anode chamber with exoelectrogenic microbes. 

The microbes are grown on the anode to collect electrons from the oxidation of organic matter, 

producing an electrical current. The electrons are transferred to the cathode via a circuit and the 

protons (H+ ions) transfer to the cathode side, which, unlike MFCs, is anaerobic to prevent the H+ ions 
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reducing to water. The applied voltage increases the electrode potentials allowing the formation of 

hydrogen on the cathode from the H+ ions  (Cotterill et al., 2016). One of the main advantages of 

MECs compared to water electrolysis is that the oxidation of organic compounds requires lower redox 

potentials. Water electrolysis requires -1.229 V at 25oC at pH 0, however modern-day electrolysers 

require a cell voltage of 1.8 – 2.2 V (Subramani et al., 2016), compared to MEC which can operate 

between 0.6 – 1.2 V.  

Hydrogen production from electrolysis usually requires high energy input to force the chemical 

reactions required. The combination of the energy input and the energy produced by the biofilm 

reduces the electrical input required compared to water electrolysis and higher at higher efficiencies 

than fermentation (Cotterill et al., 2016). MECs offer an attractive option for wastewater treatment 

with simultaneous hydrogen production.  

There are multiple key components to consider when analysing MECs for wastewater treatment and 

energy production; strength of feedstock, anode and cathode materials, system architecture, outputs, 

cost, water consumption and footprint. These will affect the system performance and the economic 

viability of commercialising the technology (Rabaey, 2009).  

 

2.3.1 Mechanism of Microbial Electrolysis Cells for Wastewater Treatment 

MECs use a bio-catalytic process to produce hydrogen. The biofilm on the anode will break down 

organic compounds such as acetate into CO2, H+ ions and electrons shown in Figure 2-2. The applied 

voltage directs the flow of electrons and increases the electrode potentials. At the anode, 

Electrochemically Active Microbes (EAM) grow to form a biofilm which uses electrical energy to 

oxidise organic matter to CO2, as shown in Equation 2-17 (Kadier et al., 2016a). The additional current 

applied to the cathode, allows the production of hydrogen from the H+ ions, as shown in Equation 

2-18 & Equation 2-19 (Cotterill et al., 2016). The current can be from varying sources included from 

the energy generated if it is converted into electricity.  Figure 2-2 shows the underlying architecture 

of a MECs, with an anodic and cathodic chamber with a membrane to separate the two chambers. 

The membrane forms multiple functions, increasing hydrogen purity, reducing microbial crossover 

and hydrogen evolution to methane (Kadier et al., 2016a). The anodic chamber is fed wastewater, and 

the cathodic chamber will typically contain a catholyte to reduce resistance and increase current 

densities, especially if it is also recirculated (Kim et al., 2017).    
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Figure 2-2: Schematic of a dual-chamber Microbial Electrolysis Cell for treating wastewater to produce hydrogen, with a 

membrane separated anode and cathode chamber connected via an external power source. 

 

Anodic Reactions  

Equation 2-16  Anode:      𝐶2𝐻4𝑂2 + 2𝐻2𝑂 → 2𝐶𝑂2 + 8𝐻+ + 8𝑒−     

 

Cathodic Reactions  

Equation 2-17  Acidic Conditions:   2H+ + 2e- → H2      

Equation 2-18  Alkaline Conditions: 2H2O + 2e- → H2 + 2OH-     

 

Bioelectrochemistry is used to treat wastewater and produce methane via a process called 

electromethanogenesis. MECs can be used for methane production, using a biocathode with a 

methanogenic biofilm to generate methane from the H2 and CO2. These types of cells are called 

Electro-Methanogenic Reactors (EMR). Inside the EMRs the anode and cathode are connected to a 

power source, under anaerobic conditions the same as MECs. Within the EMRs, the cell architecture 

can be simplified by removing the membranes because methane evolution is preferred over 

hydrogen, as shown in Figure 2-3.  
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Figure 2-3: Schematic of an anaerobic Electro-Methanogenic Reactor for treating wastewater to produce methane showing 

the wastewater influent and effluent and an anode and cathode connected to a power source. 

 

Unlike MECs, methane production takes place at the cathode. There are several different pathways to 

methane production through direct or indirect electron transfer (Kadier et al., 2016a), as shown in 

Figure 2-4. 

 

Figure 2-4: Schematic outlining the possible routes of methanogenesis for methane production. Pathway 1: direct electron 

transfer, Pathway 2: indirect electron transfer via electrochemically produced H2, Pathway 3: indirect electron transfer via 

enzymatically produced H2, Pathway 4: indirect electron transfer via biologically produced acetate and Pathway 5: indirect 

electron transfer via electric syntrophy. Schematic adapted from (Blasco-Gómez et al., 2017). 
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Direct Methanogenesis 

There is one pathway for direct methanogenesis, as shown in the first pathway in Figure 2-4. In the 

pathway, methane is directly produced from CO2 via outer membrane redox proteins that are in direct 

contact with the electrode (Blasco-Gómez et al., 2017). 

Indirect Methanogenesis 

Alternatively, indirect electron transfer methanogenesis proceeds via the production of an 

intermediate. Indirect methanogenesis takes place either via pathway 2, 3 or 4, as shown in Figure 

2-4. Pathway 2 involves the intermediate production of hydrogen either electrochemically or 

bioelectrochemical, to produce methane through hydrogenotrophic methanogenesis (Villano et al., 

2010). Pathways 3 and 4 involve biologically produced formate or acetate, producing methane via 

acetogenic methanogenesis (Nevin et al., 2011). Pathway 5 involves the interspecies electron 

transfers by electron carriers or nanowires (Blasco-Gómez et al., 2017).  

Thermodynamically, methane can be produced by direct electron transfer at relatively low voltages  

(Anirudh Bhanu, 2019). However, in practice, this is very energy-intensive due to the high electrode 

potentials and the lack of an appropriate catalyst to reduce electrode overpotentials (Cheng et al., 

2009). Methane generated in anaerobic digestors mainly originates from acetate (  ̴70%) via 

acetotrophic methanogenesis where acetate is produced as an intermediate. However, analysis of the 

microbial consortium present at the cathode in an EMR, indicated that intermediate hydrogen 

production was favoured (Saheb-Alam et al., 2018). Villano et al. demonstrated that only a fraction of 

methane produced was via direct electron transfer with the majority from H2-mediated 

methanogenesis via hydrogenotrophic methanogens (2010). The route to methane production is a 

crucial factor to consider when evaluating cathode materials. If H2-mediated methanogenesis is 

favoured, then the hydrogen evolution ability of a material is crucial. Cathode materials, therefore, 

can be seen as acting as both catalysts and biocatalysts, by enhancing electrode-microbe electron 

transfer which improves the rate of formation of products (Zhang et al., 2013). 

 

2.3.2 Review of MECs for Wastewater Treatment 

The promise of MECs has led to an increase in research within the field. Table 2-1 shows various 

studies that are progressing to larger-scale systems. A full table of all experiments analysed in the 

research is in appendix 13.1, Table 13-1. The studies can be split into two groups; larger benchtop 

systems (8-100L) and pilot-scale (>100 L). The benchtop and pilot systems show different 

performance characteristics with no system excelling in all areas. The highest COD removal (%) was 

78% for benchtop and 65.6% for a pilot (Escapa et al., 2016b), although there where multiple pilots 

showing above 60% efficiency (Cotterill et al., 2017a; Cusick et al., 2011a; Escapa et al., 2016b). The 

highest hydrogen purity reached 98% in benchtop systems (San-Martín et al., 2019) and 100% at pilot 

scale (Heidrich et al., 2014). The highest cathodic efficiency was 78 – 84% at benchtop scale (San-

Martín et al., 2019) and 55% at pilot scale (Escapa et al., 2016b; Heidrich et al., 2013b).   
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The smaller systems generate higher energy output per volume when normalised compared to larger 

pilot systems. For easier comparison, the gas production rate, composition (H2% and CH4%) and the 

net calorific value of gases present are used to calculate the normalised net energy production. For 

urban wastewater, the benchtop study generated a normalised net energy production of 25.96 

kWh/day/m3 with an unknown electrode to volume ratio  (Carlotta-Jones et al., 2020). The pilot-scale 

system generated a normalised net energy production of 0.011 kWh/day/m3 at a scale of 130L with 

an anodic surface area of 1.63 m2/m3 and a cathodic surface area of 2.72 m2/m3 (Baeza et al., 2017). 

There is a large difference, and it is difficult to understand if the reactor design is a contributing factor 

if the wastewater varied in some aspects due to some information not within the articles. 

Higher-strength feedstocks lead to an increase in energy production. Normalised net energy 

production of 76.2 kWh/day/m3 was achieved for pig slurry at a 16 L scale with an anodic and 

cathodic surface area of 11.25 m2/m3 (San-Martín et al., 2019). At a 1000L pilot scale, the net energy 

production was calculated to be 2.11kWh/day/m3 for winery wastewater with a cathodic surface area 

of 18.1 m2/m3 (Cusick et al., 2011a). It is difficult to compare studies with different substrates due to 

the substrate containing varying compounds that may or may not be easily digestible by the microbial 

consortium. 

There is still a lot to learn about scaling up benchtop systems towards the pilot scale and then 

industrial scale. One barrier to scaling up is the difficulty in comparing different setups in the research 

accurately. The reactor size is only one parameter and does not give an accurate representation of 

the system scalability. Including details in the research such as organic loading rate and the electrode 

surface area to reactor volume ratio can help in providing a more comparative context between 

studies, aiding research-informed MEC scale up.  

 

Table 2-1: Large Benchtop and Pilot MEC's Overview 

Substrate / 

Feedstock 

(inoculum 

Source) 

Scale  

(L) 

Anode 

(Specific 

Anode 

Surface 

Area  

(m2/m3)) 

Cathode 

(Specific 

Cathode 

Surface 

Area 

(m2/m3)) 

HRT 

(hrs

) 

Voltage 

Applied  

(V) 

Temp  

(C) 

Normalised 

Volumetric 

gas 

Production  

(m3 gas/m3 

reactor 

volume/day) 

Energy 

Producti

on 

(MJ/d/m
3) 

Cathodic 

Coulombic 

Efficiency  

(%) 

COD 

Removal  

(%) 

Author 

 

Urban  WW Estim

ated -

8 

Carbon 

Fibres & 

Titanium 

plate + 

SS Wool 8 

 

1.0  0.0198 21.41  24.55 (Carlotta-

Jones et 

al., 2020) 

Urban  WW Estim

ated -

8 

Carbon 

Fibres & 

Titanium 

plate + 

SS Wool 8 1.0  0.0000 0.00  24.63 (Carlotta-

Jones et 

al., 2020) 

Urban  WW Estim

ated -

8 

Carbon 

Fibres & 

Titanium 

plate + 

SS Wool 8 1.0  0.0668 72.11  27.40 (Carlotta-

Jones et 

al., 2020) 
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Urban  WW Estim

ated -

8 

Graphite 

Felt 

SS Wool 8 1.0  0.0037 3.94  13.05 (Carlotta-

Jones et 

al., 2020) 

Pig Slurry 

(Urban WW 

Digestate) 

16 Graphite 

Felt 

(0.18) 

SS Mesh 

(0.18) 

48 - 

124 

1.0 19.2 0.2 211.68 78 - 84 - (San-

Martín et 

al., 2019) 

 

Urban  WW 

(Urban WW) 

30 Graphite 

Felt 

(32) 

SS Wool 

(13) 

5 0.9 9 - 16 0.041  - 62.5 (Cotterill 

et al., 

2017a) 

Urban  WW 

(Urban WW + 

Acetate) 

120 Carbon 

Felt  

(16.4) 

SS 

 (3.4) 

24 1.1 1 - 22 0.007 0.07 41 44 (Heidrich 

et al., 

2014) 

Urban  WW 

(Urban WW + 

Acetate) 

120 Carbon 

Felt 

(16.4) 

SS Wool 

(3.4) 

24 1.1 13.5 - 

21 

0.015 0.16 55 34 (Heidrich 

et al., 

2013b)  

 
Glycerole  

(AD Sludge+) 

130 Graphite 

Fibre 

Plate + 

(1.63) 

SS Wool + 

(2.72) 

48 1.5 18-22 0.013 0.21 30 26.3 (Baeza et 

al., 2017)  

 

Synthetic WW + 

(AD Sludge+) 

130 Graphite 

Fibre 

Plate + 

(1.63) 

SS Wool + 

(2.72) 

48 1.5 18-22 0.028 0.48 23 36.8 (Baeza et 

al., 2017) 

Urban  WW 

(AD Sludge+) 

130 Graphite 

Fibre 

Plate + 

(1.63) 

SS Wool + 

(2.72) 

48 1.5 18-22 0.031 0.38 28 25 (Baeza et 

al., 2017) 

Urban  WW  

(Urban  WW) 

175 Graphite 

Felt 

(34) 

SS Wool 

(13) 

5 0.9 9-16 0.005 0.05 <10 63.5 (Cotterill 

et al., 

2017b) 

Winery WW 

(Raw WW + 

Sludge) 

1000  Graphite 

Fibre 

Brush + 

SS Mesh 

(18.1) 

24 0.9 31 0.190 5.85 - 62 (Cusick et 

al., 

2011a) 

 

2.3.3 System Architecture 

The substrate is the source of chemical energy but optimising the reactor design is crucial to 

maximising efficiency. Reducing internal resistance can increase efficiency as well as increasing 

mixing, to make sure all the substrate encounters the anode. There are a variety of reactor designs. 

The main two configurations are single-chamber and dual-chamber systems that are typically used for 

MECs and EMRs, respectively. The main difference between the designs is that in dual-chamber 

systems, a membrane separates the anode and cathode. MECs for hydrogen production are usually 

dual-chamber as the membrane inhibits methane production from hydrogen via hydrogenotrophic 

methanogenesis. Additionally, the membrane also stops short-circuiting from the anode and cathode 
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touching (Kadier et al., 2016b). The effectiveness can be seen in some of the scale-up and pilot 

systems where multiple studies have shown 95%+ in hydrogen purity (Cotterill et al., 2017a; Heidrich 

et al., 2014, 2013b) compared to the single-chamber design by Cusick et al. which had 0% hydrogen 

and 86% methane (Cusick et al., 2011a). These studies highlight the benefits of membranes when 

trying to produce pure hydrogen. However, there are many cases where hydrogen purity is below 

95%, and improvements need to continue.  

 

Membranes 

As well as acting as a separator to stop short-circuiting, membranes also limit bacteria crossover to the 

cathode  (Kadier et al., 2016c; Lu and Ren, 2016).  The membrane selection needs to allow the transfer 

of H+ ions through, and a variety of membranes have been tested including: Proton Exchange 

Membranes (PEM) (Liu et al., 2005a; Rozendal et al., 2006b; Selembo et al., 2009a), Anion Exchange 

Membranes (AEM) (Cheng and Logan, 2007; R. A. Rozendal et al., 2008; Rozendal et al., 2007), bipolar 

membranes (R. A. Rozendal et al., 2008) and charge mosaic membranes (R. A. Rozendal et al., 2008; 

Rozendal et al., 2007). Two issues arise with membranes, the first is due to the cations transferring over 

to the cathode chamber through the membrane which then creates a pH gradient that increases 

internal losses (Rozendal et al., 2007). If the system is continuous, the cathodic chamber will become 

more acidic as the pH gradient increases becoming more problematic, whereas in a batch system the 

catholyte can be replaced each time equalising the system (Premier et al., 2016). Over time the pH 

increases and can reach almost 13. Flowing CO2 through the cathode chamber can decrease the pH 

reducing the overpotentials and increase the system performance (Ki et al., 2016).  

Overcoming pH gradient adds complexity to the system, whilst removing the membrane avoids these 

issues. Removing the membrane increases the simplicity of the system and reduces the cost, which is 

essential for systems that are being used in under-served communities. There will still be a variation 

in pH in the solution, especially at the surface of the cathode, which can hinder performance (Ki et al., 

2016). Increasing the mixing within the reactor can help reduce these pH concentrations building up 

at the cathode, which will increase overpotentials. Adding CO2 to the catholyte has also been shown 

to reduce the pH and significantly reduce the overpotential (Ki et al., 2016). However, this will then 

mix with the hydrogen gas and increases complexity, so alternative methods need exploring.  

Single chamber systems have a lower internal resistance due to the removal of the membrane 

allowing the easier transfer of H+ ions from the anode to the cathode. At the anode CO2 is produced 

and removing the membrane means that this will mix with the hydrogen and reduce the purity. A lot 

of the research has focused on creating high purity hydrogen as they envisage the system being 

coupled with Hydrogen Fuel Cells (HFCs). However, HFCs are expensive and aren’t currently suitable 

for under-served communities or remote regions, where the end-use for the hydrogen will likely be 

cooking (Topriska et al., 2016, 2015). Alternatively, if electricity is required, another option is to use 

low-cost biogas generators, such as biogas engines developed by OakTec, which can operate using a 

wide range of gases. With the removal of the membrane, you also increase the susceptibility of the 

hydrogen being consumed by methanogens which grow on the anode (Call and Logan, 2008a; Kadier 

et al., 2016c). Exposing the anode to oxygen helps to reduce the methanogen’s activity, as they are 
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strictly anaerobic bacteria. Oxygen exposure can only be utilised in batch operating systems in 

between the energy recovery; otherwise, the hydrogen will react with the oxygen to produce water 

and reduce the efficiency (Call and Logan, 2008a). In the case of using the gas for cooking or in a 

biogas generator, having methane in the mix does not necessarily impede the end-use. The 

introduction of a methane/hydrogen mix can create value, increasing the theoretical energy output 

(Rousseau et al., 2020). Measuring the effect of introducing methane into the mix is an interesting 

route for exploring and assessing system efficiency through the route of gas combustion.  

Electrode Design & Placement 

The electrode placement is also another consideration. Reducing ohmic losses in the electrodes and 

system architecture is critical as it is inevitable to generate losses due to the low conductivity of 

wastewater (René A Rozendal et al., 2008). The ohmic losses can be calculated in relation to the 

electrode spacing and the wastewater conductivity, as shown in Equation 2-20 (Barth et al., 2013). 

∆VΩwastewater is the ohmic loss in wastewater, d is the distance between the electrodes (m), j is the 

current density (A/m2), and σ is the conductivity of the substrate (S/m). Placing electrodes closer 

together can reduce the internal resistance within the cell (Call et al., 2009a). However, biological 

factors such as the consumption of hydrogen for methanogenic activity are able to take over and 

deteriorate the performance. 

Equation 2-19  ∆𝑉𝛺𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 =  
𝑑𝑗

𝜎
 

Reducing the electrode distance from 4-1cm increased coulombic efficiency by 18.2% (Rivera et al., 

2017). However, Cheng and Logan found that a 2cm distance was optimal as it allowed the use of a 

brush anode which increased the biofilm surface area. Whereas, at a 1cm distance, a brush anode 

was not feasible because it could short circuit the system. At the 1cm distance, the current decreases 

showing that a high biofilm surface area is more important than a shorter electrode spacing (2011b). 

Ideally, a 1cm distance is preferable if a high surface biofilm can be achieved. Rivera et al. also 

explored the effects of electrode distance but found 4cm to be better than 1cm due to the higher 

hydrogen consumption and methanogenic activity at 1cm (Rivera et al., 2017). The theory and 

reasoning behind all of these results support each other.However, they all suggest different routes. 

The diversity in results shows the complexity and effects that other factors can have on the systems.  

The complexity makes it challenging to optimise designs with such a range of materials and methods 

being used.  

Rivera et al., explored the different cathode surface areas in relation to the 60cm2 anode. They found 

that the smallest cathode (71cm2) had the highest overall efficiencies. It is believed that larger 

electrodes increase the electric resistance, which hinders the electron flow that stimulated 

methanogenic activity (Rivera et al., 2017). When it comes to scaling due to these electrochemical 

limitations, having multiple small cells stacked together will be the most suitable approach. 

Researching the resistance within the reactor also shows that a larger anode to cathode ratio is 

preferred. A concentric design performing better compared to flat plate designs (Rousseau et al., 

2020). 
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Cheng et al. found that the biofilm surface area should be favoured over electrode spacing (Cheng 

and Logan, 2011b). For higher hydrogen recovery, greater electrode spacing can reduce hydrogen 

consumption and methanogenic activity (Rivera et al., 2017). The theory and reasoning behind all of 

the research support each other. However, the different options for system architecture show the 

complexity and the interconnected effects that the various components have on each other. The 

architecture should be informed by whether hydrogen or methane production is favoured. Focusing 

on the desired route to capture energy will inform the design of the MEC and EMR. For example, in 

EMRs it is not suitable to use membranes, and the electrode spacing should be reduced to favour 

hydrogen consumption for methane production. 

 

Operational Considerations 

Other aspects to consider in the architecture is sludge build-up and extraction. Carlotta-Jones et al., 

found that the COD reduction was hindered because of the build-up of sludge in the reactors. Future 

designs need to consider either sludge recirculation or extraction in-line with other wastewater 

treatment technologies (Carlotta-Jones et al., 2020). The end of life of MECs is also important from a 

cost and environmental perspective. Aiken et al., found that the recovery of materials at the end of 

life had the largest effect on the Net Present Value (NPV) and systems should be designed to 

incorporate reusability (Aiken et al., 2019).  

 

2.3.4 Electrode design in MEC 

Anode 

The MEC anode serves the same purpose as an MFC anode, as both systems rely on the development 

of an active biofilm which can effectively transport the electrons to the anode. Therefore, the same 

anode can be used for MFCs and MECs to give the same performance.  

The anode is a limiting factor for the MEC’s performance (Lim et al., 2017). A biofilm forms on the 

anode's surface containing EAM. Organic species are oxidised to CO2, which is led by the EAM. Bond 

et al., found that the rate of electrical current produced by the anode increase exponentially when 

Geobacter Sulfurreducens microbes are introduced (Bond and Lovley, 2003b). The current increase 

highlights the importance of EAM activity, supporting the need for the anode to have excellent 

biocompatibility. Therefore, the anode material and surface treatment are one of the defining 

parameters of designing the anode to increase efficiency. The efficiency of the anode and biofilm can 

be measured by the current density, coloumbic efficiency (CE) and COD removal efficiency (Barbosa 

et al., 2018). Rousseau argues that research should focus on increasing current density as a high 

current density is crucial to industrial scalability (Rousseau et al., 2020). The current density is directly 

linked to the oxidation of the organics and the EAM's ability to perform EET to the anode, supporting 

the argument that the anode is a crucial component.    
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Presently, carbon materials are the most widely used electrode material as a result of their strong bio-

adhesion, low cost, high surface area and availability (Jung and Pandit, 2018). The majority of papers 

reviewed showed that carbon-based materials are the most populous material (Table 2-1). Carbon 

materials increase the interfacial microbial colonisation accelerating the biofilm formation on the 

anode. Compared to other materials such as metals, carbon can have a relatively low conductivity.  

New areas of research have shown very high electrical conductivity in certain carbon-based materials 

such as graphene and carbon nanotubes (Wang and Weng, 2018). However, commercial applications 

are limited, making them a less attractive option for low-cost electrodes. Due to the lower 

conductivity of commercially available carbon-based materials, metal current collectors are used as 

electron acceptors instead. Titanium wire is used due to its corrosion resistance (Cusick et al., 2011a; 

Escapa et al., 2016b), but stainless steel is also common in plate designs and has a lower cost than 

titanium (Carlotta-Jones et al., 2020; Cotterill et al., 2017b; Heidrich et al., 2014). Effective current 

collectors provide the conductive micro environment for EET can reduce losses from unfavoured 

reactions and enhance the current density (Li et al., 2017). 

Due to its higher conductivity graphite is also one of the most widely used electrode materials (D. Liu 

et al., 2018). Similar to carbon anodes, various forms of graphite electrodes are used, including 

brushes, granular, rods, felts and foams (Li et al., 2017). Table 2-1 shows that graphite is used ten 

times in the research papers examined using systems above 8L. Graphite structure is generally planar, 

resulting in a lower porosity surface for bacterial attachment compared to other carbon materials.  

The surface area of the anode is an important aspect of the design as it can increase the area of 

biofilm and the biofilm’s contact with the substrate. With the majority of studies focusing on 3-D 

porous carbon materials including carbon foams, meshes, felts and brushes (Guo et al., 2015). Carbon 

fibre (CF) electrodes are considered one of the best options as they have a high surface area and offer 

customisability. However, they can be expensive (Pötschke et al., 2019). To reduce costs, recycled CF 

could be an alternative and performed well in pilot research (Carlotta-Jones et al., 2020). However, 

recycled CF is often non-uniform mats which pull apart easily. Mesh CF anodes tend to produce 

higher current densities than plate-shaped anodes due to better mass transfer, surface area and 

biofilm formation. Carbon brush electrodes have a high surface area, contributing to high current 

densities (Feng et al., 2010) and can also reduce clogging due to their free form. Despite CF 

performing well in the lab, they are rarely used in any large-scale BES partly because of their high 

cost, even though they have some of the highest pilot performances based on energy production 

(Cusick et al., 2011b).  

Analysing the pilot studies shown in Table 2-1, carbon-based materials have been used in the form of 

brushes, felt and fibres. Cotterill et al. found that the EAM form a heterogeneous biofilm on anodes 

even if they use the same materials and construction. It was found that the biofilm in two pilot 

systems (130L and 45L) only contained an average biofilm coverage of 5%, with a maximum of 16% 

coverage in one region (Cotterill et al., 2018). The cost of the anode, is a significant part of the MEC 

construction (Carlotta-Jones et al., 2020). Utilising only 5% is not economically viable, and efforts to 

increase biofilm adhesion will likely lead to more significant improvements than increasing the surface 

area of the anode.  



  

54 
 

It is likely that effective electrode materials increase the biofilm adhesion and growth rather than 

supporting different microbial communities and is likely why surface treatments have been effective 

as they affect the surface charge (Guo et al., 2013). Multiple surface treatments have been 

successfully used, including heat treatment (Wang et al., 2009), acid soaking (Zhu et al., 2011) and 

electrochemical oxidation (Tang et al., 2011). Surface treatments can reduce startup time by 

providing ideal environments for biofilm formation, which can be applied to both anodes and 

cathodes. Research into surface treatments to change the surface charge of glassy carbon anodes 

found treating with −N+(CH3)3 had the lowest startup time of 23 days and the highest current density 

of 0.204 mA/cm2. This is likely a resulting from the fact that bacteria are usually negatively charged at 

neutral pH making the −N+(CH3)3 treated surface more effective due to electrostatic forces (Guo et al., 

2013). Surface topography increases the bacterial adhesion at the microscale and EET at the 

nanoscale (Champigneux et al., 2018). However, surface structures on electrodes with a mature 

biofilm did not show any sign of improvement from micro-scale surface adjustments (Moß et al., 

2019). Increasing coulombic efficiency and hydrogen production can be achieved by doping activated 

carbon with calcium sulphide. Calcium sulphide showed the most significant improvement over 

Magnetite (Fe3O4) or iron sulphide (FeS), and it can attract biota, even though it has low conductivity. 

These results strengthen the argument of using bio-adhesion over other parameters, such as 

increasing the conductivity (Yasri and Nakhla, 2017). Colloidal forces have also been shown to be one 

of the most influential aspects of biofilm formation and increasing surface features of the electrode 

such as random surface roughness, micropillars, nanoparticles and extra-porous materials increase 

cathode and microbe interaction (Noori et al., 2020). The research highlights the need for a 

combination of bio-adhesion and the ability of the biofilm for EET to increase system performance. 

 

Metals are also universally considered suitable electrode materials. Metals are typically 2 to 3 times 

more conductive than carbon-based materials (Santoro et al., 2015). Research into other materials is 

being conducted at a lab-scale, where a higher conductivity can aid in the extracellular electron 

transfer from the biofilm to the circuit. A review of 45 metal-based anodes both treated and 

untreated showed that molybdenum anodes had the maximum power densities (307-344 mW/m2). 

Compared to platinum, molybdenum is cheap, with a price comparative to copper and nickel 

(Yamashita and Yokoyama, 2018). Molybdenum anodes also displayed good durability, not corroding 

or reducing in current production over 350 days. The durability of electrode materials is also a key 

factor to consider. There is a lack of data in the literature regarding the durability of the electrode 

with most experiments lasting no longer than a year.  

Stainless steel (SS) is another possible anode material as it is readily available, has good mechanical 

properties and corrosion resistance (Dumas et al., 2008). As mentioned, SS is used as a current 

collector on various carbon cathodes. If it is possible to remove the need for the carbon, it could 

simplify the construction of the electrodes offering a promising scale-up opportunity. SS has 

advantages over carbon with increased conductivity, lower costs, and extensive manufacturing 

options (Guo et al., 2014). Although it offers excellent physical properties that would lend itself to 

EET, the biocompatibility is questionable due to a relatively smooth surface. Surface treatments such 

as flame spray oxidation create an iron oxide film on the surface, increasing the biocompatibility of 

iron-reducing bacteria and surface roughness (Guo et al., 2014). Heat treatments are relatively easy 

to scale-up. However, the longevity of SS is questionable, and further research is needed into metal 

anodes.   
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The anode material represents a high cost; in some cases, equating to 69% of pilot system cost 

(Cotterill et al., 2017a). For MECs to become economically viable, is it discussed that a 90% reduction 

in cost is required (Aiken et al., 2019). Two possible routes could be reducing the cost or reducing the 

size or number of the anodes. To make this feasible, increasing biofilm coverage will be crucial and 

ensure the reactor architecture forces the wastewater over the anodes. Exploring chemical surface 

treatments is one way to increase biocompatibility, but most research has not led to a commercially 

viable option (Rousseau et al., 2020). The other option is to explore lower-cost materials. Research 

shows that carbon-based anodes seem to be the path to the most economically viable option, even 

though they represent a high cost. Going forward, a cost-benefit analysis should be used in 

conjunction with the development of the anode, which takes into account the material availability 

and its corrosion resistance.  

 

Cathode  

In a MEC, the cathode needs to be an active catalyst for the hydrogen evolution reaction (HER). Other 

reactions can take place to produce other value-added products such as methane, but hydrogen 

production is the foundation for these reactions. Whereas previously mentioned, a membrane-less 

single chamber will likely produce methane as the hydrogen will be consumed during the reaction 

(Cusick et al., 2011b). With hydrogenotrophic methanogens producing methane via the intermediate 

production of hydrogen (Villano et al., 2010). The hydrogen evolution ability of the cathode should be 

the primary focus, irrespective of the energy production pathway. MEC cathode materials require 

physical properties for high conductivity; specific surface area, corrosion resistance, mechanical 

properties, and if methane is desired, good biocompatibility (Wang et al., 2019), in order to reduce 

large overpotentials of hydrogen evolution. Alongside the physical properties, cathodes need low 

cost, readily available materials that can use standard manufacturing techniques; increasing the 

feasibility for scalability. 

Typically, materials with excellent catalytic properties for hydrogen evolution like platinum have a 

high cost. If used in MECs, the cathode could equate to 47% of the construction costs and to become 

economically viable the cathode needs to decrease by at least 10% (René A Rozendal et al., 2008). The 

cost reduction means that new low-cost catalysts and materials need to be explored. Researchers 

have explored platinum coatings on the surface of lower-cost materials to reduce costs (Call and 

Logan, 2008a; Rozendal et al., 2008). Although research shows, platinum is susceptible to irreversible 

poisoning from contaminants found in wastewater such as H2S (Rozendal et al., 2008). The cost and 

potential for poisoning mean cathodes should look to remove platinum and search for other materials 

with similar HER performance. To find low-cost alternatives, research has explored various materials 

including; Stainless Steel (SS) plates (Selembo et al., 2009a) SS brushes (Call et al., 2009a), SS wool 

(Heidrich et al., 2014), SS and nickel mesh (Ki et al., 2016), nickel foam (Kuntke et al., 2014), nickel 

foam with graphene (Cai et al., 2016) and bio-cathodes using carbon and graphite (Croese et al., 

2014). If methane production is desired, then the cathode wants to promote biofilm adhesion near to 

the catalytic surface. The biofilm would not want to completely cover the electrode surface as this 

may affect system performance. 
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SS is a relatively inexpensive metal and is commonly used for electrodes, and is a popular choice in 

MEC research used 33 times in a study of 63 papers shown in the appendix 13.1. With the majority of 

the research into pilot MEC using meshes (Cusick et al., 2011b; Escapa et al., 2016b; San-Martín et al., 

2019) and wool (Baeza et al., 2017; Cotterill et al., 2017a; Heidrich et al., 2014, 2013b) creating low-

cost, high surface area cathodes.  

Research into SS with a high specific surface area can perform similarly to a carbon-containing 

platinum catalyst electrode for H2 production (Zhang et al., 2010). The availability of SS means that 

there are many options to create high specific surface areas designs. Stainless steel brushes showed 

an overall energy efficiency of 221 ± 8%, comparable to using platinum (Call et al., 2009b). SS meshes 

have good ohmic resistance and electron transport resistance from the conductivity of SS (Ma et al., 

2017). SS offers promise as a commercial cathode material due to the low cost and performance, 

especially in the forms of meshes and brushes.  

Other materials offer opportunities, such as nickel, which exhibits excellent corrosion resistance and 

HER activity (Kellenberger et al., 2007). The comparison of SS, nickel and copper mesh cathodes from 

methane production showed that nickel outperformed SS and copper, increasing performance of AD 

by 42% (Sangeetha et al., 2016). The study found that nickel mesh was also the most durable, an 

essential factor for an economically viable electrode. Cai et al., explored the use of graphene on 

Nickel Foam (NF+G), the addition of the graphene increased the surface area three times and reduced 

the resistance. The NF+G cathode performed similarly to platinum-coated carbon cloth at an applied 

voltage of 0.8, whereas with lower voltages, it did not perform as well (2016). Biocathodes have 

received attention, as they generally exhibit lower overpotentials and can utilise low-cost materials, 

making them an attractive option for upscaling (Rozendal et al., 2008). Battle-Vilanova, found that a 

biocathode had higher energy efficiency (53-175%) compared to abiotic systems (7-96% ) (2014).  

The size and shape of the cathode play a role in the performance. Call et al., found that a SS brush 

anode that was 50% loaded was prefered over one fully loaded with bristles. The benefit was because 

of hydrogen bubbles were getting trapped in the high-density brush. The trapped bubbles led to 

increased overpotentials from the reduced surface area for HER and increased the opportunity for 

hydrogen consumption from methanogens (2009).  

Other researchers have looked at meshes and foams to increase the active area for HER or use two 

cathodes on either side of the anode (Bajracharya et al., 2016). Going forward, SS seems to show the 

most promise, although further research into nickel should be explored. Both the materials can be 

relatively interchangeable as they are both available as plates, meshes and foams and can use similar 

fabrication methods. Similar to the research route of the anode, a cost-benefit analysis will help shine 

a light on the material selection for the cathode 

Biocathodes are an alternative to the majority of research focused on abiotic systems. Biocathodes in 

MECs have been shown to utilise energy more efficiently than abiotic systems in MECs using graphite 

granules and graphite plate anode and cathodes (Batlle-Vilanova et al., 2014a). However, this study 

compared abiotic and biotic systems using carbon cathode materials that were chosen for biofilm 

growth. Compared to other literature graphite cathodes are unlikely to have the same catalytic 

properties of SS which are widely used in abiotic systems.  
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Compared to cathodes in abiotic systems, biocathodes rely on an effective biofilm formatting on the 

surface to act as the catalyst. Research suggests that biocathodes should possess biocompatibility, 

hydrophilicity, positive surface charge, and an extensive surface area (Noori et al., 2020). In the case 

of methane production, the biofilm must contain hydrogenase methanogenic microbes to maximise 

methane production. For methane production 3D structured graphitic/carbon materials have been 

exhibited increased performance over metal electrodes (Noori et al., 2020). Nano coated carbon 

electrodes have exhibited increased performance due to their increased conductivity which is a 

limiting factor to plain carbon electrodes. The study was focused on MFCs but showed that Fe2O3 

doped anode and cathodes produced higher current densities than plain cathodes. However, Pt 

cathodes with doped anodes had the highest current densities (Nandy et al., 2019). 

 

Most research into biofilm formation on BES electrode materials is focused on the anode and not the 

cathode. Research into anode materials can be applied to biocathodes, but further research into the 

optimal conditions are going to be required as different microbial species are required at each.  

 

 

2.3.5 Operation Parameters  

Within the operational parameters, various conditions affect the performance of the system; biofilm, 

temperature, applied voltage (Vapp), pH, catholyte, flow rate and Organic Loading Rate (OLR). 

Inoculation Biofilm Formation 

System inoculation is still proving to be difficult at a larger scale system with full system inoculation 

taking 25-90 days (Saheb-Alam et al., 2018). There have been various research into testing multiple 

inoculum sources (Cusick et al., 2011a) and using additional chemicals such as acetate to expedite the 

start-up times (Escapa et al., 2015). From the articles reviewed, the mean start-up was 43 days.  

Biofilm growth is likely to be a stochastic process. Therefore, BESs can be used to treat different types 

of wastewater. The inoculum should be derived from the wastewater that is to be treated, to ensure 

that bacteria will survive in the influent (Cotterill et al., 2018). The start-up period for the research 

focuses on how long it takes the system to start generating hydrogen or biogas. The start-up of the 

pilot-scale systems is longer, taking 50-90 days before biogas production is recorded (Baeza et al., 

2017; Escapa et al., 2016b). However, in many cases, COD reduction may have higher or equal 

importance to biogas production, but the start-up of COD reduction is not recorded. Research into 

the start-up period for COD reduction should also be explored. The start-up is essential as it can affect 

the suitability of the technology as long start-up times might not be acceptable. More research into 

the right start-up conditions will increase the attractiveness of the technology working towards 

commercialisation of MECs for global wastewater treatment.  
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Biofilm Formation in MECs 

 

Biofilm formation is complex and has multiple parameters that affect the formation and growth on 

surfaces. Bacteria have macromolecular structures on their cell walls to interact with surfaces and 

adapt/modify their cell walls to respond to different environments (Ploux et al., 2010). 

 

There are typically four stages of biofilm formation;  

1. Bacteria Transport  

2. Bacteria Adhesion  

3. Biofilm matrix synthesis  

4. Maturation and detachment 

 

There are two stages of adhesion within the second phase, "Reversible Adhesion" and “Irreversible 

Adhesion". The first reversible adhesion phase is a result of colloidal effects that result in physical and 

chemical forces taking place at the surface and cell walls. The forces result from repulsive /attractive 

electrostatic, van der Waals and hydrophobic and hydrophilic effects. The second irreversible 

adhesion is a strengthening of the microbial surface bond where short-range forces, including 

covalent and hydrogen bonding occur (Ploux et al., 2010). 

 

The third growth phase is to form biofilm matrixes, through the cloning of cells to form microbial 

colonies. The microbes spread across the surface through different motion effects such as 'twitching' 

and 'swarming (Kaiser, 2007). During the mature phase of the biofilm, it has been shown that 

microbial colonies can form complex 3D architectures to create channels for nutrients and other 

support elements (Anderson and O’Toole, 2008). Biofilms can also communicate with each other 

using Quorum Sensing, which can allow the mature biofilm to detach, allowing them to colonise other 

surfaces (Ploux et al., 2010). The first five cycles of growth are shown to be fast, resulting in drops of 

charge transfer resistance (1404 Ω to 30 Ω) and high current generation. During the maturity of the 

biofilm (cycles 12-30), it was shown that dead cells accumulated increasing the diffusion resistance 

(53 Ω to 120 Ω) (Sun et al., 2016).  

 

Anode surface charge has been shown to affect the biofilm formation, with positively charged and 

hydrophilic surfaces being more selective of electroactive microbes. Hydrophilic surfaces reduced 

startup time on average 9 days compared to Hydrophobic surfaces. Hydrophilic surfaces are likely to 

be more important than surface charge for effective biofilm formation in BES (Guo et al., 2013). The 

anode potential also affects the biofilm growth and microbial community.  

 

Inoculation is an essential step in BES as it can affect multiple aspects at both the anode and cathode. 

Anodes initially poised at -0.25 V vs Ag/AgCl before increasing to -0.5 V vs Ag/AgCl were found to have 

a quicker startup time (current generation) and a higher concentration of Geobacter than those 

poised at -0.36 and -0.42 V vs Ag/AgCl. The study found that after the electrode potentials were all 

increased to -0.5 V vs Ag/AgCl the maximum power density was similar 270 mW/m2 (-0.25 V) and 250 

mW/m2 (-0.36 V) (Commault et al., 2013). The study did not reduce the potential below -0.5 V vs 

Ag/AgCl due to limitations of the potentiostat. As studies reduce potentials to below -1.2 V there is 

further scope to understand if it does affect performance at these electrode potentials. The research 

also found that inoculating in batch vs continuous reduced treatment time. However, other 
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parameters also changed making it difficult to determine the exact cause (Batch – nitrogen sparging 

10mins, temperature 18oC and phosphate buffer – 0.1M, pH 7.5, Continuous – continuous nitrogen 

sparging, temperature 31oC and phosphate buffer – 0.2M, pH 6.8).  

 

The anode is predominantly populated by Geobacter species irrespective of the inoculum source for 

both MFCs and MECs when inoculated with bog sediment and AD waste at different solid to medium 

ratios (0.01, 0.1, 1, 10, and 25%). However, the inoculum source did affect multiple outputs. COD 

removal was better with AD inoculum, but bog inoculum had higher methane production. The bod 

sediment did require an inoculum solids content of at least 10% but best results occurred at 25%, 

whereas the AD solids content did not make a noticeable difference (Siegert et al., 2014a). 

 

Within EMR the biofilm on the anode and cathode differ with different species populating the 

surfaces due to the availability of nutrients and organics favouring their metabolic pathway. 

Compared to the anode on the cathode in EMRs methanogens utalise the release of electrons to 

create methane via electro-methanogenis (Lohner et al., 2014). The presence of ammonia affects the 

methane production pathway altering the system to hydrogenotrophic from acetoclastic. The 

dominant methane production pathway highlights the dominance of hydrogenotrophic microbes for 

waste streams that contain higher ammonia content (Yang et al., 2018). Within faecal sludge, there 

are high volumes of urea that hydrolyses into ammonia, making the microorganisms within EMR more 

suitable to treat this waste stream than AD which can be adversely affected if concentrations are too 

high.  

The consortium of microbes on the biocathode is diverse with different organism providing different 

pathways to energy generation. The growth of hydrogenase methanogenic microbes 

(Methanococcus. Maripaludis) on the cathode was found to reduce overpotentials due to the 

microbes supporting electron uptake; which increases current and hydrogen formation (Lohner et al., 

2014). Another study found the main microorganisms present on a biocathode were Hoeflea sp. 

and Aquiflexum sp. (Batlle-Vilanova et al., 2014b). For hydrogen production one of the main pathways 

on a biocathode is through sulphate reducing bacteria. Community analysis of a biocathode found 

Desulfovibrio spp. A the dominant species and are able to produce hydrogen (Croese et al., 2011). 

Whilst research into microbial communities within MECs for methane production found that the 

presence of Archaea of the hydrogenotrophic genera Methanobacterium and Methanobrevibacter are 

the most important microorganisms (Siegert et al., 2014a).  

 

The activation and biofilm formation has been found to be quicker at the anode than the cathode 

(days vs weeks), and incremental increases can support the biofilm growth starting at 0.3 and 

increasing to 1.0V (Lim et al., 2020). The slow cathode biofilm growth indicates that it is important to 

ensure methanogens are present in the bulk liquid initially. In this case, following a flow rate similar to 

AD systems will be crucial to reduce bacterial washout.  

 

 

Biofilm Architecture  

 

Biofilm thickness also has a significant impact on the performance where the highest electrochemical 

performance was recorded at ~20 µm after which performance drops and a maximum biofilm of ~45 
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µm is reached (Sun et al., 2016). Although biofilm thickness affects performance, it has been shown 

that metabolic activity is occurring throughout the biofilm and likely supporting the current 

generation. 

 

Research suggests the biofilm formation creates pillar structured biofilms across the anode surface, 

where low shear and turbulent forces produced similar complex structures as other studies (Franks et 

al., 2010). The maximum current density was recorded when biofilm pillars were at greater than 50 

µm. Further research into mixing and shear forces on the electrode surface may help remove dead 

cells and reduce the biofilm thickness to reduce the charge transfer resistance and increase current 

generation.  

 

When methane production is inhibited within the BES through limited hydrogen availability, it has 

been shown that the electron release at the cathode is used to create formate (Lohner et al., 2014).  

 

Organic Loading Rate 

OLR is one of the defining aspects of energy production from the system. With a low OLR, the system 

will not be able to generate any significant volumes of hydrogen. With low OLR, alternative 

technologies may be better suited to treat the wastewater as the main aim will shift towards COD 

removal over energy production. Escapa et al., found that with low strength wastewater and 

decreasing the OLR significantly increased the energy demand, and the Vapp needs to be adjusted 

accordingly to ensure the system is energy efficient. During the study, an OLR of 441 mg/L/d with a 

Vapp of 0.75 V showed optimal performance (Escapa et al., 2012a).  

Applied Voltage 

The applied voltage play a significant role in the operation and performance of MECs and EMRs. 

Out of 51 tests reviewed in appendix 13.1 Table 13-1, the applied voltage ranged from 0.13 (Guo and 

Kim, 2019) - 1.5V (Baeza et al., 2017). Both the mean and mode showed a Vapp of 0.8, which was 

performed across 9 of the experiments. By increasing the Vapp, the cell potential will also increase, 

resulting in higher energy production; however, there is an upper limit. The cell potential needs to be 

controlled to stop it increasing above the threshold where oxygen and chlorine are generated, which 

would affect the biofilm (Rousseau et al., 2020).  

Work conducted by Ding et al. showed that when there was no voltage supplied, the COD removal 

efficiency was 54.4%, whereas when 1.0V was supplied, the efficiency increased to 80.6% (Ding et al., 

2015). The research shows that an applied voltage does increase performance for COD removal. The 

correlation indicates that the voltage promotes the growth of a biofilm which can more effectively 

breakdown the organics in the waste.  

A study analysing the effects of the applied voltage of found that maximum hydrogen production and 

energy efficiency occurred at an Vapp of 1.0 V, which provided a cathode potential of -1.1 V. At a 

Vapp of 1.0 V the energy recovery is 30.2% oxidation of acetate and 69.8% from the external power 

supply. Whereas the maximum coulombic efficiency peaked at an Vapp of 0.7 V reaching 322% (Lim 
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et al., 2020). Similar studies also found an Vapp of 1.0 V to be optimum  (Batlle-Vilanova et al., 2014b; 

Lim et al., 2018). Research suggests that a MEC using biotic cathodes to generate energy is more 

efficient than an abiotic cathode (Batlle-Vilanova et al., 2014b). In a dual-chamber system design to 

limit methane formation at the cathode found that higher electrode potentials increase methane 

concentrations, although minimal compared to hydrogen (<0.04 CH4 L/m2 vs 3-7.8 H2 L/m2 at an Vapp 

of 1.0 - 1 .9 V) (Lim et al., 2020). Although for biotic cathodes, one study found that applied potentials 

need to be more negative than -0.8 V vs SHE to produce hydrogen (Lim et al., 2018). 

 

Ohmic Losses 

 

MEC exhibit multiple losses from ohmic, mass transfer and activation losses. Activation losses are 

linked to the microbial activity of the biofilm. Mass transfer relates to the capacity of the feedstock to 

reach the biofilm within the anode. Ohmic losses are relate to the ions transfer from the anode and 

cathode and the electrical conductivity of the electrodes. 

 

One of the most predominant is the ohmic resistance creating losses within the system and have 

multiple variations due to the biofilm on the anode and interact differently compared to 

electrochemical cells. The Nernst equation represents the relationship between the reduction 

potential of an electrochemical cell reaction to the standard electrode potential, temperature and 

chemical reactions undergoing oxidation and reduction. The Nernst equation is shown in Equation 

2-20. 

 

Equation 2-20:  𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
𝑜 −

𝑅𝑇

𝑧𝐹
𝐼𝑛𝑄𝑟   

 

• Ecell is the cell potential (electromotive force) at the temperature of interest, 

• 𝐸𝑐𝑒𝑙𝑙
o  is the standard cell potential, 

• R is the universal gas constant: R = 8.31446261815324 J K−1 mol−1, 

• T is the temperature in kelvins, 

• z is the number of electrons transferred in the cell reaction or half-reaction, 

• F is the Faraday constant, the number of coulombs per mole of 

electrons: F = 96485.3321233100184 C mol−1, 

• Qr is the reaction quotient of the cell reaction 

 

The Nernst Equation has been adapted for BES use, by creating the Nernst Monod equation (Marcus 

et al., 2007), which has subsequently been built upon to include the resistance in a steady-state 

biofilm (Lee et al., 2016) and mechanisms of extracellular electron transfer (EET) as shown in Equation 

2-21 (Lee, 2018). 

 

Equation 2-21:  𝑗 = 0.14𝑓𝑒
0𝑞𝑚𝑎𝑥 ,   𝑎𝑝𝑝𝑋𝑓𝐿𝑓

𝑆𝑑

𝐾𝑠𝑑 ,   𝑎𝑝𝑝+𝑆𝑑
(

1

1+𝑒𝑥𝑝( − 
𝐹

𝑅𝑇
(𝐸𝑎𝑛𝑜𝑑𝑒− ∆𝐸𝐸𝐸𝑇 − 𝐸𝐾𝐴 ,𝐸𝐶))

) 
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• j is the current density (A/m2) 

• fe
o is the fraction of electrons used for catabolism 

• Sd is donor substrate (g COD/m3), 

• qmax,app is the apparent maximum specific substrate utilisation rate (g COD/g VS/d) 

• Xf is the biofilm density of active exoelectrogens (g VS/m3) 

• Lf is the biofilm thickness (m) 

• Ksd,app is the apparent half-saturation concentration of electron donor (g COD/m3), 

• q ¼ specific rate of electron donor utilisation (mmol-ED mg-VS) 

• Eanode is the anode potential (V) 

• R is the ideal gas constant (8.3145 J/mol-K) 

• F is the Faraday's constant (96,485C/mol e−) 

• T is the temperature (298.15, K) 

• n is the number of electrons transferred (assumed to be 1) 

• ΔEEET is an average energy loss in conductive EET of the third electron-transfer step (V) 

• EKA,EC is a rate-limiting EC potential at which current density is half of the maximum current 

density (V) and EKA,EC is equal to EKA in the original Nernst-Monod (Marcus et al., 2007) when 

ΔEEET = 0, indicating no potential drop in the biofilm anode 

 

ΔEEET is a combination of measurable parameters, including biofilm thickness and conductivity using 

Ohms's law and the current density from the MEC shown in Equation 2-22 (Lee, 2018).  
 

 

Equation 2-22: ∆𝐸𝐸𝐸𝑇 = (
𝑗

2
) (

𝐿𝑓

2
)

1

𝐾𝑏𝑖𝑜
 

 

Kbio is the biofilm conductivity (S/m), Lf/2 is the mid-point of biofilm thickness, and j/2 is an estimate of 

the current density at the biofilm's mid-point.  The ΔEEET can be inserted into the Nernst Monod 

equation as shown in Equation 2-22 (Lee, 2018). 

 

The ohmic losses can be considerable on the cathode at the interfacial electron transfer due to the 

conductivity of the electrolyte (Yasri et al., 2019). It is found that ohmic losses increase linearly with 

current production and equate up to 21% of the total voltage at 1.0 V (Guo et al., 2017). GAC 

electrodes have been found to incur greater losses due to the low conductivity. Studies have shown 

that the Vapp was 1.5 V, but the actual voltage received at the electrode was 1.0-1.2 V (Hussain et al., 

2018). Whereas Stainless Steel (SS) is likely to reduce ohmic losses due to it's higher conductivity (Guo 

et al., 2017).  

 

It has also been shown that intermittent power supply can increase the longevity of the MECs and 

increase the COD reduction and overall efficiency. In the research, the GAC acted as a capacitor and 

when powered was not applied the voltage drop at the cathode was from 1.2 to 0.9V (Hussain et al., 

2018). Combing carbon-based materials for biofilm growth and conductive metals such as stainless 

https://www.sciencedirect.com/topics/engineering/ideal-gas-constant
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/energy-dissipation
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steel offers an attractive cathode option for future research to reduce over potentials and ohmic 

resistance whilst also creating opportunities for intermittent power supply.  

 

 

Temperature 

Temperature is another essential factor to consider and has a significant effect on the bioanode 

(Rousseau et al., 2020). Typically, AD systems are operated at 35-40oC  with low temperatures leading 

to the inhibition of methanogens and therefore low methane production. Evidence suggests that 

EMRs can be operated at much lower temperatures, especially when hydrogen is desired, and that 

lower temperatures can suppress methanogenic activity. However, when the temperature rises above 

20oC methane production resume (Chae et al., 2010; Lu et al., 2012b). In another study, it was also 

found that the optimum temperature for hydrogen production was 30oC which would increase 

methanogenic activity in a single chamber reactor (Kyazze et al., 2010).  

The operating temperature has a direct effect on the activity of methanogens, with temperatures 

above 35oC, significantly improving the activity of methanogens (Yongtae Ahn, 2017). As previously 

explained, research conducted by Villano et al. found that in EMRs hydrogenotrophic methanogens 

are more abundant, producing methane via the intermediate production of hydrogen (Villano et al., 

2010). So if methane production is the desired energy route, then higher temperatures would be 

required. Although in some cases, EMRs have been able to perform as effectively as AD systems at 

temperatures as low as 10oC (D. Liu et al., 2016). Low-temperature methane production could 

increase efficiency and remove the need to heat reactors in cold climates.   

Pressure 

Pressure has a minimal effect on the equilibrium cell voltage, with 40mV lost with a pressure jump 

from 1 to 10 atm (Rousseau et al., 2020). The energy loss with the increased pressure is minimal 

compared to the addition of a compressor further down the line (Rousseau et al., 2020). In other 

industries, such as food preservation, pressures above 1000 atm are required to destroy 

microorganisms (Arroyo et al., 1997).  

pH 

pH is one of the main parameters that affect the biological community and activity within the cell. 

Neutral-alkaline conditions are preferable for operation with a pH of 8 being the optimal condition for 

biofilm formation at anode (Sun et al., 2019). However, within the reactor, to increase the 

performance, electrolytes are required to aid in the H+ ions moving towards the cathode. Electrolytes 

used for water electrolysis are generally very acidic or have high alkalinity making them unsuitable an 

increasing the difficulty of the electrochemical performance of the system (Rousseau et al., 2020). 

Lower pH in the cathodic chamber can increase hydrogen production and may be required to reduce 

potentials (Kyazze et al., 2010). The addition of salts may inhibit the system, even though it increases 

the ionic conductivity of the electrolyte, it reduces the ability to reduce acidification at the anode.  

(Rousseau et al., 2020).   
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2.3.6 Measuring MEC Performance 

There are key parameters that need to be measured to determine the performance of the MEC 

including; Electrical Energy Efficiency (ηE), Substrate Efficiency, Coulombic Efficiency (CE) and Total 

Energy Efficiency (ηE+S) (Cotterill et al., 2016).  

 

Electrical Efficiency 

ηE (Equation 2-23) is a measurement to compare the electrical energy input to the amount of 

recovered in hydrogen. ηE is measured as a percentage, and if it is over 100% then the MEC is 

producing energy from the chemical energy present in the substrate (Cotterill et al., 2016).   

Equation 2-23  𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝐻2

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡 (𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑥 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑥 𝑇𝑖𝑚𝑒)

    

𝜂𝐸 =  
𝑊𝑜𝑢𝑡

𝑊𝐸
 

Electrical Energy Input (WE) Equation 2-24 is given in kWh and is calculated by integrating the voltage 

added at each measured voltage (E) and external resistor Rex (I=E/Rex). Eps is the applied voltage of the 

power supply, that should be adjusted for the losses caused by the external resistor (I2Rex), with 

integration over n data points measure over timer intervals Δt (Cotterill et al., 2016). In the case 

where systems are heated the WE will also contain the heating power (Hp) requirements expressed in 

Equation 2-24. 

Equation 2-24   (WE)=  ∑ (𝐼𝐸𝑝𝑠∆𝑡 − 𝐼2𝑅𝑒𝑥∆𝑡) +𝑛
1 (Hp Δt)      

The Energy recovered in H2 (Wout) is calculated from the moles of hydrogen produced (𝑁𝐻2
) and the 

standard heating value of hydrogen (𝛥𝐻𝐻2
) as shown in Equation 2-25. The higher heating value 

(285.83kJ/mol) is used when it is presumed that the hydrogen will be used for industrial applications 

or in a fuel cell. The lower heating value (241.83kJ/mol) should be considered if the hydrogen will be 

combusted. The lower heating value includes the heat loss through the combustion and heat loss 

from the production of water vapour needs to be considered. The kJ are then converted into kWh 

using the 3600kJ/kWh conversion (Cotterill et al., 2016). 

Equation 2-25   𝑊𝑜𝑢𝑡  =  (𝛥𝐻𝐻2
𝑁𝐻2

)/3600    
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Substrate Efficiency  

Substrate efficiency (SE) (Equation 2-26) is the comparison of the amount of hydrogen moles (𝑁𝐻2
) 

produced to the theoretically amount possible based on the substrate removed (NS) from the MEC 

(Equation 2-27). SE is expressed as a percentage and indicates the substrate conversion efficiency 

(Cotterill et al., 2016). 

Equation 2-26  𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
   

𝑆𝐸 =  
𝑁𝐻2

𝑁𝑠
  

Equation 2-27  NS  = 0.0625ΔCODΔt    

    

COD is the amount of oxygen required to oxidise an organic compound. 0.5 mol of oxygen is required 

to oxidise 1 mol of hydrogen . 0.5 mol of oxygen = 16g so the COD to oxidise 1 mol of hydrogen is 16g, 

therefore 1g of COD is 0.0625 mol of hydrogen (Equation 2-28). The COD removal is measured to give 

ΔCOD over the time interval of the experiment.  

Equation 2-28  2H2 + O2 → 2H2O         

 

Coulombic Efficiency 

Coulombic Efficiency (CE) (Equation 2-29) is the amount of hydrogen produced compared to the 

amount which is theoretically possible based on the current or total charge passing through the cell. 

CE is shown as a percentage and cannot exceed 100% (Cotterill et al., 2016). Equation 2-29 is relevant 

in the case where only hydrogen is the fuel produced and, as demonstrated within the literature 

review, is often combined with other biofuels such as methane. Equation 2-30 shows the full CE for 

reactors that do not contain membranes and will likely operate as EMR. 

Equation 2-29  𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 𝑖𝑛 𝑡ℎ𝑒 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑
   

𝐶𝐸 =  
𝑁𝐶𝐸

𝑁𝐻2

 

 

Equation 2-30  𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2+𝐶𝐻4 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2+𝐶𝐻4 𝑖𝑛 𝑡ℎ𝑒 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 

The theoretical moles of hydrogen based on current (NCE) can be calculated through Equation 2-31.  

Equation 2-31  𝑁𝐶𝐸 =  
∑ 𝐼∆𝑡𝑛

1

2𝐹
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I  is the current calculated from the measured voltage and the resistance, Δt is the time interval, 2 is 

the number of electrons in the hydrogen evolution reaction and F  is the Faraday's constant (96,485 

C/mol e-) (Cotterill et al., 2016).   

 

Total Energy Efficiency 

The Total Energy Efficiency (ηE+S) for MECs is shown in Equation 2-32. The total energy efficiency is 

the energy recovered in hydrogen compared to the electrical and substrate energy inputted into the 

system. ηE+S is calculated as a percentage. The substrate potential energy is calculated as chemical 

energy and not free energy which is lower especially in wastewater (Cotterill et al., 2016).  

Equation 2-32  𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝐻2

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑎𝑛𝑑 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡
     

𝜂
𝐸+𝑆 

=  
𝑊𝑜𝑢𝑡

𝑊𝐸+𝑆
 

 

Calculating the substrate energy (WS) is shown below in Equation 2-33.  

Equation 2-33  𝑊𝑠 =  𝛥𝐶𝑂𝐷𝛥𝐻𝑊𝑊/𝐶𝑂𝐷       

∆COD is the difference between the influent and effluent COD measured in grams. The energy 

content per gram of COD (∆HWW/COD) is the internal energy of the substrate measured in kJ per mole in 

thermodynamic tables (Cotterill et al., 2016). As previously discussed, wastewater is a complex 

substrate with various chemicals. The complexity makes it difficult and time consuming to find a 

specific thermodynamic value. Gathering an accurate sample to use in a calorific bomb is difficult and 

time consuming, with both heat drying and freeze-drying methods loosing volatile fatty acids present 

within the wastewater, which can have a significant chemical energy. It is presumed the minimum 

energy content of wastewater can be 13-14 kJ/gCOD, however it could be much higher with results of 

17.7 kJ/gCOD and 28.7kJ found in the same study (Heidrich et al., 2011).  

This method of calculating the total energy efficiency is based on Hydrogen being the only energy 

output. However, depending on the type of MEC system there may be other gases present like 

methane. Most studies exclude methane as they are looking to produce high purity hydrogen so it can 

be used in the chemical industry or for PEM fuel cells. This research is looking to use the gas for 

combustion and this circumstance the methane is significant and should be considered within the 

total energy efficiency. Therefore, total energy efficiency will be calculated as Equation 2-34. 

 

Equation 2-34  𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝐻2 𝑎𝑛𝑑 𝐶𝐻4

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑎𝑛𝑑 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡
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2.4 Challenges for Scaling BES 

One of the challenges with the progress of BESs is the slow progress to upscaling, where there are a 

few examples of pilot systems. For industries to adopt BESs, increasing the amount of pilot data is the 

next step. Both MFCs and MECs offer opportunities for economic scalability, but MFCs can offer 

higher energy returns compared to MECs producing hydrogen (Cusick et al., 2010). Due to the nature 

of MFCs, they are unable to compete with chemical fuel cells, and their application as an energy 

provider is limited (Kitching et al., 2017). However, assessing it from the perspective of a wastewater 

treatment process with small amounts of energy recovery and reducing sludge content, it shows 

promise (Song et al., 2015). MFCs can result in significant energy savings as the aeration process is the 

most energy-intensive part of wastewater treatment, and any energy production has significant 

commercial value (Heidrich et al., 2014).  

Scaling up BES has difficulties because in increasing the reactor and electrode size, the internal 

resistance is also increased; making it difficult to directly scale up lab performance. Many researchers 

have looked at using multiple cell stacks in a parallel and series combination to increase the current 

and voltage of the system to more useable levels, as discussed previously. However, in MFCs, voltage 

reversal can take place if an MFC does not produce a current (Ieropoulos et al., 2010). Voltage 

reversal presents operational issues for MFCs when they are in series, because the power production 

will decrease as the substrate is consumed. Power management systems can be introduced to stop 

this happening, although they are expensive and create further losses (Butti et al., 2016). These 

operational factors make MFCs challenging to scale up compared to MECs where the applied voltage 

removes reversal possibilities  (Oh and Logan, 2007). The reactor design of MECs can also be 

simplified compared to MFCs, which must have an aerobic cathode. The combination of the 

biocatalysts with external electrical input makes MECs one of the most attractive routes for scaling 

up, as they can increase the output level and potential applications (Kitching et al., 2017). 

One of the factors faced with scaling up MECs is the limited number of large-scale and pilot systems. 

There is a significant gap in research of lab system and pilot-scale research, as shown in Figure 2-5. 

The focus of lab-scale research makes it challenging to assess factors important to commercial 

applications such as the operational requirements around maintenance, and component longevity 

that all impact the economic viability of the technology.  
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Figure 2-5: Representation of the number of published research studies into benchtop and pilot-scale MECs. 

To find the total number of articles for MEC a Google Scholar Search was carried out to include 

(allintitle: "Microbial Electrolysis"). For pilot scale, MEC research a second Google Scholar Search was 

used (allintitle: Scaleup OR Scale-up OR Scaling OR Pilot "Microbial Electrolysis"). 

Testing the technology at scale is one of those challenges, but the systems need to be implemented in 

the correct way to maximise the impact and reducing barriers to entry. One route could be exploring 

the integration of MECs into existing infrastructure. Anaerobic Digestion (AD) is a widely adopted and 

accepted waste to energy technology. AD is used within the water sector for sludge treatment and 

other industries to produce methane from organic waste. Studies have shown that integrating MECs 

into AD can increase energy output by 40% and reduce COD a further 14.3% (Hassanein et al., 2017), 

and an increase in methane yields of 30% (Xu et al., 2019). Focusing on integrating MEC electrodes 

into existing AD systems could enable a smoother route to commercial adoption with fewer barriers 

to entry. An integrated approach will enable the technology to be tested at lower costs with the 

majority of the CAPEX already in place with existing AD systems. MEC integration could provide other 

benefits from increases in the system capacity by reducing the treatment time, and increased 

methane production. The modularity of the electrodes also lends itself to integrate into small and 

large AD facilities as the technology matures. Modular cells that can integrate into large reactors 

could dramatically reduce costs and enable retrofitting. Developing a flexible platform to integrate 

into existing infrastructure could lead to increasing the commercial application of the technology. 

Although consideration of the technical aspects that may affect integration need to be considered. 
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2.5 Conclusions  

BES offers an attractive opportunity to generate energy from wastewater that could propel the 

circularity of the wastewater sector forward. The additional control parameters of the applied voltage 

in MECs and EMR offer extra stability compared to MFCs. Even though it may increase the 

construction cost, the additional flexibility in operational control could prove beneficial in the field. 

One of the challenges going forward is developing an effective strategy for scale-up. Without research 

into low-cost materials and large pilot systems, the technology will continue to remain an academic 

endeavour to make incremental system performances. 

The focus of the PhD research is to explore opportunities of commercialising MECs. With the 

industrial adoption focus, the research will centre on three areas:  

1. Assessing the suitability of the technology to treat different waste streams  

2. Assessing the economic viability of the technology 

3. Assessing the scaleup testing of the MECs which will lead to the implementation of the 

technology by industry 
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3 Chapter 3 - Feedstock Composition 

The feedstock composition is one of the main factors in determining the energy output of BESs. The 

feedstock requires an adequately high COD, conductivity and substrate assimilation to have a 

significant power output, with temperature, pH and concentration playing a role (Premier et al., 

2016).  

BES have been tested on a broad spectrum of feedstocks including acetate, wastewater, brewery 

wastewater and swine slurry, showing the versatility of the technologies. Acetate is used often in 

principle investigations due to its simple structure and ease of degradability (Rivera et al., 2017). 

However, Heidrich et al., found that wastewater and acetate perform differently, and  acetate may 

not give an accurate representation of how the system will perform with more complex substrate 

such as wastewater (2017). 

Depending on the composition of the substrate, there may be other factors that affect the 

performance. MFC operating temperature has little effect between 23-31˚C for acetate and butyrate, 

but at higher temperatures, propionate and wastewater increased power densities 27% and 10% 

respectively (Ahn and Logan, 2010). The performance increase could be due to the higher 

temperatures being favourable to microbes that are more effective at breaking down more complex 

organics. However, the theory is not proven, and further research is required. Heidrich et al. found 

that high temperatures may not be as critical depending on the source of bacteria used to inoculate 

(2017). Wastewater is a complex substrate with a multitude of organic compounds that will vary in 

quantity depending on the location. The complexity of substrates used in research makes it difficult to 

compare the performance of different BES that operate on wastewater.  

Understanding the energy content of the substrate can help determine the different compounds 

within the wastewater and understand the system performance. COD is a good indicator; however, as 

previously mentioned the energy per gram of COD can widely vary from 17.7 kJ/gCOD to 28.7 

kJ/gCOD. The energy per gram of COD can vary due to presence of compounds that do not oxidise like 

urea which undergoes hydrolysis reactions, meaning that it will not affect the COD but will contribute 

to the energy value. Urea hydrolyses to ammonia and carbon dioxide. Ammonia is shown to affect 

methanogens in AD systems, where a 20% reduction in methane is shown ammonia if concentrations 

are above 2 g/L in mesophilic reactors and 5g/in thermophilic (Yang et al., 2018). Understanding the 

different compounds and energy value can help determine the most effective treatment. This is due 

to some compounds are energy rich per gram of COD resulting from their lack of hydrogen. In these 

cases extraction of the energy through hydrogen and methane (MECs) may not be as suitable as 

extracting the electrons directly (MFCs) (Heidrich et al., 2011). A quick categorisation of the feedstock 

may lead to the most suitable treatment or combination of multiple technologies combined in series 

to recover the maximum available energy. A step to progress this further would be to developing a 

simulation model. Simulations can help understand the different characteristics and compounds of 

wastewater and the reactions that take place during different treatment methods. The development 

of simulations will allow practitioners to test a variety of different technologies in sequence to 

maximise energy recovery and COD removal. 
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Domestic wastewater typically has low conductivity and COD, resulting in lower power BES 

performance. The wastewater will require an increase in electrolytes to aid in the electrochemical 

reactions within the wastewater streams (Rousseau et al., 2020). The organic compounds within the 

waste dilute as surface water and other low COD water sources mix with waste in our sewers. Low 

strength wastewater (< 250 mg/L COD) is usually challenging to treat economically with MECs. With 

slightly higher COD concentrations (360-400 mg/L COD), the system performance improves (Escapa et 

al., 2016b). Waste streams with high organic loads can increase energy production due to the higher 

chemical energy present in the wastewater. Depending on the waste stream that requires treating 

the economic viability of using MECs and EMRs will vary. This study is exploring the use of MEC and 

EMR for decentralised wastewater treatment for both industrial uses and under-served regions where 

the composition of waste varies for urban municipal wastewater.  

 

3.1 Black Water - Composition 

The composition of wastewater found in pit latrines is more like a slurry and will have a higher COD 

than wastewater found in the UK. The faecal sludge in pit latrines will likely be more comparable to 

sludge collected at wastewater treatment plants. Further analysis is required as human excrement 

quantity, and calorific value will vary from different locations due to the variety in lifestyles.  

Understanding the expected volume and composition of human excreta will help increase resource 

recovery and design functionality. Excreta rates are approximately 1.2-1.5L of urine per day and 250g-

350g of faeces a day (Feachem et al., 1983; Rose et al., 2015). Urine is 91-96%, and faeces is 75% water 

(Rose et al., 2015). Alongside energy recovery nutrients are also an important factor to generate organic 

fertilisers that can be reintroduced into the food cycle. Table 3-1 shows the nutrient content found in 

urine and faeces. 

Table 3-1: Yearly Nutrient Values for an Individual adapted from (Rose et al., 2015) 

Nutrients Urine (kg/Person/Year) Faeces (kg/Person/Year) 

Nitrogen 2.5-4.3 0.5-0.7 

Phosphorus 0.7-1.0 0.3-0.5 

Potassium 0.9-1.0 0.1-0.2 

 

 

3.2 Industrial Wastewater  

In high strength wastewater, the high organic load increases the chemical energy present. Industries 

produce a variety of high strength waste streams Table 3-2 identifies the COD of the different 

wastewater streams and research into using BES to treat the waste. Further research into the 

performance of MECs and EMRs effectiveness to treat different wastewater streams will provide 
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valuable insights. Where, in some cases, the research suggests that the bacteria present are not able 

to breakdown the waste. Such as in the case of cheese whey where no gas was generated possibly 

due to the feedstock inhibiting the methanogens (Montpart et al., 2015).  

A MEC could be optimised for hydrogen production with an OLR greater than 1000-2000 mg COD/L/d 

and become competitive with activated sludge treatment (Gil-Carrera et al., 2013b). Equation 3-1 

describes how the OLR is calculated. Using the higher OLR value of 2000 mg COD/L/d, the theoretical 

HRT for the different waste streams is calculated in Table 3-2. The average HRT of the research 

previous presented in Table 2-1 is 30 hours. The theoretical HRT shown in Table 3-2 shows that it is 

possible to increase the HRT and still be competitive against activated sludge. Increasing the HRT 

could see an increase in COD removal but may affect energy efficiency and will need to be explored 

for the different waste streams. 
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Table 3-2: Industrial Wastewater COD Range adapted from (Doorn et al., 2006) 

Industry  COD Range 

(mg/L) 

 

Required HRT to 

obtain OLR of 

2000mg COD -1 

L-1 D-1 (Hrs) 

BES Research Papers 

Urban WW 300 - 500  

(Doorn et al., 

2006) 

5 -6 (Baeza et al., 2017; Carlotta-Jones et 

al., 2020; Cotterill et al., 2017a, 

2017b; Escapa et al., 2016b; Heidrich 

et al., 2014, 2013b) 

Alcohol Refining 5,000 – 22,000 

(Doorn et al., 

2006) 

60 - 264 (Escapa et al., 2016b), (Cusick et al., 

2011a) 

Beer & Malt 2,000  - 7,000  

(Doorn et al., 

2006) 

24 – 84 (Sangeetha et al., 2016) 

Coffee 3,000  - 15,000  

(Doorn et al., 

2006) 

36 – 180 (Nam et al., 2010) 

Dairy Processing 1,500 – 5,200 

(Doorn et al., 

2006) 

18 – 62 (Rago et al., 2017a) 

Meat & Poultry 2,000  - 7,000  

(Doorn et al., 

2006) 

24 – 84 (Mohammed and Ismail, 2018) (Int ; 

Prabowo et al., 2016) 

Fish Processing 2,500 (Doorn et 

al., 2006) 

30 – 30 (Noori et al., 2016) 

Swine waste 18,300 

(Taiganides, 

1992) 

220 (San-Martín et al., 2019; Wagner et 

al., 2009) 

Crude glycerol 925,000  – 

1,600,000  

(Viana et al., 

2012) 

11,112 – 19,200 (Baeza et al., 2017; Chookaew et al., 

2014; Escapa et al., 2009; Selembo et 

al., 2009b) 

 

Cheese Whey  50,000  - 

102,100 (Kolev 

Slavov, 2017) 

600 - 1230 (Montpart et al., 2015; Moreno et al., 

2015) 

Activated Sludge Dependent on 

waste stream 

Dependent on 

waste stream 

(Liu et al., 2012)(Wang et al., 2014) 

(Lu et al., 2012a) 

 

Equation 3-1  OLR (kg/m3/d) = Feed Concentration (COD kg/m3) x Hydraulic Retention Time (d)  
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3.3 Compositional Analysis of Wastewater 

For the assessment of this research, a compositional analysis of brewery wastewater and faecal 

sludge was carried out. The analysis shown in Table 3-3 can provide information to assess the 

application of treating both industrial and sanitation wastewater. Samples 1,2 and 4 were collected 

from WASE Limited research facility which has a microbrewery to produce waste samples and a non-

flush toilet to collect faecal sludge. Sample 3 was made using three different brewery grains crystal 

malt: chocolate malt: cara malt at a ratio of 2:1:1. To make the sample a total of 40 g of dried and 

milled grains were added to 500 ml of deionised water. The grains were stirred for 30 minutes at 80oC 

to simulate brewery spent grain waste. The Residual Biogas Potential (RBP) used for AD waste stream 

analysis was carried out on the different waste streams. The RBP calculates the total gas yield, total 

methane content, total methane per tonne and methane mass per tonne of waste as shown in Table 

3-3. 

Table 3-3: Wastewater and Sludge Nutrient and Theoretical Biogas Analysis 

  Brewery Tank 

Bottom 

Brewery Boil 

Water 

Brewery Spent 

Grain 

Faecal 

Sludge 

Method 

Sample 1 2 3 4  

Compositional Analysis          

COD (mg/L) 18,189.5 17,698.5 N/A 10,137.4  

Crude Protein 2.40% 1.20% <0.3% 2.30% Outsourced 

NRM Labs 

Crude Fibre <0.1% <0.1% 0.20% 0.10% NRM Labs 

Total Solids 8.80% 13.80% 3.10% 3.80% NRM Labs 

Moisture 91.20% 86.20% 96.90% 96.20% NRM Labs 

Ash 0.40% 0.50% <0.2 0.80% NRM Labs 

Oil-B <0.3% <0.3% <0.3% <0.3% NRM Labs 

Theoretical Energy 

Analysis 

         

Total Gas Yield 

[Fresh Material] 

43.7 m3/t 71.4 m3/t 16.2 m3/t 15.1 m3/t NRM Labs 

Total Methane 

Content  

55% 51% 53% 66% NRM Labs 

Total Methane per 

tonne  

24.03 m3/t 36.41 m3/t 8.59 m3/t 9.97 m3/t  

Methane Mass 

(kg/tonne) 

17.21 kg/tonne 26.07 kg/tonne 6.15 kg/tonne 7.14 

kg/tonne 

 

Energy per tonne 

(Gross Calorific Value) 

265.02 kWh 401.52 kWh 94.67 kWh 109.89 

kWh 

 

Energy per tonne 

(Net Calorific Value) 

239.21 kWh 362.41 kWh 85.45 kWh 99.19 

kWh 

 

 



  

75 
 

3.4 Discussion  

From the total gas yield and methane percentage of the different waste streams, the gross and net 

calorific energy value of each sample was calculated per tonne of waste. Figure 3-1 compares the 

biogas composition and the gross calorific value. Brewery boil water and tank bottom have the 

highest energy value per tonne, with spent grain has the lowest. However, the spent sample 

contained only 80 g/L of dried grains which are 4.5 times fewer solids than brewery boil water. 

Industrial spent grain waste from breweries could contain more solids. At the same total solids 

content, the spent grain would be in a similar region with a gross caloric value of 420.43 kWh/tonne. 

Faecal sludge had one of the lowest energy values per tonne, but it produced the highest methane 

content within the biogas at 66%.  

 

 

Figure 3-1: Wastewater and Sludge Biogas and Energy Value 

From the theoretical biogas and energy potential analysis of faecal sludge, you could generate 

approximately a net energy value of 161,283 GWh of energy per year globally from untreated waste 

(Table 3-4). The energy value is based on the average human excrement values and the 2.4 billion 

people that do not have access to sanitation (WHO, 2019). The energy produced just from the faecal 

sludge could provide roughly enough energy for 51.5 million people using the average global energy 

demand per capita.  
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Table 3-4: Global Biomethane Energy Value from Faecal Sludge 

  References 

Daily personal faecal sludge 

production 

1.65 kg/day  

Yearly personal faecal 

sludge production 

0.60225 tonnes/year  

Global untreated Faecal 

Sludge  

1,626,075,000 tonnes/year  

Global Net Energy Value  161,283 GWh/year  

Average Global Energy 

(electricity) per capital  

3132 kWh (World Bank, 2014) 

 

Table 3-5 shows the estimated theoretical energy production for different breweries sizes and the 

estimated waste production (SIBA, 2020). The average energy value for brewery tank bottom, boil 

water and spent grain was used (229 kWh/tonne) to calculate the theoretical net energy production. 

The theoretical biogas calculation for brewery wastewater treatment also offers significant benefits 

with it’s higher energy value. The breweries also have the benefit of offsetting their high volumes of 

heat and electrical energy required for the brewing process. 

Table 3-5: Brewery Biomethane Energy Value per size 

Brewery Size  

Annual production levels 

Average combined waste 

(tonnes/year) 

Combined Theoretical Energy Production  

(Brewery tank bottom, boil water & spent 

grains) 

0-999HL 196 45 MWh 

1,000-4,999HL 928 213 MWh 

5,000-29,999HL 3,207 734 MWh 

30,000-59,999HL 11,920 2730 MWh 

60,000-200,000HL 50,825 11640 MWh 

 

3.5 Conclusion 

Multiple wastewater streams offer attractive feedstocks for treatment using MEC and EMR. Both 

could provide energy production or energy-efficient wastewater treatment, offering a more 

sustainable solution than current solutions. Table 3-2 gives a quick estimation of the expected 

treatment time for MEC treatment to be competitive with current aeration systems. The feedstock 

analysis also indicates that both faecal sludge and brewery wastewater could benefit from bioenergy 

recovery through conventional AD systems. Further analysis into both waste streams is needed to 

understand what benefits MEC could bring compared to alternate technologies. Such as AD which is 

used for energy recovery but has long treatment times and aeration which is used for quick organic 

removal but is energy intensive.  
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MEC and EMR offer different configurations and operational parameters that make some more 

suitable than others in certain situations. Assessing which technology is most suitable for 

decentralised wastewater treatment is dependent on the application. The research focus on access to 

safely managed sanitation and onsite industrial wastewater treatment to help define a route to 

commercialisation.   
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4 Chapter 4 - The Route to commercialisation 

For any technology to progress from the laboratory to the field, it needs to be cost-effective. A 

Technological Economic Analysis (TEA) is essential to advance this technology for commercial use. 

More information is required for a detailed examination of the technology, the investment required, 

and market conditions to assess the suitability of the technology for widescale use. 

 

4.1 Economic & Cost Analysis  

The economic analysis of energy technologies include a Life Cycle Costing (LCC) analysis to allow the 

identification and evaluation of operational and capital costs (OPEX and CAPEX). Output results will 

include financial service values (revenue streams) and Levelised Cost of Energy (LCOE) targets 

(expressed as £/kWh, £/m2 and £/kWh/cycle). LCOE is a measure of the average net present cost of 

electricity generated from a facility over its lifetime. Assessments should include figures on the 

possibility of cost reduction through operational optimisation of services and collocation synergy 

(with renewables and energy storage solutions), as well as other economic figures such as Net Present 

Value (NPV) and Return of Investment (ROI). The LCC assessment should be performed in parallel to 

the Life Cycle Assessment (LCA), making the same assumptions. Using these calculations will help to 

define future costs, business models, economic strategy and risks for MECs.  

Obtaining low CAPEX is crucial, and lower manufacturing costs are needed to make MECs 

economically viable (Escapa et al., 2012b). With the main costs associated with the anode and current 

collectors which can equate to 94% of the total system (Aiken et al., 2019). In Table 2-1, only two 

papers show the cost of the system, and the full energy demand of the system is not shown in any of 

the systems. The limited data highlights a crucial gap in the research hindering the commercialisation 

of MECs for wastewater treatment. A case study of MECs to treat urban wastewater in Saudi Arabia 

showed that there is potential for commercialising MECs even with their current limitations (Khan et 

al., 2017). However, further analysis and pilot studies are required. 

Traditional wastewater treatment is energy-intensive, requiring approximately ∼1 kWh to oxidise 1 

kg/COD through activated sludge, therefore, treating 1 m3 of wastewater would require ∼0.5 kWh 

(30 kWh per capita per year) (Rabaey and Verstraete, 2005). In the current UK market, 1 kWh of 

electricity is £0.144 or $0.186. The electricity cost of treating 1 m3 of urban wastewater is 

approximately £0.072/$0.093. Activated sludge treatment generates 0.4 kg of sludge per 1 kg of COD 

treated, resulting in further processing which is commonly anaerobic digestion (AD) (Rabaey and 

Verstraete, 2005). MECs offer an attractive option to reduce COD and generate energy, although 

currently most of the systems do not achieve >100% energy efficiency. Using MECs to reduce the COD 

and BOD of wastewater more efficiently compared to activated sludge is an attractive proposition for 

water utilities to have energy savings and reduce carbon emissions. Alternatively, MECs could be used 

to treat the sludge independently or integrated into AD. However, before MECs can be widely used 

commercially, the CAPEX will need to be reduced as current systems are approximately 248 times 

more expensive than activated sludge systems (Aiken et al., 2019). Even with reduced OPEX, the 

current cost will be a barrier for many financers globally.  
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Escarpa et al. developed three case studies assessing the economic costs of integrating MEC systems 

into a wastewater utility to identify the purchase price for the MEC per m3.  MECs have improved in 

performance since the research, and only scenario's 2 and 3 are included in Table 4-1. The analysis is 

based on individual cassette MECs stacked together and shows a purchase cost of £396 to £1149 *1 

per m3 (Escapa et al., 2012b). From literature, reaching the higher purchase price seems feasible when 

compared to current pilot system costs. Where the construction cost of Cotterill et al's system was 

£1308/m3 (Cotterill et al., 2017a) and Heidrich et al.’s £2344/m3 (Heidrich et al., 2013b), when 

considering the economies of scale through mass manufacturing the lower purchase price may be 

possible. Along with the purchase cost, the system performance is crucial and, in this case, neither of 

the studies were able to achieve both a 44% COD reduction and 50% CCE. However, the targets seem 

obtainable with both studies close to meeting the performance requirements. The low-cost system 

with a working volume of 175 L using graphite felt anodes, stainless steel wool and rhinohide 

membranes achieved a 63.5% COD reduction. The system failed to get high coulombic efficiency 

getting below 10% at an applied voltage of Vapp = 0.9V and 5h HRT (Cotterill et al., 2017a). The high-

cost system had a higher coloumbic efficiency of 55% but a COD reduction of 34%. The system had a 

working volume of 120 L using carbon felt anodes, stainless steel wool and rhinohide membranes at 

an applied voltage of Vapp = 1.1V and 24h HRT  (Heidrich et al., 2013b). Both systems were operating 

on urban/municipal wastewater. However, the high cost system had a lower organic loading rate at 

140 g/m3/day compared to the scenario, which is set at 8800 - 17,500 g/m3/day. These values were 

set by Escarpa et al., to allow the systems to a current density of 2.5 A/m2 and 5 A/m2 that would be 

in line with moderate and optimistic system improvements respectively (2012b).  

 

Table 4-1: Estimation of MEC costs integrated into WWTP Parameters – Table adapted from (Escapa et al., 2012b). 

Parameters Escarpa et al., Scenario 2 - 3 

COD Removal  44% 

Energy Consumption  1.0  - 0.9 kWh kg/COD 

Cathodic Coulombic Efficiency 
(CCE) 

50% 

Hydrogen Production 0.6 – 0.8 m3/m3/day 

Organic loading rate  8800 - 17,500 g/m3/day 

MEC Volume  2200 – 1100 m3 

MEC Purchase Price  396 to 1149 *1 £/m3 

 

*1 converted from EUR at current EUR:GBP exchange rate of 1:0.8 

Aiken et al., built on Escarpa et al.’s previous work simulating seven scenarios using real-world 

conditions, pilot data and lower operating temperatures (1oC to 22oC) (2019). The study used Heidrich 

et al.’s pilot study that had a higher cost of £2344/m3 as the baseline system performance (2013b).  

The different scenarios explored in the research changed market conditions and the MEC 

performance to guide future research and create targets for researchers. The comparative study used 

Activated Sludge (AS) for the competing technology. The NPV was calculated for the MEC to see at 
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what stage the organic loading rate made the technology more economically viable than AS (Aiken et 

al., 2019). The NPV shows the difference between the present value of cash inflows and the present 

cash outflows and is used in budget planning to assess the profitability of a project. The baseline 

assumptions are indicated in Table 4-2 and the other six scenarios were built around these. The paper 

found that MECs at the current design will have a CAPEX of £42.7 million compared to the £172,000 

for activated sludge. However, the energy demands are £11,000 and £106,000 respectively. The 

material cost was the most significant part of the system equating to 99% of NPV for MECs. For MECs 

to become economically viable, the system costs need reducing by 84% to £375/m3 with an OLR 

between 800-1400 g-COD/m3/d and reaching a current density of 2-3 A/m2 (Aiken et al., 2019). One 

of the challenges both of the studies highlighted was that systems need to achieve higher OLR. Using 

MECs for municipal wastewater treatment means that a lower HRT are required with a maximum HRT 

of 8.5h based on a COD of 500 mg/L. From the studies in Table 2-1 two of the MECs had an HRT below 

8.5hr (Carlotta-Jones et al., 2020; Cotterill et al., 2017a). Carlotta-Jones et al, system had a 44.5 times 

higher normalised HRT reaching 0.0668 m3-H2/m3
reactor in an 8L MEC with carbon fibre and titanium 

plate anodes and stainless steel wool cathodes at a Vapp = 1.0V (2020). The only other study that 

achieved an OLR above 1400 g/m3/day with non-urban wastewater was Cusick et al.’s system. The 

MEC was fed winery wastewater with an HRT of 24hrs and a COD range of 700-2000 mg/L (Cusick et 

al., 2010).  

Table 4-2: Baseline Parameters for MEC vs Activated Sludge Analysis – Table adapted from (Aiken et al., 2019). 

Parameters  

Price of Electricity  £0.1 kWh 

Input Power 1.1V, 0.3A 

Cathodic Coulombic Efficiency 

(CCE) 

50% 

Hydrogen Production 0.015 m3/m3/day 

Organic loading rate  140 g/m3/day 

Hydrogen Purchase Price £3.55/kg  - £2.66/kg 

 

Cusick et al., found that the value of energy recovered (hydrogen) in MECs is £0.15±0.05/kg-COD (*2) 

(Cusick et al., 2010). A 1m3 MEC treating urban wastewater with a COD of 400 mg/L at an OLR of 2000 

mg COD/ L/ D-1  would treat 5 m3 a day. The MEC would treat 2 kg of COD generating £0.30 of energy 

a day or £109.50/year. The energy demands of an activated sludge treatment would equate to 

approximately £0.72/day or £262.80/year. If MEC systems are designed to have comparable power 

consumption, then they could see a significant reduction in OPEX as they will create value through 

energy generation.    

*2 converted from USD at an $:£ exchange rate of 1 : 0.77 

Escapa et al. 's analysis show that MEC's become economically viable when the cost is reduced to 

1038 £/m3 (*1), energy consumption is 0.9 kWh kg/COD and current densities of 5 A/m2. However, 

these costs are based on lab-scale systems and operational temperatures of 30oC. A system cost of 

£375/m3 with an OLR between 800-1400 g-COD/m3/d and applied voltage of Vapp = 1.0V provides 
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researchers with a target based on a real-life case study. Currently, only a few economic studies on 

MECs are presented base on urban wastewater treatment. Further analysis of EMR and MEC-AD 

integration and alternative waste streams should be explored. Building on techno-economic 

assessments of AD systems can provide insights into the economic benefits of EMR over standard AD 

systems as well as the technical improvements that have been reported in multiple studies (Yu et al., 

2018). Creating a standardised TEA and life cycle assessment is crucial to allow comparative and 

reproducible analysis that can guide investors and policymakers (Rajendran and Murthy, 2019). Both 

of TEA and LCA’s do not always capture all of the social impact and effects. A Social Organisational 

LCA is a new approach to capture the social impact over a products lifetime (Martínez-Blanco et al., 

2015). 

 

4.2 Hydrogen or Methane Production as the route to industrial implementation 

The potential of hydrogen as an energy carrier is becoming more economically viable. The need for 

integrated energy storage is increasing with the demand to store renewable energy (Pandev et al., 

2017). Most of the research focuses on recovering H2 rather than CH4. In an ideal situation, the aim 

would be to generate pure hydrogen, for use to manufacture other chemicals or used in the various 

energy recovery technologies. Otherwise, the gas will likely require post-processing to remove 

impurities which can increase the cost of the systems. Generating pure hydrogen has proved difficult 

in MEC studies with only Heidrich et al. achieving 100% purity but at low volumes (0.015m3 gas-1 m3 

reactor volume-1 day) (Heidrich et al., 2013b).  

Research has been led down the route for hydrogen as it has a higher energy content than CH4 (Katuri 

et al., 2019). The net heating value of H2 is 120 MJ/Kg and the high gross heating value is 142 MJ/Kg, 

and CH4 is 50-55.5 MJ/kg respectively. The majority of assumptions are also based on the hydrogen 

being used in fuel cells and the relevant Gibbs free energy. If the gas is used for combustion then the 

standard enthalpy must be taken into account and this is when gas mixes (H2 + CH4) can add value and 

can see a 20% increase in energy yields (Rousseau et al., 2020).  

Hydrogen also adds complexity to the system design and operation. Hydrogen requires sophisticated 

storage and processing equipment which is often costly. For energy generation, CH4 offers an 

attractive alternative as there is extensive infrastructure to store and convert CH4 into electrical and 

thermal energy. Most research does not indicate the full composition of the gas but from the data 

collected in Table 2-1 clearly shows that at the pilot-scale Cusick et al. 's system generates the highest 

amount of energy (11.31MJ/day) (Cusick et al., 2011a), where methane is the energy carrier. The 

paper with the highest energy production is San- Martin et al (462.56 MJ/Day) through hydrogen 

production at 98% purity (San-Martín et al., 2019). However, the system is a scaled-up bench system 

(16L) which often prove to have higher performance than pilot systems.   

Bastidas-Oyanedel and Schmidt found the average prices of Methane to be £308/t*2 and hydrogen 

production costs to be (£462–1386/t_H2
*2) based on the production costs of hydrogen from natural 

gas (Bastidas-Oyanedel and Schmidt, 2018). Hydrogen is 1.5 – 4.5 times more valuable if it is required 

for the manufacture of other chemicals. In the case of onsite energy generation, then the value for 
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both methane and hydrogen will come down to the LCOE and Levelised Cost of Heat (LCOH) that is 

generated and utilised onsite.  Cusick et al. found that an MEC was able to generate hydrogen at 

£3.47/kg*2 (Winery WW) and £2.31/kg-H2
*2 (Urban WW) (Cusick et al., 2010), which is significantly 

higher than when produced from natural gas.  

Gas storage will play a significant role in the commercial viability of the system and reducing the 

storage complexity, cost and parasitic energy requirements are key for global hydrogen economy 

structure. It has been proposed that MECs can be coupled with renewable power sources (Chae et al., 

2009; Wan et al., 2015), where the gas could be used stored as chemical energy and utilised when 

there is no wind or sun. CH4 also has a higher energy density than hydrogen, making it a more viable 

option to be stored in bladder bags at low pressure removing the need for compressors which will 

significantly reduce the system efficiency. However, storing low-grade biogas (50-60% CH4 and 40-

50% CO2) from AD is not attractive due to the energy input to store the gas at (250psi) equating to 

10% of the energy value  (Bastidas-Oyanedel and Schmidt, 2018).  MECs produce higher quality biogas 

with methane concentrations reaching 86 +/- 6 % (Cusick et al., 2011a), making long term storage a 

more attractive option.  

ADs generate hydrogen sulphide (H2S) which needs to be removed as it is a toxic gas and can produce 

sulphuric acid in the presence of water. For long term storage, water vapour and hydrogen sulphide 

will need to be removed to stop corrosion of the storage vessels, and the cost of removal can increase 

the CAPEX of AD facilities (Bastidas-Oyanedel and Schmidt, 2018). Sulphides also need to be removed 

from wastewater. MECs are capable of removing sulphides in wastewater between 57-62.5% (Y. Jiang 

et al., 2014). With continuous systems removing sulphide 11 times faster than batch processing 

systems (Luo et al., 2014). With an applied voltage of 0.8 - 0.9V, Liu et al showed that sulphates were 

converted into HS- (22%), S 2-(36%) but H2S was the dominate product (2014). When MECs are 

designed to produce pure hydrogen, the cathode will be in a separate chamber with a catholyte to 

increase hydrogen production efficiency, meaning it is less likely to produce H2S. However, the 

construction costs will increase with the added cost of the membrane and the increased complexity 

of the system design.  

There is a range of technologies and manufacturers of energy production systems that can utilise biogas 

that range from kWh to MWh capacity including; reciprocating engines, microturbines, fuel cells, gas 

turbines, steam turbines and combined cycle systems (Trendewicz and Braun, 2013). Biogas can also 

be upgraded to biomethane for injection back into the grid if the system once it reaches a particular 

scale (Bastidas-Oyanedel and Schmidt, 2018). Fuel cells have high-efficiency low pollution emissions 

compared with the other technologies mentioned. Higher efficiency results from the direct chemical 

energy conversion into electricity instead of combustion. However, with any emerging technology fuel 

cells have a high CAPEX (Trendewicz and Braun, 2013). Solid Oxide Fuel Cells can operate with mixed 

fuels including methane and hydrogen and offer an attractive option for both hydrogen and/or 

methane production from MECs and EMRs.  
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4.3 Discussion & Outlook 

The research into MECs and EMRs is growing for wastewater treatment. However, there is not yet an 

obvious route towards commercialisation. Future research should include new parameters to guide 

system design and material selection. As shown in appendix 13.1 Table 13-1, there is a lack of 

consistency in data reporting. The lack of information makes it challenging to compare studies and 

the data cohesively, in order to determine what parameters improve performance. Researchers 

should, as a minimum, record feedstock (type and COD content), inoculum source, system design 

(batch/flow, architecture, scale, electrode materials and surface area, cost), operational factors (HRT, 

duration, start-up period, applied voltage, temperature) and outputs (gas production and 

composition, energy production, cathodic coulombic efficiency, COD removal (%) and COD output). 

One of the main factors indicated is the cost-effectiveness of a system, which currently has high 

manufacturing costs. There are many ways to improve system performance; however, this can lead to 

a considerable increase in complexity and cost. Researchers need to optimise the system using readily 

available materials and manufacturing techniques to reduce cost as the CAPEX is a crucial factor for 

the viability.  

In terms of electrode materials, untreated carbon anodes and stainless-steel cathodes are currently 

the most viable option and are used consistently in research. A cost-benefit analysis needs to be 

carried out on anode and cathode materials including availability of material and its life span. 

Corrosion resistance is of particular importance to the longevity of the electrode, which will directly 

affect the OPEX. Electrodes should ideally last multiple years to reduce downtime for maintenance 

and operational cost for new components. There is little research on longevity beyond a year in the 

pilots and this will be an area of interest for the industry in determining the commercial viability of 

MECs or EMRs . The research also indicates that there is a lack of knowledge in the best practice to 

scale the electrode size which impacts the commercialisation of these technologies. Research shows 

that electrode materials and designs that perform well in the lab may not be effective when 

implemented at scale..  

Comparing MEC and EMR systems to alternative wastewater treatment systems, both in terms of cost 

and efficiency, is imperative when getting the industry to adopt the new technology. When 

comparing BESs to AD, further research regarding the start-up period for COD reduction should be 

explored as long start-up times are a drawback of AD. The start-up is crucial as it can affect the 

suitability of the technology.  Long start-up times may not be possible in some commercial 

applications, where waste needs to be treated straight away to avoid pollution. Future research about 

the start-up period for waste removal along with effective start-up procedure will increase the 

attractiveness of the technology. 

Another area to explore is how we implement technologies and in what markets. Both can give new 

insights into the economic benefits and business cases for adoption. One possible route could be to 

focus on the possibility of MECs and EMRs to create hydrogen and methane respectively, and store 

the energy for later use. In some countries, renewable energy production is exceeding consumption. 

It is becoming more common to see headlines like "German renewables meet 100% of power demand 

for the second time ever" (Clean Energy Wire, 2018) or “Costa Rica's electricity generated by 
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renewable energy for 300 days in 2017” (Embury-Dennis, 2017). During the low peak, energy demand 

periods excess solar or wind energy could be converted into chemical energy and stored. Methane 

and hydrogen can both be stored without degrading, unlike battery storage. Using a chemical energy 

storage option is another route to assess the economic viability of MECs and EMRs.   

There are several factors that determine whether hydrogen or methane production is favoured, 

including the scale and location of the site. Currently, due to the maturity of the methane and biogas 

infrastructure, electro-methanogenesis may be the most feasible route to market. Methane 

infrastructure is mature, and methane can be easily stored. Therefore, bio-electrochemically 

generated methane can be directly connected to existing gas infrastructure for use in cooking and 

transportation. However, the hydrogen economy is predicted to become a significant part of 

decarbonising our energy network with extensive research being conducted worldwide to make 

hydrogen a viable fuel. There are great challenges in both hydrogen storage and end of use. 

Therefore, EMR and methane production can then act as a stepping-stone for MECs and hydrogen 

production, as the market matures.  

4.4 Summary 

Bioelectrochemical wastewater treatment provides an opportunity for sustainable and efficient 

wastewater treatment method with promising results in many lab-scale studies. There is, however, a 

discrepancy between lab-scale studies and pilot-scale studies that is hindering the commercialisation 

of this technology, indicating that more pilot-scale research is critical. It is yet to be fully understood 

how electrode design, influent and inoculation, are affected when systems are significantly scaled up. 

Through economic analysis, it can be concluded that the high CAPEX acts as a significant barrier and 

dramatic reduction in costs are needed to make these technologies economically viable for use in 

industry. Electrode materials account for the most considerable capital cost and, therefore, optimised 

biofilm formation is paramount to minimise the electrode costs. Research in low-cost materials, 

manufacturing methods and component lifetime should become a focus of future research.  

Assessing the practical implementation should also be a focus. Comparing other wastewater 

treatment methods such as aeration and anaerobic digestion with the CAPEX, OPEX and efficiency of 

MEC and EMR systems will help justify the use of the technology in the industry. Focusing methane 

production may be the most viable route to the commercialisation of this technology in the interim. 

The research will focus on the route of methane production using EMR, combining both an academic 

and industrial focus to accelerate the commercial adoption.   
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5 Chapter 5 - EMR Brewery Wastewater Treatment Methodology 

 

5.1 Introduction 

The chapter discusses the scale-up of electro-methanogenic systems to treat brewery wastewater.  

With changing regulation within developing parts of the world, regulatory barriers are increasing, 

putting greater restriction on business discharging their effluent. The National Environment 

Management Authority of Kenya (NEMA) recently shut down multiple businesses that are polluting 

into local environments (Onyango, 2019). EMR offers an attractive way to treat brewery wastewater 

and wastewater from the food and beverage industry, which is high in organics and is produced at a 

significant quantity.  

The research were to validate EMR technology to provide decentralised wastewater treatment and 

energy production for breweries. The project developed an understanding of the EMR capabilities to 

treat brewery wastewater to meet regulatory standards and what tertiary treatment is required post-

treatment.  The research informed future collaborations with Forest Road Brewery that is interested 

in implementing both wastewater treatment and bioenergy production from their different waste 

streams. Currently, the wastewater that is produced consists of tank bottoms and effluent from 

reverse osmosis. The tank bottoms are comprised of various organic molecules from the yeast, beer 

and trub, which can be treated with EMR. Effluent from the reverse osmosis portion of brewery 

wastewater does not contain organics and will not be assessed during the study. Forest Road Brewery 

also produces 275 tonnes of spent grain per year which is high in organics and is a prime feedstock for 

biogas production at the brewery.  

 

5.1.1 Method 

The section explains the experimental methodology for the lab research into series and batch EMR 

treatment. Figure 5-1 shows the reactors setup. The reactors are heated to increase methanogenic 

activity using a Lerway 17.5W Heating Mat, and insulated using Thermo Wrap Insulation with an R 

Value of 1.455 m2 K/W from tool station. The influent flows upwards from the bottom to increase 

mixing and solid retention within the reactor. All the reactor ports are below the water level to reduce 

any gas leaks. Both the gas and water outlets have tubes that go up to the top of the tank illustrated 

in Figure 5-1. The temperature was measured within the reactor using a Diymore 5PCS DS18B20 

Waterproof Temperature Sensors Probe. Each reactor contains 4 electrodes, 2 cathodes and 2 anodes 

that are connected in series to a HULKIN SPS-3005D 30V 5A variable DC power supply. The reactors 

have a total volume of 2.5L, with a liquid volume of 2.3L and a gas volume of 0.2L.  

The anodes are carbon fibre brushes, and the cathodes are stainless steel GAC pockets. Both the 

anodes and cathodes were connected using 0.1 mm titanium sheet that is connected to 1mm 

titanium wire. Outside the reactor, a terminal connector connects the titanium wire to a copper wire 

that connects to the power supply.  

https://www.amazon.co.uk/gp/product/B07CQRXH52/ref=ppx_yo_dt_b_asin_title_o08_s00?ie=UTF8&psc=1
https://www.amazon.co.uk/gp/product/B07CQRXH52/ref=ppx_yo_dt_b_asin_title_o08_s00?ie=UTF8&psc=1
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Figure 5-1: EMR Reactor Setup 

 

5.2 Operational Conditions 

The reactors are heated to 30OC to maintain mesophilic temperatures.  

For experiment 1 synthetic brewery wastewater continuously flows through the reactors at an 84 mL 

an hour to give a 24, 48, 72 and 96 hour HRT for reactors 1, 2, 3 and 4 consecutively which are 

connected in series. Within the batch experiments 2 and 3 the wastewater is recirculated within the 

reactors, at a set rate of 24 hour.  

Experiment 1 ran for a total of 30 days with waste being flowed into the system and then left for a 

further 14 days. Experiment 2 ran for a total of 21 days using the pre-inoculated electrodes from 

experiment 1. Experiment 3 ran for a total of 28 days using the pre-inoculated electrodes from 

experiment 1 and 2.  

The reactors had an Up-flow Velocity (Vup) of 0.00125 m/hr. The Vup is calculated using Equation 5-1.  

Equation 5-1   𝑈𝑝𝑓𝑙𝑜𝑤 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑉𝑢𝑝) =  
𝑅𝑒𝑎𝑐𝑡𝑜𝑟 ℎ𝑒𝑖𝑔ℎ𝑡 (𝑚)

𝐻𝑅𝑇 (ℎ𝑟)
 

 

The optimum cathode potential for methane production was found to be -1.1 V which was achieved 

with 1.0V (Lim et al., 2020). The study used a potentiostat to analyse the voltage potential at the 

electrodes. However, this research is unable to understand the exact voltage potential achieved as a 

potentiostat is not available. With this in mind and with research suggesting methane concentrations 
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increase at high Vapp's an initial Vapp of -1.1 V was used. The applied voltage was reduced to 0.8 V 

after 29 as further analysis into MEC-AD systems operating on brewery wastewater were found to be 

optimal (Sangeetha et al., 2016). Although the study found the most efficient system to be a nickel 

cathode over stainless steel used for this research. 

 

5.2.1 Feedstock Composition 

The experiments use different feedstocks as detailed below. 

Synthetic Brewery Wastewater 

Synthetic brewery wastewater is used to create a controlled waste stream that will simulate tank 

bottom wastewater generated during the brewing process which contains yeast (60-70%), Beer (25-

30%) and trub (5-10%) which contains sediment and hops after the fermentation phase. The 

compounds used to make the synthetic waste are shown in Table 5-1, and the substrate composition 

is in Table 5-2. 

Table 5-1: Synthetic Brewery wastewater recipe – method for 1L at a low and high concentration 

Chemical Formula Concentration 

Low Strength 

 

High Strength  

Justification 

Yeast Extract 
 

1000 mg/L 2000 mg/L Carbon Source 

Malt extract 
 

4000 mg/L 8000 mg/L Carbon Source 

Sodium hydrogen 

phosphate 

NaH2PO4 80 mg/L 160 mg/L Phosphorus source & 

buffer 

Disodium hydrogen 

phosphate 

Na2HPO4 140 mg/L 280 mg/L Phosphorus source & 

buffer 

 

The reactors are fed 2.3 L of synthetic brewery wastewater a day with a VS content of 94.1% and a 

pH ranging between 5.6 and 6.5. The VS loading rate was set at 2.7 g/L/day using the low strength 

brewery wastewater for the first reactors in the series for the first 10 days. The effluent from reactor 

1 flowed in reactor 2 and continued across the series of four reactors to have a total 96 hour HRT. For 

the duration of the experiment, the VS loading rate was increased to 5.1 g/L/day using the high 

strength brewery wastewater and continued to flow in series through the reactors. 
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Table 5-2: Synthetic Brewery wastewater composition 

 
TS (g/L) VS (g/L) VS (%) COD (mg/L) 

Synthetic Brewery Waste 
(Single strength) 5.05 4.75 94.1% 3903 ± 137 

Synthetic Brewery Waste 
(Double strength) 

9.5 8.85 93.2% 8816 ± 1412 

 

Spent Grains 

Breweries generate significant volumes of spent grain, which could become a valuable resource to 

generate bioenergy onsite that can be used for heating and electricity production. The research uses 

a combination of three different grains, Crafty Brews crystal malt: chocolate malt: cara malt at a ratio 

of 2:1:1. The VS loading rate was calculated to assess the correct loading for the digestors. In practice 

the grains will need to be broken down in a macerator and chopper pump. 

The VS for dried spent grains are approximately 96.1% (Panjičko et al., 2017). Typical loading rates of 

AD systems are between 1.6 - 3.2 kg VS/m3/day. An upper VS loading rate for a wet digester is 5-6 kg 

VS/m3/day, with a majority of ADs operating between 3-4.5 kg VS/m3/day (ADBA, 2017). The United 

States Environmental Protection Agency’s AD calculation tool ‘Introduction to the Anaerobic Digestion 

- Project Screening Tool (AD-PST)’ suggests a VS loading rate of 1.6-3.2 kg VS/m3/day (US-EPA, n.d.). A 

total of 33.12 g of VS was added to each reactor equivalent to 6 times a VS loading rate of 2.4 g/L/day 

to establish a VS concentration of 14.4 g/L. The experiment was continued for 21 days to ensure the 

full breakdown of the organics during the experiment.  

 

Brewery Boil 

Brewery boil water was collected from the production of a dark brown ale brewed at WASE. The boil 

water was then blended to reduce the size of the solids allowing them to be circulated through a 

peristaltic pump. Below Table 5-3 shows the substrate analysis.  
 

Table 5-3: Brewery Boil Substrate Analysis 

 
Turbidity 

(NTU) 

TDS g/L TSS g/L TS g/L VS g/L VS (%) COD mg/L 

Brewery Boil  18400 95 200 206.9 202.6 97.92 81455.1 

 

The brewery boil have a VS content of 97.92%, the reactors each had 240mL of boil added to the 

digestate. A total of 48.6 g of VS were added, increasing the VS concentration by 45% to 21.1 g/L.  
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5.2.2 Inoculation 

Each EMRs had 2L of digestate from a 50L lab AD system that was operating on food waste to 

inoculate the systems. The digestate was filtered to remove any large particles from the digestate to 

reduce any sludge build-up within the system. After the digestate was inserted into the reactors the 

system was sparged with nitrogen and left for 7 days with an applied voltage of 1.1V. The seven-day 

period was to allow the biofilm to start developing on the anode and cathode with the set 

differentials. The seven day period also allows the organics in the digestate to be broken down 

further, and all the methane and carbon dioxide has off-gassed. Nitrogen sparging for 1-minute was 

to ensure an anaerobic environment by removing dissolved oxygen and oxygen in the reactor 

headspace. After the 7 days, the synthetic brewery wastewater was flowed through the system. After 

seven days of flowing the synthetic brewery wastewater into the reactors, an additional 1L of 

digestate from an AD system was flowed directly into each reactor to increase the micro-organisms 

within the bulk liquid. After the first 30 days of the first experiment spent grain was added to the 

reactors and left for 14 days to increase the biofilm growth and reduce microbial washout. 

For the subsequent experiments comparing EMR to AD, the same EMR electrodes from reactor 2-4 in 

experiment 1 were re-used in the EMR to remove the need for long inoculation periods. To bolster 

the micro-organisms within the bulk liquid of the EMR and AD system the effluent from the first 

experiment was mixed together and 2.2 L of effluent was redistributed to each of the 3 EMR and 3 AD 

reactors. The reactors were sparged with nitrogen to remove any dissolved oxygen. After sparging the 

reactors were left for 7 days to off-gas after the reinoculation to breakdown any remaining organics 

within the effluent. After the seven day period the spent grain waste was added to the reactors. 

For experiment 3, the reactors were emptied from experiment 2 and the AD, and EMR effluent was 

mixed. 1.3 L of the effluent was then added to each of the EMR and AD systems to ensure an even 

spread of the micro-organisms across the reactors. The reactors were sparged with nitrogen to 

remove any dissolved oxygen. After sparging the reactors were left for 7 days to off-gas after the 

reinoculation to breakdown any remaining organics within the effluent. After the seven day period, 

the brewery tank bottom waste was added to each of the reactors.  

 

5.3 Electrode Preparation 

Carbon fibre brush electrodes were prepared using carbon fibre (bare carbon fibre string, Fibraplex) 

cut into 87 x 5cm lengths; this made a brush with a TPI of 200,000 per inch. The brushes were trimmed 

to have a radius of 20mm. Brushes had a total of 1,040,000 strands with a total surface area of 11,438.6 

cm2 per brush. Grade 1, 0.8 mm Titanium wire was used as the core of the brush, which also acted as a 

current collector (Figure 5-2 and Figure 5-3).  

The research used a combination of both SS and GAC for the cathode to increase the conductivity and 

the surface area. The 3D GAC provides a bed for methanogenic bacteria to form near to the surface 

where hydrogen production occurs. The cathode pockets are fabricated using 304 stainless steel 40 

mesh (Figure 5-2 and Figure 5-3). The mesh is seam welded to create a pocket for the GAC (15 x 4 cm) 
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with a total surface area of 120 cm2. The pockets are filled with 27g of GAC (Chemviron Carbon - 

Environcarb 207C). The GAC creates a fixed bed for a methanogenic biofilm to form at the point of 

hydrogen production to accelerate methane production. The GAC has a surface area of 21,600 m2. 

The total specific surface area of the cathode is 92,991.3 cm2/ cm3. 

 
Table 5-4: Electrode Characterisation 

 

 

 

 

 
 

 

Figure 5-2: Carbon Brush Anode & Stainless Steel Pocket & 

GAC Cathode - Front View 

Figure 5-3: Carbon Brush Anode & Stainless Steel Pocket & 

GAC Cathode - Side View 

 

5.4 Experimental Setup  

Figure 5-4 shows the system flow diagram for one of the series treatment setups. The setup is 

duplicated for a repeat experiment. The synthetic brewery wastewater is mixed and inserted into a 5L 

storage tank. A peristaltic pump flows the wastewater into the bottom of the first reactor. The four 

reactors connect in series with the wastewater flowing out the top reactor and into the bottom of the 

next. A T-connector is in between the reactors with a ball valve for wastewater sample collection 

between the reactors. Each reactor has a separate DC power supply for the electrodes.  

The batch experiments use the same reactors and electrodes from the series setup to simulate the 

operation of an EMR with a mature biofilm. The wastewater flows out the top and into the bottom of 

the same reactor to agitate the bulk liquid. There is a sampling port on both the outlet and inlet for 

Electrode  Electrode Specific Surface 

Area (cm2/cm3) 

Dimensions 

(mm) 

Carbon Fibre Brush 4.92 130 x 30 

Stainless Steel GAC Pocket 92991.27 150 x 40 
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samples to be taken during the experiment shown in Figure 5-5. Pictures of the experimental setup 

are shown in Figure 5-6 and Figure 5-7.  

The operational conditions for the three experiments and feedstocks is shown below Table 5-5.  

Table 5-5: Operational Conditions: 

Feedstock 

 

Inoculum COD Input  

Range 

(mg/L) 

Scale  

(L) 

Specific Anode 

Surface Area  

(m2/m3)) 

Specific Cathode 

Surface Area 

(m2/m3)) 

HRT 

(hrs) 

Duration 

(days) 

Voltage 

Applied  

(V) 

Temp  

(C) 

Synthetic 

Brewery 

wastewater 

Digestate from 

a food waste 

AD system 

3903 - 8816 

mg/L 

10L  

Series  

4 x 2.5L 

22877.2 cm2/ 

cm3 

92,991.3 cm2/ 

cm3 

24, 48, 72 

& 96 

60 (+7 

inoculation) 

1.1 (0-

30days) 

0.8 (31-

45 days) 

≈30 

Spent  

Grains 

Effluent from 

EMR synthetic 

brewery 

wastewater 

 2.5L  

3x2.5L EMR 

3x2.5L AD 

22877.2 cm2/ 

cm3 

92,991.3 cm2/ 

cm3 

Batch 21 

(7 days 

starving 

beforehand) 

0.8 ≈30 

Brewery  

Boil 

Effluent from 

EMR & AD 

spent grain 

 2.5L  

3x2.5L EMR 

3x2.5L AD 

22877.2 cm2/ 

cm3 

92,991.3 cm2/ 

cm3 

Batch 28 

(7 days 

starving 

beforehand) 

0.8 ≈30 
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Figure 5-4: Brewery wastewater series EMR analysis - System Flow Diagram showing 1 of 2 identical setups 

Wastewater 
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Figure 5-5: Upflow EMR & AD Batch Analysis - System Flow Diagram showing 1 of 3 identical setups  

Wastewater 
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Figure 5-6: Brewery wastewater series (Duplicates) and 

batch EMR and AD analysis – Experimental setup 

Figure 5-7: Brewery wastewater series (Duplicates) and 

batch EMR and AD analysis – Heating jackets removed 

 

5.5 Analytical Measurements 

Below are the various parameters measured to analyse the system performance at treating the 

different waste streams. The experimental data is duplicated twice for the series experiments and 

three times for the batch experiments to reduce errors. Multiple samples were taken and stored to 

enable repeats if the experimental error of the analysis was great than 5% using a set standard. 
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5.5.1 Gas Analysis 

The biogas flows through two filtration columns; the first is to remove H2S and is filled with GAC 

(Chemivron Carbon-STIX). The gas then flows into the second column filled with silicon beads to 

remove any moisture from the gas. The biogas flows through a wet-tip gas flow meter calibrated to 

record in 10mL increments. When 10mL of gas is collected the flow meter tips closing a switch, the 

Rasberry Pi records the signal, counting the number of tips to calculate the gas flow rate. The biogas 

composition is analysed using a Dynament Dual-Gas High-Resolution Methane / Carbon Dioxide 

Sensor (CH4 0-100%, CO2 0-100%, Other Hydrocarbons 0-4%).  

 

5.5.2 Temperature 

The temperature probes connect to an Ardunio Leo connected to a PC that records the temperature 

within the reactor every 30 minutes. 

 

5.5.3 Current Density 

The current was measured every day using a multimeter (Standard st-920). Each power supply 

connects to a circuit with a 1-ohm resistor. The circuit measured the current generation for each 

EMR, as shown in Equation 5-2.  

Equation 5-2  𝐶𝑢𝑟𝑟𝑒𝑛𝑡 =  𝑉𝑜𝑙𝑡𝑎𝑔𝑒 / 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒  

 

5.5.4 Wastewater Analysis Parameters: 

Different wastewater tests were taken at the four sampling points between the series experiments 

and between the out and inflow of the batch recirculation. For the series, experiment the samples 

were taken before treatment and at the four sampling points after each reactor shown in Figure 5-4. 

A 4mL sample was taken when only the pH, COD and turbidity tests were measured, and a 30mL 

sample for the full analysis. Eight parameters are measured listed in Table 5-6 with the schedule of 

the tests in Table 5-7. 
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Table 5-6: Wastewater Analysis - Equipment 

Parameter  Instrument Units  

pH SciQuip Portable precision Multi-Parameter 

Water Quality Meter(SQ-7052) 

P11 pH Electrode 

 

Total Dissolved Solids (TDS) SQ-7052 - K10 Conductivity Cell mg/L 

Turbidity HANNA Instruments - LP2000 Turbidity Meter NTU 

Chemical Oxygen Demand 

(COD) 

Camlab Cw2000 colormeter 

HACH LangeLT200 – Heating block  

HACH COD Vials 0-1500mg/l and 0-15,000 

mg/L 

mg/L 

Total Suspended Solids  mg/L 

Sludge Volume Index  mL/g 

Batch Settling Curve  mL/L 

Volatile Solids  mg/L 

 

Table 5-7: Wastewater Analysis Schedule 

Sampling Point Test Frequency 

Pre Treatment 
from storage container 

pH The wastewater produced to a specific 

methodology. The analytical tests were 

carried out 3 times to assess the 

baseline wastewater quality pre-

treatment.  

 Total Dissolved Solids 

(TDS) 

 

 Turbidity  

 Chemical Oxygen Demand 

(COD) 

 

 Total Solids (TS)  

 Total Volatile Solids (VS)  

Post Treatment  

 

pH Exp1& 2. Every day (Mon-Fri) 

Exp3. Every day 

 TDS Exp1. Every day (Mon-Fri)  

Exp2 & 3. End of experiment 

 Turbidity Exp1. Every day (Mon-Fri)  

Exp2 & 3. End of experiment 

 COD Exp1& 3. Every day (Mon-Fri)  

Exp3. Every day 

 Total Suspended Solids Exp2& 3. End of experiment 

 Batch Settling Curve Exp2. End of experiment 

 Sludge Volume Index Exp2. End of experiment 
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COD Reduction Percentage 

The COD reduction percentage is shown over time and is calculated in Equation 5-3  

Equation 5-3:  𝐶𝑂𝐷 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = 𝐶𝑂𝐷𝑖𝑛 − 
𝐶𝑂𝐷𝑖𝑛−𝐶𝑂𝐷𝑜𝑢𝑡

𝐶𝑂𝐷𝑖𝑛
 

 

Total Suspended Solids 

Total Suspended Solids (TSS) are calculated using Hach AE grade Filters. The filters are recorded and 

then placed into Burcherner funnel. A 20ml sample is placed into the funnel and pulled through a 

vacuum filter paper. The filter paper is placed into the oven at 105oC to dry the sample. The mass of 

the sample is then measured, and the mass of the filter paper is taken away to calculate the sample 

TSS.  

 

Total Dissolved Solids 

Total Dissolved Solids (TDS), the liquid portion that is pulled through the filter paper from the TSS is 

poured into a petri dish. The petri dish is placed into the oven at 105oC to dry the sample so the mass 

can be calculated. Equation 5-4 is used to calculate the TDS (mg/L) from the sample mass 

Equation 5-4 ` 𝑇𝐷𝑆 (
𝑚𝑔

𝐿
) =  

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔)

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝐿)
 

 

Volatile Solids 

The Volatile Solids (VS) is calculated using a 1mL sample; the liquid is dried in a crucible in the oven at 

105oC to dry the sample. The mass of the crucible is measured with the dried solids. The weighed 

sample is put into a furnace at 550oC for 1 hour to burn off the volatile solids. Equation 5-5 is used to 

calculate the VS (mg/L) from the sample mass:  

Equation 5-5 ` 𝑉𝑆 (
𝑚𝑔

𝐿
) =  

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑜𝑣𝑒𝑛𝑑𝑟𝑖𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔)−  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑠ℎ (𝑚𝑔)

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝐿)
 

 

Batch settling curve  

To measure the sludge settling curve, a 500mL sample is required from the tanks. The sample is 

poured into a 500ml graduated cylinder showing 50ml increments. The sludge settling is then 

recorded every 0.5, 1, 2, 3, 4, 5, 10, 15, 20, 30 and 45 minutes.   
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Sludge Volume Index 

The Sludge Volume Index (SVI) describes the settling ability of the sludge from the treatment system. 

SVI is calculated using the TSS and the 30-minute sludge volume from the batch settling curve using 

Equation 5-6. 

Equation 5-6  𝑆𝑉𝐼 =  
𝑆𝑒𝑡𝑡𝑙𝑒𝑑 𝑠𝑙𝑢𝑑𝑔𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (

𝑚𝐿

𝐿
)

𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑆𝑜𝑙𝑖𝑑𝑠 (
𝑚𝑔

𝐿
)

 𝑥
1000𝑚𝑔

𝑔𝑟𝑎𝑚
   

 

5.5.5 Operational Analysis 

The section below has adapted the system performance equations from section 2.3.6 changing the 

formulas from hydrogen to methane. 

 

Energy Production  

The energy production is calculated using the biogas volume of biogas produced multiplied by the 

concentration of methane and the net energy value of methane to get the kWh, as shown in Equation 

5-7. The Dynament sensor measures - both methane (0-100%) and hydrocarbons (0-4%). For the 

analysis, the methane and hydrocarbons have been combined to create a total combustibles 

percentage. For the analysis, the total combustibles are presumed to be methane for energy 

production values.  

Equation 5-7:  𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝐵𝑖𝑜𝑔𝑎𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑚3) 𝑥 𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (%) 𝑥 𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑁𝑒𝑡 𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑉𝑎𝑙𝑢𝑒 (10.087 𝑘𝑊ℎ/m3)  

 

Electrical Efficiency 

ηE64 is a measurement to compare the electrical energy input to the amount of recovered methane 

(Equation 5-8). ηE is measured as a percentage, and if it is over 100%, then the EMR is producing energy 

from the substrate potential energy (Cotterill et al., 2016).  

Equation 5-8  𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝐶𝐻4
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡

   

𝜂𝐸 =  
𝑊𝑜𝑢𝑡

𝑊𝐸
 

 

Electrical Energy Input (WE) Equation 5-9 is given in kWh and is calculated by integrating the voltage 

added at each measured potential (E) and external resistor Rex (I=E/Rex). Eps is the applied voltage 
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(potential) of the power supply, that should be adjusted for the losses caused by the external resistor 

(I2Rex), with integration over n data points measure over timer intervals Δt (Cotterill et al., 2016). In the 

case where systems are heated the, WE contains the heating power (Hp) requirements expressed in 

Equation 5-9. 

Equation 5-9  (WE)=  ∑ (𝐼𝐸𝑝𝑠∆𝑡 − 𝐼2𝑅𝑒𝑥∆𝑡) +𝑛
1 (HpΔt)      

The Energy recovered in CH4(Wout) is calculated from the moles of methane produced (𝑁𝐶𝐻4
) and the 

standard heating value of methane (𝛥𝐻𝐶𝐻4
). The gross heating value of methane (39.8 MJ/m3) is used 

if the electrochemical conversion of methane to electricity is through a fuel cell. In the case of the 

experiments being carried out the lower heating value (35.8 MJ/m3) needs to be considered as it is 

likely that methane will be combusted. The lower heating value includes the heat loss through the 

combustion and heat loss from the production of water vapour needs to be considered. The MJ are 

then converted into kWh using the 0.278 MJ/kWh conversion (Cotterill et al., 2016).  

Equation 5-10  𝑊𝑜𝑢𝑡  =
𝛥𝐻𝐶𝐻4𝑁𝐶𝐻4

3600 𝐽𝑜𝑢𝑙𝑒𝑠
       

 

Substrate Efficiency  

Substrate efficiency (SE) (Equation 5-11) is the comparison of the number of moles of methane (𝑁𝐶𝐻4
) 

produced to the theoretically amount possible based on the substrate removed (NS) from the EMR. NS 

is calculated with Equation 5-12. SE is expressed as a percentage and indicates the substrate conversion 

efficiency (Cotterill et al., 2016). 

Equation 5-11  𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
  

   𝑆𝐸 =  
𝑁𝐶𝐻4

𝑁𝑆
 

Equation 5-12  NS= 0.0136ΔCODΔt   

Equation 5-13  𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂       

From Equation 5-13 it can be assumed that two moles of oxygen (64g) is required to oxidise 1 mole of 

methane (22.4L). Meaning that 1g of COD is equivalent to 0.35L of methane at 0oC and 760mm Hg 

pressure (STP) at higher temperatures of 35oC and 1 atmosphere the CH4 equivalence is 0.395L (Speece, 

2007). One mole of methane is 28.96L, so at higher temperatures 0.395L is 0.0136 moles. The COD 

removal is measured to Equation 5-13 give ΔCOD over the time interval of the experiment.  
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Coulombic Efficiency 

Coulombic Efficiency (CE) is the amount of methane produced compared to the theoretical maximum 

amount of electrons produced based on the current or total charge passing through the cell (Equation 

5-14). CE is shown as a percentage and cannot exceed 100% (Cotterill et al., 2016).  

Equation 5-14  𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑖𝑛 𝑡ℎ𝑒 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 

Equation 5-15  𝐶𝐸 =  
𝑁𝐶𝐸

𝑁𝐶𝐻4

 

The theoretical moles of methane-based on current (NCE) can be calculated through Equation 5-16.  

Equation 5-16:  𝑁𝐶𝐸 =  
∑ 𝐼∆𝑡𝑛

1

4𝐹
 

I is the current calculated from the measured voltage and the resistance, Δt is the time interval, 2 

electrons are required for the hydrogen evolution reaction, and 2 hydrogen molecules are required 

for methane. Therefore 4 electrons are required, and F is the Faraday’s constant (96,485 C/mol e-) 

(Cotterill et al., 2016). 

 

Total Energy Efficiency 

Total Energy Efficiency (ηE+S) Equation 5-17 is the Energy recovered in methane compared to the 

electrical and substrate energy inputted into the system. ηE+S is calculated as a percentage. The 

substrate potential energy is calculated as chemical energy and not free energy which is lower, 

especially in wastewater (Cotterill et al., 2016). 

Equation 5-17  𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝐶𝐻4

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑎𝑛𝑑 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡
    

Equation 5-18  𝜂
𝐸+𝑆 

=  
𝑊𝑜𝑢𝑡

𝑊𝐸+𝑆
 

Calculating the substrate energy (WS) is shown below in Equation 5-18 

Equation 5-19  𝑊𝑠 =  𝛥𝐶𝑂𝐷𝛥𝐻𝑊𝑊/𝐶𝑂𝐷       

∆COD is the difference between the influent and effluent COD measured in grams. The energy content 

per gram of COD (∆HWW/COD) is the internal energy of the substrate measured in kJ per mole in 

thermodynamic tables (Cotterill et al., 2016).  As previously discussed wastewater is a complex 

substrate with various chemicals. The research assumes the energy value is 17.7 kJ/gCOD and will be 

used for the ∆HWW/COD of wastewater.  
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5.5.6 Statistical Analysis  

Statistical assessments can help identify the correlations between measured parameters alongside 

the statistical importance of the correlation.   

 

Pearson’s Coefficient  

Pearson's coefficient (r) will identify the degree of a negative or positive linear correlation between 

two variables and can be calculated with Equation 5-20. n is the sample size, xi and yi are sample 

points indexed by i. x ̄and ȳ and the sample mean values. Peason’s coefficient show values between 0 

and 1. 0 shows no correlation whilst 1 shows a perfect correlation. The correlation can be either 

positive or negative, indicated by positive or negative values (Patten, 2018). Figure 5-8 shows the 

correlation strength from 0 no correlation to 1, which is a perfect correlation.  

 

Equation 5-20  𝑟 =  
∑ (𝑥𝑖−𝑥̅)(𝑦𝑖−𝑦̅)𝑛

𝑖=1

√∑ (𝑥𝑖−𝑥̅)2𝑛
𝑖=1  √∑ (𝑦𝑖−𝑦̅)𝑛

𝑖=1
2
 

 

 

 

 

 

Figure 5-8: Pearson’s Coefficient Relationship adapted from (Patten, 2018)  
 

 

To understand the statistical importance of the correlation, the P-Value is calculated. The P-value uses 

the t-distribution value shown in Equation 5-21. The P-value indicates whether or not the correlation 

is significant <0.05 or not significant >0.05 (Patten, 2018). 

 

Equation 5-21:    𝑡 =  
𝑟√𝑛−2

√1− 𝑟2
  

0 0.2 0.4 0.6 0.8 1

None Week moderate strong
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6 Experiment 1 - Series EMR Results 

 

During the experiment, a couple of issues arose with the pumping and flow of the system.  

a) On day four, the continuous flow was causing issues with gas lines flooding. The water was 

not flowing from one reactor to the next correctly. It was decided to change the system to a 

run as a sequential batch system allowing someone to be present for the duration of the 

pumping and to stop any faults occurring.  

b) On day seven, the reactors 1-8 were fed with 1L of additional digestate directly to increase 

the bacterial loading. It was speculated that the high flow rate could have washed out the 

bacteria reducing the ability of the biofilm to form.  

c) On day nine, Reactor 5 (R5) failed due to a crack forming around the system. The fault meant 

that the system drained overnight. A replacement reactor was fitted, and the previous 

electrodes where inserted. Fresh digestate was fed into the R5 after setup.  

d) On day 17, it was suspected that the dynament sensor housing could be leaking as the 

gasbags were not filling up, but the flow meters were registering gas production—new 

housings where gas tested and fitted.  

e) On day 23 the systems were still producing small volumes of gas and low methane 

concentrations. 100g of spent grains were added to the brewery wastewater, to understand 

how the EMR would react to an increase in the OLR.  

f) On day 29, the reactors where not fed and the applied voltage was lowered from 1.1V to 0.8V 

and left to stabilise before batch tests.  

6.1 Reactor Conditions 

Over the 30 days, the total organic loading was 0.58 kg across the two setups with each system 

receiving 0.29 kg. The operational conditions of the reactors for the duration of the experiment are 

below in Table 6-1.  

Table 6-1: Series EMR Operational Conditions 

Reactor 

number 

Reactor 

Series 

HRT 

(hours) 
Operating 

Temperature (oC)   

Avg. pH 

1 First 24 28.1 5.37 

2 Second 48 29.7 5.61 

3 Third 72 31.6 6.35 

4 Fourth 96 30.2 6.40 

5 First 24 30.6 5.54 

6 Second 48 30.6 5.80 

7 Third 72 32.2 6.52 

8 Fourth 96 30.1 6.71 
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6.1.1 Water Quality Measurements: 

One of the main parameters to assess for EMR is the ability of the systems to treat wastewater. Below 

the different water quality measurements throughout the experiment are shown.  

pH  

Figure 6-1 shows the pH for the different reactors from the first to fourth. Throughout the 

experiment, there is a clear indication that the pH increases towards neutral (pH) from the first to the 

fourth reactor.  The experimental setup changed from a continuous low flow rate to a sequential 

batch system, due to pumping issue. The setup change meant that 2.5L of wastewater flowed through 

the system in 1 hour instead of over 24 hours. The changed pumping schedule resulted in an 

increased flow rate from 1.6 mL/min to 38 mL/min.  As a result, the reactors would undergo a quick 

change in the composition of the wastewater. For the duration of the experiment, the pH of the feed 

was between 6 and 7.2 apart from day 3. As the waste was continually pumped at this point it is likely 

the wastewater underwent fermentation before entering the reactors causing the low pH. The 

reactors all show a lower pH, which does increase from the first to fourth in the series. The high flow 

rate of feed could have shocked the microbial community compared to a continuous system. A small, 

steady flow of untreated wastewater would mix with existing wastewater within the reactor, creating 

a buffer to help stabilise the pH. In reality, the systems had a high VS loading in a short period 

resulting in a high concentration of VFA to form, causing the pH to drop. We can see on day 16 that 

there is a significant pH drop from the feed where we see within the first 24 hours the pH decrease to 

3.96 just below the optimum pH range for the first acid formation stage. Only reactors R7 and R8 

reach the lower optimum pH range for methanogenesis of 6.5 to 8.2.  

 

Figure 6-1: Series EMR - Brewery Wastewater mean pH with error bars representing the range across the duplicated 

experiments and arrows illustrating points of additional feed. 
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Chemical Oxygen Demand  

Below, Table 6-2 shows an overview of the COD removal and Figure 6-2 and Figure 6-3 shows the COD 

effluent and the COD percentage reduction throughout the experiment. On day 7, additional 

digestate was added to the digesters to increase the bacterial loading, which is why the effluent COD 

is higher than the feed. On day 23, 50g of spent grains were also added to the brewery wastewater, 

which caused the COD of the first and second reactors to increase above the feed COD. From around 

day eight, they follow a trend that the COD reduction increases from the first to the fourth reactor as 

expected. The COD removal did not take into account the initial inoculum. During the start of the test 

with the lower OLR, the effluent would have contained a higher proportion of sludge within the 

reactors that would affect the COD measurements and is likely to have caused the irregular COD 

reduction shown in Table 6-2. The final effluent has an average 51.7% COD reduction, reaching an 

average COD effluent of 4458 mg/L. The effluent still has a very high COD content and would require 

further treatment to reduce it to below 125 mg/L to meet EU discharge regulations. The negative 

COD values shown in Figure 6-3 are likely due to the spent grain added to the reactors. Additionally 

spent grain is not represented in the feed COD as it is a solid waste and would not translate directly 

into COD.  

 

Table 6-2: Mean Series EMR COD including the Range (±) 

Reactor 

Series 

Average 

COD 

Reduction   

Avg. Low 

OLR– COD 

Reduction 

Avg. High 

OLR – COD 

Reduction 

Avg. 

Percentage 

increase 

Avg. Cumulative 

Percentage 

Increase 

Average (Avg.) 

high OLR COD 

Effluent 

(mg/L)  

First 33.6 ± 6.9% 32.0 ± 2.7% 34.0 ± 8.1% -  5839 ± 736 

Second 35.0 ± 5.8% 21.3 ± 2.7% 38.7 ± 6.6% + 1.4% + 1.4% 5517 ± 595 

Third 38.0 ± 6.2% 7.8 ± 8.7% 46.2 ± 5.3% + 3.0% + 4.4% 4884 ± 461 

Fourth 47.5 ± 3.8% 31.9 ± 5.3% 51.7 ± 4.2% + 9.5% + 13.9% 4458 ± 383 
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Figure 6-2: Series EMR - Brewery Wastewater COD Reduction, with error bars representing the range across the duplicated 

experiments and arrows illustrating points of additional feed. 

 

Figure 6-3: Series EMR - Brewery Wastewater COD Percentage Reduction, with error bars representing the range across the 

duplicated experiments and arrows illustrating points of additional feed. 

The pH can affect the system performance by inhibiting certain micro-organisms such as 

methanogens. Figure 6-4 to Figure 6-8 compare the pH against the COD reduction to analyse any 

correlation between the two. The data within the graphs do not show any correlation, with a 

Pearson’s coefficient of -0.12 and p-value of 0.23.  
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Figure 6-4: Series EMR - Brewery Wastewater COD Percentage Reduction compared to pH, with error bars representing the 

range across the duplicated experiments and arrows illustrating points of additional feed. 

 

Turbidity  

Below Figure 6-5 shows the turbidity from each of the reactors; the data did not provide any insights 

as the turbidity was significantly higher than the feed. The reason is likely due to the digestate 

inoculation that was also being flushed through the system. As a result, the data was not collected 

continuously throughout the experiment.  

 

Figure 6-5: Series EMR - Brewery Wastewater Turbidity compared to the mean feed turbidity 
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6.1.2 EMR Biogas and Energy Performance  

Below shows the energy analysis of the series reactors comparing the biogas production, biogas 

composition to calculate the energy production from each reactor. Over the first 30 days, reactors in 

the first to the third position in the series had similar gas production, but the first reactor had the 

highest total energy production. From days 31-44, the systems were left to stabilise with no flow 

between them. There was a significant change with the second reactors, which is due to R6 showing a 

significant increase in both biogas production and the percentage of combustibles.  

 

Table 6-3: Series Reactor Biogas and Energy Composition for the first 30 days with continuous feeding and the last 14 days 

in batch mode.  

Reactor 

Series 

Biogas 

production 
0 -30 days (ml) 

Biogas 

production 31 -

44 days (ml) 

Avg. 

Combustibles 

0- 30 days 

(%) 

Avg. 

Combustibles 

31- 44 days 

(%) 

Energy 

Production  
0-30 days 

(Wh) 

Energy 

Production 
0-44 days 
(Wh) 

First 4578 ± 393 10,485 ± 1264 4.27 ± 2.50 1.15 ± 0.55 7.03 ± 0.014 4.54 ± 0.14 

Second 4424 ± 1633 15076 ± 7514 2.78 ± 1.09 20.79 ± 19.84 5.02 ± 1.00 28.72 ± 28.46 

Third 3442 ± 197 8807 ± 176 4.52 ± 1.88 15.36 ± 5.32 5.75 ± 1.76 7.59 ± 3.90 

Fourth 459 ± 239 1924 ± 404 2.60 ± 0.64 1.42 ± 0.59 0.33 ±0.13 0.08 ± 0.01 

 

Biogas Production 

Figure 6-6 to Figure 6-9 show the mean daily biogas composition to assess the carbon dioxide and the 

combustible portion of the gas. The individual biogas composition and gas production is shown in 

Figure 13-1 to Figure 13-8 in appendix 13.3. The cumulative biogas production is shown alongside the 

gas composition. All the reactors responded to the first feed where there is a small spike in methane 

production as the systems start to produce biogas. The gas production drops off after a few days, 

which coincides with a drop in the pH. The reduced pH is likely due to fermentation taking place 

within the reactors producing organic acids like acetic or butyric acid, which is common in the 

brewing process. One of the reasons could be due to the synthetic wastewater containing yeast and 

sugars that have not been processed and could be competing with the exoelectrogens and 

methanogenic micro-organisms.  

The pH continues to drop until around day 17. The pH drop corresponds with the gradual reduction in 

methane as shown by the arrows in Figure 6-6 and Figure 6-7. The reduction in methane is apparent 

in the first reactor, which had the lowest pH decreasing to 3.94 on day 16 (R1). The second reactors 

show a less steep reduction in combustibles which reached the lowest pH of 4.24 on day 18 (R2) and 

4.29 (R6) on day 16. As previously discussed the pH increases as the water flows through the series, 

and by the third reactor, we see a higher methane content and the dips in methane peaks 

corresponding with pH drops. The fourth reactor shows minimal biogas production throughout the 

experiment, indicating that most of the easily digestible soluble organics have been broken down in 
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the first three reactors. However, the COD reduction increases by 13.9% from the third to fourth 

reactors implying that there should be biogas generated. The fourth reactors could be exhibiting leaks 

resulting in the low gas production and methane concentration being recorded. Alternatively, another 

cause of the lower COD could be a result of the series flow acting as baffles increasing solids retention 

in the first three reactors. 

The reactors all show a spike in CO2 and biogas production on day 23 when the spent grains were 

added to the system to ascertain whether a higher OLR was required to increase methane production. 

On day 23 all the reactors had a neutral pH ranging from 6.85 (R3) to 7.16 (R7).  The pH then drops in 

all the reactors on day 24. The pH did not recover in the first reactors, but the second to fourth had 

increased to the lower limit of where methanogens are active, which is when you see the sudden rise 

in methane and biogas when the systems where left in the second and third reactors. The system 

setup likely provided good solids retention with the reactors acting as baffles. The baffling effect is 

likely to have caused the second and third reactors to retain more solids reducing the OLR to the 

fourth reactors which did not show a spike in methane production even though the pH was between 

6.64 - 6.84.  

 

Figure 6-6: First Series EMR (R1 & R5) - Brewery Wastewater Biogas Composition and Production, with error bars 

representing the range across the duplicated experiments and arrows illustrating the decline in combustibles and points of 

additional feed. 
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Figure 6-7: Second Series EMR (R2 & R6) – Brewery Wastewater Biogas Composition and Production, with error bars 

representing the range across the duplicated experiments and arrows illustrating the decline in combustibles and points of 

additional feed. 

 

Figure 6-8: Third Series EMR (R3 & R7) – Brewery Wastewater Biogas Composition and Production, with error bars 

representing the range across the duplicated experiments and arrows illustrating points of additional feed. 
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Figure 6-9: Fourth Series EMR (R4 & R8) – Brewery Wastewater Biogas Composition and Production, with error bars 

representing the range across the duplicated experiments and arrows illustrating points of additional feed. 

The Dynament sensors are limited in what gases they can detect and measure. Throughout the 

experiment, the biogas composition never reaches 100%. During AD hydrogen is produced during the 

acidogenesis phase. From the literature, MEC’s and EMR’s increase the hydrogen production rate. 

The aim within EMR is that hydrogen scavenging bacteria will convert the hydrogen and carbon 

dioxide into methane. However, the pH is often below the optimum range for hydrogenotrophic 

methanogens. If the hydrogen is not converted into methane, then the system cannot detect the 

hydrogen in the biogas composition accounting for energy losses. In other research into EMR, 

hydrogen production up to 17.4% was recorded alongside methane production (Hassanein et al., 

2017). More information on the complete biogas composition is required to give an accurate 

indication of the total systems energy performance, which could be achieved through gas 

chromatography.  

 

Energy Production 

Using the biogas composition and biogas production, we could calculate the daily (Figure 6-10) and 

cumulative (Figure 6-11) net energy production. Over the 30-day experiment, the first reactors had 

the highest energy production, which could be due to the most easily digestible organics being broken 

down in the first 24 hours. However, from days 30 - 44, the second reactor showed a significant 

increase in energy production, and it gave time for the micro-organisms to breakdown the less 

digestible organics.  
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Figure 6-10: Series EMR - Brewery Wastewater Daily Energy Production with error bars representing the range across the 

duplicated experiments. 

 

Figure 6-11: Series EMR - Brewery Wastewater Cumulative Energy Production with error bars representing the range across 

the duplicated experiments. 
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6.1.3 System Efficiency 

Table 6-4 shows the overall system efficiency at different stages of the experiment. 

Table 6-4: Series EMR System Efficiency showing the total amount of methane produced compared to a theoretical 

maximum based on COD. 

Days  Total Energy 

Recovery (kWh) 

Substrate 

Efficiency (%) 

Electrical 

Efficiency (%) 

Total Energy 

Efficiency (%) 

0 - 23 0.017 ± 0.028 0.58± 0.03 0.11± 0.02 0.097 

0 - 30 0.018 ± 0.003 0.63 ± 0.03 0.09± 0.01 0.091 

0 - 44 0.109±0.035 - 0.18± 0.11 - 

 

Substrate Efficiency 

The substrate efficiency is low as the EMR were unable to convert the COD removed into methane. It 

was noted that there was significant sludge build-up at the bottom of the reactors, that could have 

meant that the non-soluble COD was not broken down and could have affected the substrate 

efficiency. The moles of recovered methane is shown in Table 13-2 in appendix 13.3.   

Electrical Efficiency 

The current was recorded at intervals, and the mean current produced was 89.32 mA, the recorded 

current is shown in appendix 13.3. The current was used to calculate the mean power requirements 

for the electrodes, as shown in Equation 6-1 to Equation 6-3. Over the 30 days the total power 

electrode requirements equated to 0.53 kWh Equation 6-4. To maintain the temperature of the 

reactors, the heating jackets used 0.007 kWh using a total of 40.32 kWh over 30 days. The overall 

electrical efficiency was 0.09% (Equation 6-5).  

 

Equation 6-1: Electrode Power Requirements (EPR) = Voltage  x Current  

Equation 6-2: Higher Voltage (EPRHV) = Voltage (1.1V) x Current (0.083A) =  0.0913 W 

Equation 6-3: 𝐿𝑜𝑤𝑒𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝐸𝑃𝑅𝐿𝑉) = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (0.8𝑉) 𝑥 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (0.083𝐴) =  0.0664 𝑊 

Equation 6-4: 𝑇𝑜𝑡𝑎𝑙 𝐸𝑀𝑅 𝑃𝑜𝑤𝑒𝑟 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠 (𝑘𝑊ℎ)30 𝑑𝑎𝑦𝑠 =
𝐸𝑃𝑅𝐻𝑉(0.0913𝑊) 𝑥 ℎ𝑜𝑢𝑟𝑠 (720)

1000
 𝑥 4 𝐸𝑀𝑅  

= 0.26 𝑘𝑊ℎ 

 

Equation 6-5 𝜂𝐸30 =  
0.018 

0.26 + 20.16   
 𝑥100 =  0.09%       
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Coulombic Efficiency 

CE is the amount of methane produced compared to the amount of theoretically possible based on the 

current or total charge passing through the cell (Equation 6-6). CE is shown as a percentage and cannot 

exceed 100% (Cotterill et al., 2016). The system had a low coulombic efficiency of 0.21% over the 30 

days as a limited amount of methane was generated Equation 6-7 to Equation 6-9.  

Equation 6-6  𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑖𝑛 𝑡ℎ𝑒 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 

The theoretical moles of hydrogen-based on current (NCE) can be calculated through  

Equation 6-7:  𝑁𝐶𝐸 =  
∑ 𝐼∆𝑡𝑛

1

4𝐹
 

Equation 6-8:  𝑁𝐶𝐸 =  
∑ 0.083 𝐴 𝑥 (30𝑥24𝑥60𝑥60) 4

1

4 𝑥 96,485 
=

860544

385940
= 2.2297 

Equation 6-9  𝐶𝐸 =  
0.0046
2.2297

= 0.21% 

 

Total Energy Efficiency 

The system showed a low total energy efficiency of 0.63% (Equation 6-11). Each system required 40.32 

kWh to heat the system and power the electrodes. The energy value within the substrate equated to 

3.208 kWh as shown in Equation 6-10.  

 

Equation 6-10  𝑊𝑠30 𝑑𝑎𝑦𝑠 =  𝛥𝐶𝑂𝐷𝛥𝐻𝑊𝑊/𝐶𝑂𝐷 =  652.49g x 17.7 kJ = 11549.07 kJ = 3.208 kWh  

Equation 6-11  𝜂
𝐸+𝑆 (30𝑑𝑎𝑦𝑠) 

=  
0.0362

0.53 + 39.8+ 3.208 
 = 0.63% 

   

6.2 Discussion  

The system energy conversion performance for the first 30 days is low with the systems on average 

performing a substrate efficiency, electrical and total energy efficiency all under <1%. One of the 

reasons for the low conversion could be due to competing reactions such as fermentation. The pH 

drop is likely to be from the fermentation as the system goes through the acidogenesis phase where 

the simple monomers are being converted into fatty acids when the pH is >5. When the pH is <5, then 

it is likely that ethanol production is occurring (Bajpai, 2017). The pH does increase from the first to 

fourth reactors, showing that the systems are breaking down the fatty acids into acetate (pH 5.5) that 

produces hydrogen as a by-product. Typically, the hydrogen is scavenged by methanogens to produce 

methane; however, during the 96 hour retention time, methane production is low. Increasing the 



  

114 
 

retention time, as shown in day 31-44, does increase in methane production. The methane 

production indicates that the systems do contain methanogenic microorganisms which are converting 

the acetate and hydrogen into carbon dioxide and methane. The EMR systems do recover from low 

pH ranges, further analysis into EMR’s ability to recover from low pH could provide valuable insights in 

how to stabilise anaerobic wastewater treatment and anaerobic digestion where methanogenic 

bacteria are active in a small pH range for 6-8.  

Fully understanding the composition of the gas is vital in understanding the system performance. 

During the hydrolysis and fermentation stages of anaerobic digestion, hydrogen production occurs. 

Continuous Stirred Reactors (CSTR) have shown significant improvements by having a pre-acid phase 

before the main reactor (Speece, 2007). During the experiment, the four reactors would have 

performed in different phases. However, understanding the time intervals for the different stages of 

organic conversion into methane is not understood due to the low HRT. Further analysis into the time 

intervals for the different stages that EMR goes through compared to the AD systems, are required to 

design and optimise electro-methanogenic systems. 

The experimental design was developed to simulate baffling to create four distinct phases of 

treatment that could simulate the four stages of anaerobic digestion. However, from the off-gasing 

period of days 31-45, it showed that the system was likely overloaded with organics and could not 

effectively convert the organics into methane due to a build-up of volatile fatty acids. The biogas 

sensors were unable to measure hydrogen, and if the system was going through the acetogenesis 

stage but not reaching the methanogenesis stage, then it is likely that some of the chemical energy 

produced by the system was not able to be recorded. 

From the individual analysis of the reactor, R6 highlighted promise in EMR reaching above 70% 

methane concentrations during the 31-45 day period. R7 also showed higher methane production 

during this period reaching between 55-60% methane. The two systems showed a variation between 

them both with R5-R8 performing in a more typical AD biogas production curve shown in batch 

experiments as shown in the appendix MR Series Brewery Wastewater Analysis Figure 13-1 to  Figure 

13-8 (pg.240).  

The irregularity in the system performance could be due to multiple factors, including the inoculation 

period, temperature and the OLR. After the re-inoculation, a spike of energy was produced. The 

increase in energy indicates that the inoculation period was likely too short to allow a biofilm to 

develop or the high flow rate caused a microbial washout and required a longer period to establish 

itself. To understand biofilm development and inoculation more clearly periodic analysis of biofilm 

growth on the anodes would provide new knowledge.  

The temperature is below the typical AD operation range of 35-38oC however methanogenic 

microorganisms do operate at lower temperatures. Further analysis of the temperature could inform 

the optimal system range. The varying energy production between the four reactors indicates there is 

a difference in the breakdown of organics within the 24-hour segments, indicating further analysis 

into the HRT of EMR and the stages of treatment are an essential step in optimising the system.  
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6.3 Next Steps 

When the system was left in batch mode (days 31-45) it identified that the system is sensitive to VS 

concentrations and the OLR may have been too high and affected the microbial activity. Establishing a 

correct OLR and HRT is a vital part in understanding the operational parameters for EMR. Going 

forward, a batch test system will provide information about the optimum VS concentration to inform 

OLRs and HRTs. Through a batch system, it will be easier to see the different phases the system is 

undergoing from the changes in pH and biogas composition. 

Understanding the correlation between COD reduction and pH can help to optimise the system 

performance and organic loading rates so that the reactors have time to adjust their pH. Exploring 

EMR’s ability to reduce the build-up of VFA’s could provide new knowledge into the operation of AD 

systems that are sensitive to VFA’s and the resultant low pH. Using EMR to stabilise pH between 6-8 

could reduce the need for buffering solutions simplifying the operation of AD systems and making 

them more robust to changes in waste composition. The ability to increase and stabilise pH also 

opens up opportunities to treat other waste streams that are too acidic for anaerobic digestion.  
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7 Experiment 2 - Batch Tests Results 

The experiment aims to compare AD and EMR to understand if the addition of electrodes and an 

applied voltage demonstrate an improvement in system performance. During the experiment, a 

couple of issues arose with the recirculation. The small-bore peristaltic pump kept getting clogged 

from particulates in the substrate. Due to the frequent blockages, the pump was not run after the first 

2 hours removing any mixing within the system.   

The experiment used an assumption based on previous research to calculate the percentage of VS 

due to the furnace requiring maintenance. After the experiment was completed the VS of the spent 

grains was measured. The actual VS was 92.5%, which meant the VS concentration was 1.3 g lower 

than the initial estimate at 32.3 g. The change in VS meant that the VS concentration was 14.04 g/L 

instead of 14.4 g/L.   

 

7.1 Reactor Conditions 

Over the 21 days, the operational temperature for the systems was 32.13 ± 0.45oC. The reactor 

operational conditions throughout the experiment are below in Table 7-1. 

Table 7-1: Series EMR Operational Conditions 

 

Reactor 

number 

Reactor  
Type 

Stirred Operating 

Temperature (oC)   

Avg. pH Total Power 

Consumption 

(kWh) 
3 AD NO 32.22 4.94 0.01 

4 AD NO 31.44 4.98 0.01 

5 AD NO 32.58 5.00 0.01 

6 EMR NO 32.58 6.54 0.04 

7 EMR NO 32.53 6.47 0.04 

8 EMR NO 31.44 6.31 0.04 

 

7.1.1 Operational Water Quality Measurements: 

One of the main parameters to assess for EMR is the ability of the systems to treat wastewater. For 

the batch test, the change in pH and COD was taken Monday to Friday, and then a full analysis was 

carried out at the end of the experiment. The section below shows the different water quality 

measurements throughout the experiment.  
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pH  

Figure 7-1 shows the change in pH over the experiment. The influent samples were spoiled and were 

removed from the analysis to remove errors. There is a clear difference between the pH change in the 

EMR systems compared to the AD systems. Both the AD and EMR’s pH dropped to between 5 and 5.5. 

The pH in the EMR systems increased above 6 between days 6-9. By the 21st day, all three EMRs 

reached neutral conditions of 7.03 ± 0.05. The systems operating as AD did not show the increase and 

in some cases, dropped below 5. The low pH in the AD systems indicates that there is a possible build-

up of VFA’s within the reactor, and the pH drop below 5 could indicate that ethanol is being 

produced. At the end of the 21 days, the pH across the AD systems was 4.92±0.09. 

 

Figure 7-1: AD (R3-5) and EMR (R6-8) - Brewery Wastewater pH over the 21-day duration 

 

Chemical Oxygen Demand  

Table 7-2 shows an overview of the COD removal for the EMR and AD systems, and Figure 7-2 show 

the COD effluent and the COD percentage reduction throughout the experiment. Overall, the AD 

showed no decrease in COD throughout the experiment, remaining around 10,000 mg/L. The EMR 

system overall showed a 42.37 ± 2.05% reduction in COD. The EMR effluent was still considerably high 

at the end of the 21 days with a COD of 5130 ± 403 mg/L and would require tertiary treatment to 

lower the COD. Figure 7-3 shows both the pH and the COD reduction. The EMR systems show a 

continual decrease in the COD throughout the experiment and do not show any substantial increase 

as the pH increases. A statistical analysis of the pH and daily COD reduction using Pearsons 

Correlation Coefficient (r) does not show any correlation between the two values. AD r = -0.097 (p-

value = 0.542) and EMR r = -0.085 (p-value = 0.344). It is likely that the AD would have undergone 
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some COD reduction, but the reduction may be minimal and within the error range of the COD 

analysis. 

Table 7-2: Spent Grain Batch COD for EMR and AD 

Reactor Series Average COD Reduction Average COD Effluent (mg/L) 

EMR 42.37 ± 2.05% 5130 ± 403 

AD -2.04 ± 4.39% 10387 ± 361 

 

 

Figure 7-2: Batch EMR (R6-8) & AD (R3-5) –Spent Grain COD Effluent and Reduction 

 

Figure 7-3: Batch EMR (R6-8) & AD (R3-5) - Spent Grain Wastewater COD Percentage Reduction compared to pH 
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7.1.2 EMR Biogas and Energy Performance  

Table 7-3 shows the overall energy analysis for both the AD and EMR systems over the 21 days. The 

EMRs all produced biogas throughout, whereas the AD systems only produced biogas initially and 

stopped once they became too acidic (<5.5). The EMR lab test produced 64% less energy than the 

theoretical maximum amount calculated from the feedstock analysis. The full breakdown of each 

reactor can be seen in the appendix Figure 13-10 to Figure 13-16.  

Table 7-3: Batch Spent Grain Biogas and Energy Composition 

  Total Energy 

Production 

(kWh) 

Total Biogas 

Production 

(mL) 

The Proportion 

of 

Combustibles 

over 21 days 

(%) 

Expected 

Energy 

Production 

per 

Tonne(kWh) 

AD 0.001 ± 0.0008 2353 ± 1407 5.2 ± 1.0 1.0 

EMR 0.039 ± 0.0039 10567 ± 703 37.9 ± 2.3 34.0 

EMR/AD % Difference 97% 349% 628.4%  

Theoretical Max    53 93.5 

EMR/Theoretical % Difference   -28% -64% 

 

Biogas Production 

Figure 7-4 and Figure 7-5 shows the mean daily biogas composition and gas volume production to 

assess the carbon dioxide and the combustible portion of the gas. Both the AD and EMR systems 

show a spike in CO2 production in the first two days as the systems undergo the hydrolysis phase. 

Both of the systems then drop on biogas production on day 3. The EMR then picks up in gas 

production from day four whereas the AD system flat lines and does not produce any more biogas for 

the duration of the 21 days.  

The difference in biogas production is clearly seen in Figure 7-6 and Figure 7-7, which compares both 

the daily and cumulative biogas production. The methane concentration with the EMR peaking on the 

daily average of 59.39% on day ten whilst the AD system peaked on the first day at 5.84%. Both the 

systems have a higher gas production on day one with the EMR system producing on average 47% 

more biogas, indicating an accelerated breakdown of the organic compounds due to fermentation of 

the hydrolysis phase.  
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Figure 7-4: Batch EMR –Spent Grain Biogas Composition and Production, with error bars representing the range across the 

duplicated experiments. 

 

 

Figure 7-5: Batch AD –Spent Grain Biogas Composition and Production, with error bars representing the range across the 

duplicated experiments. 
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Figure 7-6: Batch EMR & AD – Spent Grain Daily  Biogas Production and CH4 Percentage, with error bars representing the 

range across the duplicated experiments. 

 

 

Figure 7-7: Batch EMR& AD–Spent Grain Cumulative Biogas Production and CH4 Percentage, with error bars representing 

the range across the duplicated experiments. 
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During the experiment, the total biogas composition reached just over 60% between days 9-10, 

indicating a high proportion of other gases that could be present (Figure 7-8). 

 

Figure 7-8: Batch EMR –Spent Grain Stacked Mean Biogas Composition. 

 

Energy Production 

Using the biogas composition and biogas production, we could calculate the daily (Figure 8-8) and 

cumulative net energy production (Figure 7-10). Throughout the experiment, the EMR systems had 

the highest energy production. The highest daily energy production was on day 1 when there was 

below a 20% methane concentration, but the systems had the highest biogas production rate. The 

mean energy production of the systems started to plateau on day 17 to 18.  

 

Figure 7-9: Batch EMR & AD –Spent Grain Daily Energy Production, with error bars representing the range across the 

duplicated experiments. 
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Figure 7-10: Batch EMR & AD –Spent Grain Cumulative Energy Production, with error bars representing the range across the 

duplicated experiments. 

 

 

Figure 7-11: AD (R3-5) and EMR (R6-8) Daily Biogas Production, with arrows indicating dips in the daily energy production. 
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Figure 7-11 shows the daily biogas production for the different reactors, after the initial peak on day 

one the energy production does not follow a smooth curve. All three of the EMR reactors start to 

increase and then drop in energy production as indicated by the three arrows. The drop could be due 

to a build-up of some intermediaries that can inhibit biogas production such as propionate, although 

low concentrations of propionate are typical in well-functioning bioreactors (Speece, 2007).  

Below Figure 7-12 shows the energy comparison against the pH within the reactors. The pH and the 

energy production show a correlation as would be expected for the methanogenic phase. A closer 

look into the changes in pH for the EMR systems indicates the effect on energy production, as shown 

in Figure 7-13. Where R6, R7 and R8 increase the pH at different rates, they also peak in energy 

performance in the same sequence as the reactors increase in pH. 

Pearson’s correlation coefficient (r) of the pH and biogas production and the methane concentration 

shows different values depending on the time frame. Initially, over the 21 days, the pH and methane 

concentration showed a weak positive correlation. The AD systems had an r of 0.196 (p-value = 0.215) 

and the EMR system has an r of 0.171 (p-value = 0.278). The correlation returned p-values that were 

not statistically significant, which is likely due to the pH stabilising but the methane percentage 

dropping once the organics have been digested. Changing the period to the first half of the 

experiment where there was the greatest rate of change in the pH showed a coefficient. The AD r was 

0.436 (P-value = 0.004) a moderately positive correlation, and the EMR r was 0.863 (P-value = 1x10-13) 

showing a strong positive correlation of the methane increase with the pH. The strong correlation is 

to be expected with methanogenic microorganisms favouring pH between 6-8. The correlation 

between the biogas production was not as strong, showing similar week correlations over the 21 days 

but moderate correlation over 10. AD r = 0.523 (p-value =0.0004) and EMR r = 0.629  

(p-value = 8x10-6). 

 

 

Figure 7-12: Batch EMR (R6-8) & AD (R3-5) Spent Grain – Cumulative Energy production compared to pH, with error bars 

representing the range across the duplicated experiments. 
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Figure 7-13: Batch EMR Spent Grain – Daily Energy production compared to pH, with arrows indicating the peak daily 

energy production. 

 

7.1.3 Effluent Analysis  

The effluent analysis of the AD and EMR systems showed some significant differences between the 

different systems that can be seen in Table 7-4. The EMR showed higher performance in most of the 

wastewater quality analysis apart from the Sludge Volume Index (SVI) and the batch settling curve 

(Figure 7-14) but had a lower variation than AD. The lower variation shows that the system had a 

good consistency and will support the design of post-treatment systems, including sedimentation of 

non-degradable organics. The TSS also saw a marginal increase, with a 3.88% increased reduction.  

Table 7-4: Batch - EMR & AD Spent Grain Effluent Analysis 

 
Turbidity 
(NTU) 

TDS 

(mg/mL) 

TSS 

(mg/mL) 

Total 

Solids 

(mg/mL) 

Volatile 

Solids  

(mg/mL) 

COD 

(mg/L) 

Sludge 

Volume 

Index 

pH 

AD 3513 ± 

77 

6.83± 

0.67 

4.30± 

1.15 

13.70± 

3.60 

4.20± 

1.70 

10387 ± 

361 

70.60± 

10.56 

4.92± 

0.09 

EMR 2057 ± 

233 

5.17± 

0.83 

4.13± 

0.67 

7.87± 

0.63 

2.53± 

0.27 

5130 ± 

403 

79.35 

±25.65 

7.03± 

0.05 

EMR % 

Difference 
41.46% 24.39% 3.88% 42.58% 39.68% 44.83% -11.26% 42.93% 
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Figure 7-14: Batch EMR (R6-8) & AD (R3-5)  – Batch Settling Curve, with error bars representing the range across the 

duplicated experiments. 

 

7.1.4 System Efficiency 

Table 7-5 compares the AD and EMR system efficiency at different stages of the experiment. 

Table 7-5: : Batch EMR (R6-8) & AD (R3-5) System Efficiency 

  Electrical 

Efficiency  

(%) 

Substrate 

Efficiency (%) 

Total Energy 

Efficiency (%) 

Coulombic 

Efficiency (%) 

AD 8.0 ± 12.8% 33.4 ± 74.4% 8.1 ± 7.6% N/A 

EMR 100.4 ± % 99.2 ± 15.3% 25.2 ± 11.3% 53.2 ± 11.1% 

EMR % Difference 1150.6% 197.3% 211.0% N/A 

 

Electrical Efficiency 

The power consumption for the EMR electrodes was 0.03kWh over the 21 days with a mean current 

of 0.075A. The heating power requirements were 0.01kWh equating to a total 0.04kWh and 0.01kWh 

for EMR and AD consequently. As the AD system was not able to recover from the build-up of VFAs, 

the electrical efficiency was low. However, the mean EMR electrical efficiency reached 99.2 ± 15.3%. 

One of the reasons the EMR efficiency dropped is due to the 21-day experimentation period. Figure 

7-15 shows the change in the systems energy production compared to energy consumption. By the 

second day, the consumption was greater than production. On the 10th day the systems were 
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producing more energy until the last day. By the 21st day, the consumption overtook the production, 

which started to plateau on the 16th day.  

 

Figure 7-15: Batch EMR (R6-8) & AD (R3-5) Energy Production vs Consumption, with error bars representing the range 

across the duplicated experiments and a green highlighted area indicating the positive energy generation. 

 

Substrate Efficiency 

The mean substrate efficiency shows that the EMR system is effectively converting the organic 

compounds within the wastewater into methane. The disparity with the EMR reaching over 100% 

efficiency could be a result of two factors. One could be due to some of the solids portion of the 

breakdown of the organics that settled in the bottom of the reactor not being accounted for within 

the COD analysis. The second and more likely option is due to error and/or variations in the COD 

analysis. The mean AD system was low, but the standard error showed a significant difference 

between the three systems, where the energy generation varied considerably.  

Total Energy Efficiency 

The total energy efficiency is higher in the EMR due to the increased ability for the system to convert 

the organic compounds into the production of methane.  

Coloumbic Efficiency 

The coulombic efficiency is slightly lower than the average efficiency (69.9%) of the MECs reviewed in 

appendix 13.1.  
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7.2 Discussion  

The continual pH increase in the EMR suggests that the biofilm on the anodes are still active at lower 

pH levels compared to the microbial community within the AD system. However, biofilm mass is 

shown to decrease sharply at pH levels of 5 and 6 (Sun et al., 2019). Exo-electrogens are known to 

grow in similar pH ranges to methanogens of 6 to 8.5 but at a larger temperature range of 15-42oC 

(Sun et al., 2014). Optimal conditions for biofilm growth and enrichment were found to be at a pH of 

8 (Sun et al., 2019). Rapid drops in pH could cause irreversible impairment to the exo-electrogenic 

micro-organisms on the anode, where the pH<4 in a MEC did not show signs of recovery within 24 

hours after the pH was neutralised (Wang et al., 2010). 

The correlation of the EMR systems energy production and pH shows the importance of increasing 

the pH after the acidification phase. The reactors and electrodes were continually used from the 

series reactors allowing time for de-gassing. The reactors all flowed into each other and the batch test 

shows a correlation for the systems to recover from the changes in pH at different rates. During the 

series test, R6 was fed with more acidic waste streams from R5 (pH 5.5) than R8 was receiving from 

R7 (pH 6.5). From the batch analysis, it indicates that it is likely the microorganisms on the electrodes 

adapted to the different pH ranges and could be the reason why R6 recovered at a faster rate than 

R8. Different stage testing can show a performance increase within AD, including separating the 

hydrolysis and acidic phases from the methanogenic phase as they require different optimal pH 

ranges (Speece, 2007). The EMR also showed a greater performance to recover from low pH. It 

suggests that some exo-electrogenic microorganisms present in EMR can accelerate the breakdown 

of the VFAs compared to the dominant microorganisms in the AD system. Increasing the breakdown 

rate could stop the formation of a high VFA concentration. As a result, the pH would decrease rapidly 

impeding performance, and in this case, stopping the AD from producing biogas. 

EMR showed a significant increase in the effluent characteristics compared to AD. Both of the systems 

are likely to see a significant increase in performance if mixing took place in the reactors. Mixing is a 

crucial part of commercial AD and wastewater treatment as it increases mass transfer increasing 

energy production and the breakdown of organic compounds. Increasing the mixing of a two-stage 

AD system to 90 RPM showed the maximum hydrolysis and acidification efficiency (Ma et al., 2019). 

As a result, EMR is likely to benefit from mixing. The introduction of the electrodes already shows 

performance increases in operational conditions through pH stabilisation, effluent quality and energy 

production. However, the surface area of the electrodes is only in contact with a small portion of the 

liquid volume. If the performance increase is due to the electrodes, then mixing will increase the 

organic contact time with the electrode biofilm that should see an increase in performance. 

Even though the EMR showed a significant drop in the total solids of 42.58 %, the TSS only reduced by 

3.8%. The marginal difference in the TSS could be due to the particle sizes being reduced, increasing 

the solids in liquid suspension. Going forward, analysing the first 1L from the effluent tube may 

provide different results compared to the analysis of the whole reactor wastewater. The AD system 

also failed to reduce any of the COD within the reactor, it is unlikely that no organics would have been 

broken down within the reactor. The inoculum source could have been one reason as there would 
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have been a lower concentration of methanogenic organisms. With the addition of the waste to the 

inoculum lowering the pH it would then not have provided the optimum conditions for the 

methanogens to grow and increase in concentration. For future tests combing both the EMR effluent 

with fresh AD sludge would provide a better inoculum source if it is to be used to compare both 

systems. 

 

7.3 Next Steps 

The final analysis used a sample of wastewater from the total reactor liquid. However, in practice, the 

effluent would not contain the sludge blanket and solids that settle at the bottom of the reactor. 

Future analysis should compare the effluent from the outlet to understand effluent quality as well as 

the mixed wastewater to understand the total organic removal.   

The batch tests have a high initial loading of organics and can show the pH curve as the VFAs are 

broken down. Increasing the OLR and VS could indicate how effectively EMR’s can handle the build-up 

of VFAs and understand if EMR systems can recover from low pH (<4) over a prolonged period and 

not just 24 hours as was reported previously (Wang et al., 2010). Understanding the OLR, VS and pH 

limits of EMR can be used to optimise continuous flow systems.   

Implementing a smart flow control system can indicate the points at which the biogas drops and 

increase the influent liquid flow rate accordingly. A smart flow system can ensure the system 

continues to have a higher than 100% electrical energy efficiency if the system is targeted towards 

energy production. When the organics drop below a point where energy consumption is higher, the 

system optimisation could shift. The system can be tailored towards energy efficiency, where the 

system measures the energy required to remove COD. The EMR energy demand can be compared to 

alternative technologies such as aeration, activated sludge and membrane bioreactors to optimise the 

wastewater treatment process. 

Achieving total energy efficiency is not feasible, and the main aim for the system should be targeted 

towards an electrical efficiency above 100% to ensure the system can create value.  
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8 Experiment 3 - Batch Tests Results 

Previous batch experiments showed that EMR could outperform AD efficiently breaking down VFAs 

and stabilising the pH. The aim of the experiment is understanding the effect of EMR to withstand 

increases in the VS load. Originally the experiment was planned to run for 21 days. The experiment 

was extended due to the systems taking longer to increase the pH and show biogas production. The 

final water quality analysis was on day 28. The pH and Biogas composition was measured until day 30 

after the system exhibited an increase in biogas production and a rise in the pH. 

The experiment came across the same technical issues of recirculation as the first batch test system.  

Steps were taken to reduce blocking that was caused within the first experiment: (i) the wastewater 

was blended and filtered, (ii) a mesh was added to the effluent pipe. However, the steps taken to 

reduce blockages were not successful, and the peristaltic pump was turned off after a couple of 

hours. An error occurred when adding the brewery boil to the reactors which meant that R8 had 

300mL of brewery boil pumped into the reactor instead of 240 mL. The higher flow rate meant the VS 

loading rate was 60.75g instead of the 48.6g VS in R6 and R7. The increase in VS meant that R8 had a 

88% increase from the second batch experiments and a 25% increase in VS compared to R6 and R7. 

The average EMR results below have removed R8 to remove errors. The R8 results are discussed 

separately due to the performance variation resulting from the higher VS loading rate.      

The COD was planned to be taken daily for the duration of the 21 days. Due to Covid-19 the reagents 

required to perform the analysis were on an order backlog. After day 15, the testing schedule was 

reduced to ensure that measurements could be performed at the end of the experiment. 

 

8.1 Reactor Conditions 

Over the 28 days, the operational temperature for the systems was 31.45 ± 1.64oC. Table 8-1 shows 

the operational conditions of the reactors throughout the experiment. The heaters are all controlled 

by one system; the variation in temperature could be due to the position of the thermocouple and 

how close it is to the reactor wall. Some reactors may also be exhibiting more significant thermal 

losses. The higher power consumption of R8 was due to current drawn being 10 - 50 times higher 

than R6 and R7. It is unlikely that a difference of that magnitude in current is due to changes in the 

substrate or biofilm and is likely due to a short circuit with the anode and cathode touching.  

Table 8-1: Batch AD (R3-5) and EMR (R6-8) Operational Conditions 

Reactor 

number 

Reactor  
Type 

Stirred Operating 

Temperature (oC)   

Avg. pH Total Power 
Consumption (kWh) 

3 AD NO 31.20 3.56 0.0139 

4 AD NO 29.69 3.64 0.0139 

5 AD NO 32.52 3.62 0.0139 

6 EMR NO 32.52 4.57 0.0140 

7 EMR NO 33.09 4.51 0.0140 

8 EMR NO 29.69 4.31 0.0184 
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8.1.1 Operational Water Quality Measurements: 

Table 8-2 shows the starting wastewater quality measurements. The AD systems R3-R5 show, on 

average a higher solids and organics content that the EMR. The difference is due to the off-gassing 

period before the brewery boil was added where the EMR systems produced more biogas than the 

AD systems resulting in a lower COD. R7 also has the highest VS, one reason could be due to poor 

mixing of the samples compared to the other reactors as a result of the pump blocking.   

Table 8-2: Batch AD (R3-5) and EMR (R6-8) brewery boil - Day 0 wastewater quality analysis 

 
Turbidity 
(NTU) 

TDS (g/L) TSS (g/L) TS (g/L) VS (g/L) VS (%) COD (mg/L) 

R3 5800 11.0 6.5 32.0 29.7 92.81% 16290 

R4 6720 12.0 4.7 26.4 26.3 99.62% 16061 

R5 5910 7.5 6.5 33.2 31.4 94.58% 16231 

R6 5120 7.0 4.9 23.7 22 92.83% 14051 

R7 6370 6.5 4.7 48.8 46.9 96.11% 13735 

R8 5930 3.5 4.9 27.5 24.9 90.55% 15120 

Feed 18400 95.0 200.0 206.9 202.6 97.92% 81455 

 

pH  

Figure 8-1 shows the change in pH changes over the 28 days. The systems initial pH was between 6.5 

and 7. During the fermentation phase, all the reactor exhibited a drop in pH due to the production of 

VFAs. The EMR systems reached their lowest pH on days 2-3, reaching 3.83 ± 0.01. The EMR showed a 

slow increase up to 4.92 ± 0.08 on day 28 and then accelerated at a quicker rate in a further two days 

to 5.33. R8 did not increase the same way as R6 and R7, which could be due to the higher VS loading 

rate or because of a possible short circuit. The short circuit would inhibit hydrogen production on the 

cathode that would directly impact the pH as H+ are removed. The AD system dropped below 3.5 on 

day 4 and did not increase until the 30th day. On day 30 the pH increased to 4.03 ± 0.19 from 3.39 ±  

.05 on day 29.  
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Figure 8-1: Batch AD (R3-5) and EMR (R6-8) - Brewery Wastewater pH 

 

Chemical Oxygen Demand  

Figure 8-2 shows an overview of the COD removal for the EMR and AD systems. Both the AD and EMR 

showed a quick drop in the COD up until day 3, after which the COD reduction rate reduced. From day 

4 to day 28, there was a less significant change. AD showed a higher COD reduction of 36.17 ± 0.99% 

partly due to the higher initial COD. The AD system had a higher starting COD as the EMR produced 

higher volumes of biogas in the off-gassing phase before the start of the experiment. The EMR 

showed a lower COD reduction of 34.40 ± 3.98%. The EMR COD effluent was lower than AD but is still 

higher than EU discharge standards at the end of the 28 days with a COD of 8650 ± 441 mg/L. At the 

end of the experiment, the systems were still producing biogas, indicating that the COD could reduce 

further. 

Table 8-3: Spent Grain Batch mean AD and EMR COD Analysis, showing the range (±) 

Reactor 

Series 

Average COD 

Influent (mg/L) 
Average COD 

Effluent (mg/L) 
Average COD 

Reduction 

EMR 14302 ± 419 8651 ± 442 36.17 ± 0.99% 

AD 15248 ± 68.2 9870 ± 153  34.40 ± 3.98% 
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Figure 8-2: Batch AD (R3-5) and EMR (R6-8) – Spent Grain COD Reduction 

 

8.1.2 EMR Biogas and Energy Performance  

Table 8-4 shows the overall energy analysis for both the AD and EMR systems over the 28 days. The 

EMRs all produced biogas initially, however, R8 quickly stopped after day 5. In contrast, R6 and R7 

continued to produce small volumes of biogas and energy until day 28, after which there was a small 

spike until day 30. The AD systems initial produced gas but then stopped after a couple of days. The 

EMR lab test produced 94% less energy than the theoretical maximum amount calculated from the 

feedstock analysis obtained in chapter 4. The full breakdown of each reactor is in appendix 0, Figure 

13-17 to Figure 13-22.  

Table 8-4: Batch Brewery Boil Reactor Biogas and Energy Composition (30 days) 

  Total Energy 

Production 

(kWh) 

Total Biogas 

Production 

(mL) 

The Proportion 

of Combustibles 

over 30 days (%) 

Expected Energy 

Production per 

Tonne(kWh) 

AD 0.003 ± 0.003 5636 ± 5442 5.2 ± 1.3% 2.6 
EMR 0.023 ± 0.001 15924 ± 1234 24.2 ± 3.5% 22.7 

EMR/AD % Difference + 766% + 192% + 366% + 766% 

Theoretical Max     401.5 

EMR/Theoretical % 

Difference 
   -94% 
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Biogas Production 

Figure 8-3 and Figure 8-4 shows the mean daily biogas composition and gas volume production to 

assess the carbon dioxide and the combustible portion of the biogas. Both the AD and EMR systems 

show a spike in CO2 production in the first two days as the systems undergo the hydrolysis phase. 

Both of the systems then drop on biogas production on day 3. The EMR does not pick up in gas 

production until day 20 whilst the AD systems continue to flatline and do not produce any more 

biogas for the duration of the 30 days.  

The biogas production difference is clearly shown in Figure 8-5 and Figure 8-6 that compares both the 

daily and cumulative biogas production. The methane concentration with the EMR peaking on the 

daily average of 26.74 ± 3.73% on day 27 whilst the AD system peaked on the first day at 4.90 ± 

3.37%. Both the systems have a higher gas production on day one as carbon dioxide is produced due 

to fermentation. On day 6 the reactors show a spike that drops off the next day. The spike does not 

correlate with any operational change, including temperature or a change in voltage and is likely to be 

an anomaly. The EMR does not start to generate biogas again until day ten where it increases slightly 

and peaks at a max biogas production on day 28 at 1094 ± 84 mL/day. R8, however, did not follow the 

same pattern as R6 and R7 with the biogas and methane production stopping on day 3. R8 followed a 

similar pattern to the AD systems, suggesting that R8 was overloaded with VS inhibiting the 

microorganisms within the reactors and on the biofilm. From day 17-27 R6 and R7 had a low average 

energy production of 0.6 – 0.7 Wh/day, which then increased on day 28 to 33 Wh/day.    

 

Figure 8-3: Batch EMR – Brewery Boil Biogas Composition and Production, with error bars representing the range across the 

duplicated experiments. 
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Figure 8-4: Batch AD – Brewery Boil Biogas Composition and Production, with error bars representing the range across the 

duplicated experiments. 

 

 

Figure 8-5: Batch AD (R3-5) and EMR (R6-8) – Brewery Boil Daily Biogas Production and CH4 Percentage, with error bars 

representing the range across the duplicated experiments. 
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Figure 8-6: Batch AD (R3-5) and EMR (R6-8) – Brewery Boil Cumulative Biogas Production and CH4 Percentage, with error 

bars representing the range across the duplicated experiments. 

During the experiment, the total biogas composition reached just under 50% at the start of the 

experiment, after which the majority of the biogas could not be accounted for (Figure 7-8). 

 

Figure 8-7: Batch EMR – Brewery Boil Stacked Mean Biogas Composition. 
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volumes of energy on day ten until day 30. The highest daily energy production was on day 0 that 

quickly dropped off. Even though the methane percentage was only 13.14 ± 1.28%, the higher biogas 

production meant the energy production was approximately three times higher than the final days.  

 

Figure 8-8: Batch AD (R3-5) and EMR (R6-8) –Spent Grain Daily Energy Production, with error bars representing the range 

across the duplicated experiments. 

 

 

Figure 8-9: Batch AD (R3-5) and EMR (R6-8) – Brewery Boil Cumulative Energy Production, with error bars representing the 

range across the duplicated experiments. 
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Figure 8-10: Batch AD (R3-5) and EMR (R6-8) - Brewery Boil Reactor Daily Biogas Production, with an arrow showing the 

anomaly in R7 daily energy production 

Figure 8-10 shows the daily biogas production for the different reactors. The graph clearly shows the 

effect of the rapid pH drop due to the high OLR. The EMR systems show slight signs of recovery from 

day 10, producing a low amount of energy until day 27. The energy production increases from day 28-

30.  

Below Figure 8-11 and Figure 8-12 shows the daily and cumulative energy production compared 

against the pH within the reactors. Similar to the spent grain batch results, the pH and the energy 

production show result indicate a correlation for energy production. The peak in energy production in 

R6 and R7 correlates to a quicker increase in pH as it starts to surpass a pH of 5, increasing towards 

5.5.  
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Figure 8-11: Batch AD (R3-5) and EMR (R6-8) Spent Grain – Cumulative Energy production compared to pH, with error bars 

representing the range across the duplicated experiments and arrow showing the EMR pH increase. 

  

Figure 8-12: Batch EMR Spent Grain – Daily Energy production compared to pH 
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positive correlation when it comes to methane concentration, whereas the EMR has a week positive 

correlation.  

Table 8-5: Batch AD (R3-5) and EMR (R6-8) Brewery Boil – Pearson’s Correlation Coefficient pH Analysis  

 

 pH & Methane (%) pH & Daily Biogas pH & Daily energy 

production 

 AD EMR AD EMR AD EMR 

Pearson’s 

Coefficient ( r) 
0.659 0.366 0.537 0.593 0.159 0.813 

p Value  0.000 0.000 0.000 0.000 0.134 0.000 

 

 

8.1.3 Effluent Analysis  

The effluent analysis of the AD and EMR systems showed some significant differences between the 

two systems that can be seen in Table 8-6. The EMR showed higher performance in most of the 

wastewater quality parameters apart from the turbidity and TSS. From the previous batch 

experiments, the AD effluent had a better sludge settleability compared to EMR. The analysis is taken 

from the effluent with most of the solids settled at the bottom of the reactors. The only mixing would 

be from gas production at the bottom, causing solids to rise, which may be happening in the EMR but 

not the AD.  Overall the EMR had over 80% lower total solids, volatile solids and total dissolved solids 

compared to AD. The VS percentage is still at 55% within the EMR, indicating that there are still 

organics present within the waste that can be converted into methane. 

Table 8-6: Batch - EMR & AD Spent Grain Effluent Analysis 

 
Turbidity 
(NTU) 

TDS (g/L) TSS (g/L) Total 

Solids 

(g/L) 

Volatile 

Solids  

(g/L) 

Volatile 

Solids  (%) 

COD (g/L) pH 

AD 
874 ± 66 14.7 ± 3.3 2.1 ± 3.0 9.7 ± 3.3 8.7 ± 2.8 89.9 ± 4 9870 ± 152  

4.03 ± 
0.19  

EMR 
1310 ± 170 1.5 ± 0.83 2.7 ± 0.2 1.5 ± 0.5 0.8 ± 0.3 55.5 ± 0.5 8651 ± 441 

5.33 ± 
0.15 

EMR % 

Difference 
-49.94% 89.77% -29.27% 84.48% 90.42% 38.27% 12.35% 32.38% 

 

Compared to the influent all the systems showed a reduction in the turbidity, TSS, TS and VS. The TDS 

was higher for all the AD systems and R8. The increase in TDS could be due to the breakdown of the 

suspended solids dissolving into the water as the boil water mixed with the inoculum.  
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Table 8-7: Batch AD (R3-5) and EMR (R6-8) Effluent Water Quality Percentage Reduction 

  Turbidity  TDS TSS TS VS 

R3 Effluent 84% -64% 79% 75% 76% 

R4 Effluent 86% -8% 53% 70% 71% 

R5 Effluent 87% -73% 60% 61% 63% 

R6 Effluent 74% 71% 42% 92% 95% 

R7 Effluent 80% 85% 46% 98% 99% 

R8 Effluent 75% -129% 22% 71% 73% 

 

8.1.4 System Efficiency 

Table 8-8 compares the AD and EMR system efficiency. 

Table 8-8: Batch AD (R3-5) and EMR (R6-8) System Efficiency 

  Electrical 

Efficiency  

(%) 

Substrate 

Efficiency (%) 

Total Energy 

Efficiency (%) 

Coulombic 

Efficiency (%) 

AD 11.8 ± 23.3% 3 ± 6.7% 2.1 ± 4.1% N/A 

EMR 152.8 ± 8.2% 65.6 ± 12.9% 20.5 ± 2.1% 150.4 ± 36.8% 

EMR % Difference 1199% 1846% 894% N/A 

 

Electrical Efficiency 

The power consumption for the EMR electrodes was minimal at 4.8 x 10-8 kWh with a mean current of 

0.1 mA with heating power requirements of 0.014kWh. Similar to the previous batch experiments, the 

AD electrical efficiency was low, whilst the EMR reached a higher electrical efficiency of 152.8 ± 8.2%. 

Figure 8-13 shows the EMR daily energy production compared to the mean daily energy consumption. 

The high efficiency is due to the first two days and the last three where higher volumes of methane 

are produced. The EMR is energy negative at day two and does not become energy positive until day 

16, where it is just above the consumption until day 28.  
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Figure 8-13: EMR Daily Energy Production vs Consumption, with error bars representing the range across the duplicated 

experiments. 

 

Substrate Efficiency 

The mean substrate efficiency shows that the EMR system is not effectively converting the organic 

compounds within the wastewater into methane. The mean AD system was low with the systems not 

generating energy after the first couple of days. R8 also had a low substrate efficiency that could be a 

result of the higher VS content causing a slower pH recovery.  

 

Total Energy Efficiency 

The total energy efficiency is higher in the EMR due to the increased ability for the system to convert 

the organic compounds into the production of methane. However, both of the systems have low total 

energy efficiency.  
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efficiency is likely to be a result of the reduce current being drawn from the systems.  
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8.2 Discussion  

One of the aims of the research was to understand the limits of EMR to recover from an increase in 

VS.  As previously discussed research had shown that a drop <4 in pH meant that MECs were not able 

to recover with 24 hours after buffering to a neutral pH (Wang et al., 2010). In the experiment, all 

the reactors fell below 4. Unlike the previous experiment, the pH within the EMR did not recover 

quickly and failed to reach a pH above 5.5 in 30 days which was the point where methane production 

started to increase. The AD control failed to increase the pH falling below 3.5 and showed no signs of 

changing. The low pH in all the systems indicates a high concentration in VFA’s as a result of the 

increase in VS. The research showed signs of the EMR recovering without the need of buffering 

solutions. However, the rate of recovery is slow and for commercial systems, a quicker pH revival 

would be preferable to increase methane generation and COD reduction. The pH increase does show 

that the reactors do show signs of generating promising levels of methane and recovering from a pH 

below 4.  

The methane concentration within the biogas is stabilising around 30%. In the previous batch 

research, the methane concentration did not breach 30% until day 6 when the pH was between 5.5-6. 

As methanogens do not like low pH and the AD systems fail to generate methane, there may be a 

localised pH difference around the electrodes. A localised change would explain the methanogenic 

pathway through hydrogenotrophic microbes. If there is a localised pH that would also explain a low 

methane concentration as the cathodes surface area is small compared to the reactor volume. With 

no mixing, it is affecting the mass transfer coefficient. Mixing would help reduce the liquid diffusion 

layer around the electrode biofilm and the bulk liquid. The agitation would increase the suspended 

and dissolved solids contact with the biofilm on the anode enhancing the organic removal and 

bioenergy production. 

Continuing the duration of the experiment is likely to increase the pH to between 6 – 8, at a range 

that is optimum for methanogens. However, at the current rate of pH change, it would likely take 

around an extra ten days, which would be longer than the typical AD HRT of 30 days. 

The peak of energy production was on day 0 however, the energy density of the biogas would be very 

low compared to typical biogas with a 50-60% methane concentration. At such low methane 

concentrations, it would affect the useability of the biogas and could render the energy recovery 

useless for practical application. It is crucial to understand the OLR to limit the VS content to optimise 

flow rate, pH, biogas production and methane concentration. Developing a computational model to 

assess the different OLR against the critical performance parameters would enable system 

optimisation for various feedstocks.   

The brewery boil batch-test showed a high electrical efficiency compared to the spent grain. The main 

reason for this is due to the lower current drawn from the boil water experiment. It is unknown why a 

significantly lower current was being drawn, but it could be an error with the monitoring equipment.  

The system showed a reduction in COD and VS content within the wastewater. However, neither the 

EMR nor AD were able to reduce the organics within the wastewater to levels where tertiary 

treatment would not be required. Although the systems did show a significant reduction, an increase 
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in mixing would aid in solids removal. Developing a model to simulate the removal of the organics will 

enable the EMR system to be integrated into multi-process simulations. The process simulation can 

then design appropriate tertiary treatment systems to ensure safe disposal or reuse of the 

wastewater.  

 

8.3 Next Steps 

The 55% increase in VS compared to previous batch experiments shows that the EMR system was not 

able to convert the organics into readily useable methane. The biogas contained minimal methane 

content which is not comparable to commercial AD (50-60%) or the previous batch experiments. 

Future research should focus on loading the organics in a daily batch or continual process that can 

optimise the EMRs ability to operate at higher VS loading rates. 

System mixing has caused multiple issues that will affect the mass transfer coefficient. To increase 

efficiency for future pilot systems, exploring options for mixing the bulk liquid should be one of the 

priorities.   
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9 Chapter 9 – Pilot Scale Electro-Methanogenic Reactor 
 

9.1 Introduction 

 

The chapter discusses the scaleup of electro-methanogenic systems to treat blackwater from an 

ablution unit fitted with a male and female toilet. The aim is to validate EMR technology to provide 

decentralised wastewater treatment. The system offers opportunities to provide a circular approach, 

using wastewater as a resource to generate biogas, produce fertilisers and recover water for reuse. 

The technology can integrate into rural and urban communities as well as industrial applications, 

creating opportunities for onsite waste management and energy generation. The pilot research focus 

is to treat toilet waste (blackwater) directly. The aim is so that the system can then be scaled up for 

community decentralised wastewater treatment.   

The United Nation World Food Program (WFP) supports schools through their schools' meal program 
and see the potential of the EMR technology to integrate into their work. Schools provide a cooked 
meal for the children with food supplied by the WFP. The schools currently cook the food using stoves 
run on firewood which is supplied for free, removing incentives for the school to reduce consumption 
and change behaviour to reduce the volume of wood they use for cooking. WFP has provided clean 
cooking stoves; however, the school still use the same volume of firewood, as shown in Figure 9-1.  
 

  
 

Figure 9-1:Kenyan School Firewood Delivery & Fuel Efficient Stoves - Kakuma Refugee Camp 

 

The schools have a large number of pupils, and septic tank construction and emptying costs can be 

high. In the two schools visited both were constructing or have constructed new latrines where 

previous ones were full and now not operational as seen in Figure 9-2. 
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Figure 9-2: Old School Pit Latrines and new pit latrine block in Kakuma Refugee Camp in Kenya 

 

Figure 9-3 shows how the EMR system could be scaled up to treat wastewater at a school compound. 

The system could use solar power to convert the waste to provide biogas that can be used for the 

cooking within the kitchen — removing the need for firewood which is causing rapid deforestation. 

The treated water could then be used for irrigation with additional tertiary treatment.  

 

 

Figure 9-3: EMR Flow Diagram - School Implementation 
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The project offers developments in EMR, an emerging waste-to-energy technology. Through lab 

research, EMR has shown to improve the performance of AD by increasing the biogas output and 

stabilising the system. In other research, EMR has increased the content of methane in output biogas 

up to and beyond 80% (Cusick et al., 2011a), thus increasing its chemical energy density and heat 

capacity. The accelerated performance of the technology could create new opportunities for onsite 

blackwater treatment, where the system could create a real impact within underserved communities.  

AD has been tested on blackwater and shows promise but requires higher HRT of 20 days to generate 

biogas effectively and reduce COD by 53-61% (Wendland et al., 2007). Lansing et al., found that the 

optimum HRT was 47 days for sanitation waste and requires grey water separation to maximise 

biogas yields and see a 99.9% reduction in E. coli (Lansing et al., 2016). 

Both of these systems have significantly higher HRT than pilot tests on MECs, meaning the systems 

require a large amount of space. With urban populations continuing to grow and rural populations 

decreasing, space will become a premium, which means that reducing the size of decentralised 

wastewater treatment is a crucial concern. Even with MECs and EMRs being more expensive per m3, 

where land is costly, the economics can shift by reducing the amount of space required and reducing 

the civil works.  

The system requires small amounts of electricity to power the MECs, which can be powered by solar 

panels in areas where no electricity is available. The ability to produce biogas creates added value in 

areas where cooking fuels are scare. Where communities rely on solid cooking fuels such as firewood 

or coal, it leads to deforestation, severely affecting the environment (Bamwesigye et al., 2018). 

Cooking with both firewood and charcoal produces harmful emissions that cause 4 million premature 

deaths every year (WHO, n.d.). Indoor air pollution disproportionately affects women who tend to 

cook and also children, where both typically collect firewood (Amoah et al., 2019). Figure 9-4 shows a 

charcoal stove used in a restaurant within the Kakuma settlement in Kenya. 

 

 

Figure 9-4: Coal Stove in Kakuma Refugee Camp in Kenya 

 

The pilot is in collaboration with the United Nations World Food Programme (WFP) as part of a three-

phase scaleup strategy to test the system in underserved communities. The research is the first phase 

of piloting using a controlled environment to assess technical performance. The system was installed 

in a UN Humanitarian Response Depot managed by WFP, in Brindisi, Italy. An EMR system was 
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designed, built and tested onsite. The pilot provides a testbed to trial the technology and identifies 

issues before deploying the system in the field.  

The main goal of the first phase was to assess the performance of the EMR to treat toilet waste in a 

controlled environment directly. To measure, processing time, quality and quantity of outputs. 

Identify any issues that may arise, gaining feedback from users and operators to make adjustments 

for the second phase of testing in an operational environment. Additionally, the pilot offers a better 

understanding of implementing EMRs in humanitarian settings. EMR can be used for WFP staff in 

remote off-grid sub-offices as well as for beneficiaries were it can help to strengthen the wastewater 

and sanitation network. 

The collaborative “Sprint Brindisi” project started in October 2018. The project timeline is below in 

Figure 9-5. 

 

 

 

 

 

Figure 9-5: EMR Pilot Project Timeline 

 

9.2 Method 

 

In this section, the various methodologies surrounding the pilot are explained. The pilot was 

constructed for the site using one of the UNRD’s ablution units that are a vital component in their first 

response kit. The first response kits are packages deployed to set up a UN base in emergency relief 

situations. The ablution unit contains two toilets with 8L flushes and handwashing facilities. The waste 

flowed into a holding tank (200L). From the holding tank, the waste is pumped using a Boyser AMP-

16D Peristaltic Pump into the EMR. The effluent from the reactor flowed directly into a sewer system 

with sampling points to monitor.  

The design and setup of the pilot are to simulate typical conditions within Kenya. The installation was 

in southern Italy during the winter, and two Heatrod Element Immersion heaters were inserted into 

the EMR at points TT2 and TT1 on Figure 9-8. The heaters were connected to a circuit with two 

04/10/18

System Design

10/01/19

Reactor is delivered to 
site in Brindisi

26/01/19 

Day 1 

EMR Reactor Startup

11/02/19

Day 17

Site visit for 
troubleshooting 

15/03/19

Day 49

SYSTEM STOP 

Water supply shutoff

01/04/19

Day 66

Water supply turned 
on, EMR re-
inoculated 

02/04/19

Day 67

SYSTEM STOP 

Pump blockage -
unfiltered inoculum

09/04/19

Day 74

SYSTEM STOP 

Multiple Pump 
blockages causing 

critical failure

29/04/19

Day 94

System turned on 
after pump reinstalled 

10/05/19

Day 105

TESTING STOPPED 

Due to low usage 



  

149 
 

thermocouples 15cm from both of the heating elements. An Arduino Leo controlled the circuit 

recording the temperature at each point independently. The heaters turned off when the 

temperature reached 35oC and turned them on when the dropped below 34.5oC to stimulate 

methanogenic conditions. 

 

Figure 9-6: EMR Brindisi Pilot 1 

 

Figure 9-7: EMR Brindisi Pilot 2 
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9.2.1 Components 

Figure 9-6 and Figure 9-7 show the component numbers listed below: 

1. Ablution unit with a male and female toilet with eight-litre cistern flush and handwashing 

facilities. 

2. Pump housing for Boyser AMP-16D Peristaltic Pump  

3. Electromethanogenic Reactor  

4. Biogas Bag Trellleborg B6060 

5. Effluent exit port into a sewer 

6. Effluent Testing point  

7. Control and monitoring panel  

8. Inline Process Instrument Crius pH and Temperature Monitoring Panel  

9. Wet Tip Gas Flow Meter (wettipgasmeter.com) 

10. Biogas water condensing columns (x4) 

11. Biogas Testing Point B 

12. Desulphurisation Column (Chemiviron Envirocarb Stix 4mm) 

13. Dynament biogas analyser 

Figure 9-8: EMR Pilot Piping & Instrumentation Diagram (P&ID), highlighting TT1 and TT2 (orange) and HV1 and HV2 

(green)  
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9.2.2 Tank Design 

A 1.4m3 tank was designed and built specifically for the pilot to allow easy insertion of the electrodes 

and for specific placement to increase the turbulence within the system, as shown in Figure 9-9. The 

fastening points allowed the panels to be positioned in a floating and standing orientation at 179 cm 

and 121 cm intervals. The electrode positions created a baffling effect to direct the flow of liquid in a 

continuous upward and downward motion. The baffling effect will reduce short-circuiting and 

increase the contact time of the organics in the electrodes. The front of the tank has a slope allowing 

sludge to be collected and drained from the bottom of the system. Baffled reactors can increase 

mixing within tanks without any mechanical or moving parts, as well as increasing sludge retention 

time (Barber and Stuckey, 1999). 

 

Figure 9-9: Brindisi Tank Technical Design 

 

Anaerobic Baffled Reactors (ABR) have specific design parameters shown in Table 9-1. The 

parameters were used as a guide where the number of electrode plates needs to be significantly 

higher than the usual amount of 3-5 baffles in a typical ABR. The main parameter difference was in 

the up-flow to downflow ratio, where increasing the spacing would have reduced the number of 

electrodes. Reducing the number of electrodes would have a negative effecting on the organics and 

electrode contact time that will affect the mass transfer within the reactor.  
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Table 9-1: Design parameters for an ABR treating domestic wastewater adapted from (Maria and Bsceng, 2009) 

Parameter Symbol Unit Ratio / Equation EMR Reactor Design 

Flow Rate Q m3/d  0.7 

Number of 

compartments 
N  4 - 6 14 

Peak up-flow Velocity Vp m/h 0.5  

Design flow velocity Vd m/h 𝑉𝑝/ 1.8 =  0.28 28 

Compartment up-

flow area 
Au m2 𝑄/(𝑉𝐷 × 24) 60 

Upflow to downflow 

area ratio 
RU:D m2:m2 1:2-3 1:1.5 

Compartment width 

to length ratio 
CW:L m:m 1:3-4 1:3 

Reactor Width rW m √
𝑉𝑊𝑥𝐶𝑊:𝐿

𝑁𝑥𝑟𝐷
 750 

Reactor Length rL m 
𝑁𝑥𝑟𝑊

𝐶𝑊:𝐿
 2150 

Reactor Volume    1.6m3 

Liquid Volume    1.4m3 

 

 

9.2.3 Thermal Heating System Design 

Two heaters were used in the pilot, one to raise the temperature and one to maintain the 

temperature. The heating requirements of the first heating element was calculated to heat up the 

wastewater to 35oC. Where Ahn et al., reports the maximum methane yields and current density for 

treating sewage sludge(Ahn et al., 2017). The second heater was then used to maintain the 

temperature within the tank at 35oC. Equation 9-1 was used to calculate the energy required to heat 

up the water shown in Equation 9-2 to Equation 9-4. The second heater requires less power as its 

function is to maintain the temperature as the wastewater flows through the reactor shown in 

Equation 9-5 and Equation 9-6. Foam insulation panels insulated the reactor to reduce heat loss - 

50mm Xtratherm Safe-R Phenolic Insulation Board which provided an R-value of 2.46 (Insulation Shop, 

2020). 

Equation 9-1 𝑄 = 𝑚𝐶𝑝𝛥𝑇          

Equation 9-2 𝑄 =  113094𝑔 𝑥 4.186 𝐽/𝑔−1𝑑𝑒𝑔 𝐶 𝑥  22𝑜𝐶 = 10415053𝐽     

Equation 9-3 𝑃𝑜𝑤𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠 =
𝑄

𝑇
 𝑥 𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟       

Equation 9-4  𝑃𝑜𝑤𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠 =
10415053𝐽

135721.28 𝑠
 𝑥 1.2 = 920.92 𝑊      



  

153 
 

Equation 9-5 𝑄 𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛 =  (𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑥 (𝑅 − 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 )𝑥 𝛥𝑇 𝑥 𝑆𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟  

Equation 9-6 𝑄𝑚 = (4.06𝑚2 𝑥 2.46𝑘𝑚2𝑊−1) 𝑥 35 𝑥 1.2 =  78.4 𝑊      

  

 

9.2.4 Electrode Design 

One of the essential elements of the anode is the electronically active bacteria that form a biofilm on 

the surface of the anode. The adhesion of the biofilm is critical to system performance. Carbon-based 

materials can promote interfacial microbial colonisation, accelerating the formation of the biofilm (Li 

et al., 2017). As well as the biofilm, the anode needs to have an effective electron acceptor as carbon-

based materials can have low conductivity compared to metals (Escapa et al., 2016a). Research has 

led to focus on the high surface area to volume materials looking towards 3D porous carbon 

electrodes, such as foams, meshes and brushes (Guo et al., 2015). As previously mentioned, the cost 

of the system is crucial to the economic viability. Carbon brushes were explored for the pilot; 

however, the cost to manufacture was too high for the pilot. Granular Activated Carbon (GAC) is 

widely available, relatively cheap and has a high surface area for biofilm formation offering an 

alternative anode material. GAC is biocompatible and biologically non-toxic (Zhu et al., 2019), and the 

high surface area for biofilm attachment increases the mass transfer between the electrode and 

wastewater solution (D. Liu et al., 2018). The cathode requires similar properties with the addition of 

hydrogen evolution. Cost considerations were vital when taking this project forward due to the aim 

for deployment in Kenya where CAPEX of systems needs to be relatively low. The electrode placement 

can be seen in Figure 9-10. 

 

Figure 9-10: EMR Pilot Electrode Placement Images 
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The EMR contains thirteen electrode plates. Each electrode plate contained 12 anodes and 24 

cathodes for a total of 156 electrode triplets. The electrodes anodes were constructed out of a HDPE 

frame with Granulated Activated Carbon (Chemviron Carbon - Environcarb 207C) inserted into the 12 

channels. The anodes within the electrode plate were connected in series using a titanium plate that 

was inserted into the channels to act as the electron acceptor. The cathodes were constructed out of 

stainless steel 304 mesh, seem welded to create pockets. GAC (Chemviron Carbon - CARBSORB 30) 

was inserted into the pockets to create a bed for a methanogenic biofilm to form at the point of 

hydrogen production to accelerate methane production. The cathodes within the electrode module 

were connected in series by a stainless steel 316 solid bar along the length of the plate. Below Table 

9-2 shows the operational conditions of the pilot system. 

 

Table 9-2: EMR Operational Pilot Conditions: 

Feedstock 

 

Inoculum 

 

 

COD Input  

Range  

(mg/L) 

Scale  

(L) 

Specific Anode 

Surface Area  

(m2/m3)) 

Specific Cathode 

Surface Area 

(m2/m3)) 

HRT 

(days) 

Duration 

(days) 

Startup 

(days) 

Voltage 

Applied  

(V) 

Temp  

(C) 

Blackwater Drainage water 

+ cow manure 

2276.7 mg/L 1300 1100 900 35 103  

(58 days 

Operational) 

- 1.1 40 

 

The electrode plates where powered individually and in parallel using 5V power supplies. A circuit 

reduced the voltage, to supply 1.1 V across the electrode plates. Nine power supplies were used to 

power the electrodes. With electrodes 3 & 4, 7 & 8, 9 &10 and 12 & 13 being powered in parallel 

using one power supply for the electrode plate pairs. Electrode plates 1, 2, 5, 6 and 11 had their own 

power supply. Each power supply connects to a circuit with a 1-ohm resistor. The circuit measured 

the current generation for each electrode plate or pair of electrode plates depending on the power 

supply setup. An Arduino Leo was used to connect the circuits and calculate the current using 

Equation 9-7 and recorded the data every 15 minutes. 

 

Equation 9-7  𝐶𝑢𝑟𝑟𝑒𝑛𝑡 =  𝑉𝑜𝑙𝑡𝑎𝑔𝑒 / 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒   

 

9.2.5 Analytical Measurements 

The system performance was monitored both remotely and onsite by WFP staff that were trained to 

take the different measurements. The remote data monitoring involved the use of 2 Arduino Leos and 

a Raspberry Pi2 system to collect data and transmit it. The computer control systems monitored the 

electrode’s current, the volume of gas produced by the system and the gas composition. The gas was 

stored in a 4m3 gas bag (Trellleborg B6060). The biogas composition was measured using a Dynament 

Dual-Gas High-Resolution Methane / Carbon Dioxide Sensor (CH4 0-100%, CO2 0-100%, Other 

Hydrocarbons 0-4%). A secondary gas composition and pressure measurement were taken using 

RASI700-BIO-03 Gas Analyser, which measured for O2, CO2 and CH4 (0-100%) and dual H2S 0-5000 ppm 
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& H2 0-50000 ppm and pressure up to 300 mbar. The gas volume was measured using a wet-tip gas 

flow meter (from wettipgasmeter.com) calibrated to record in 100ml increments. When 100ml of gas 

is collected the flow meter tips closing a switch, the Rasberry Pi records the signal, counting the 

number of tips to calculate the gas flow rate. 

A manual tracker was used to record the daily amount of faeces and urine and to estimate the volume 

in the holding tank. The pump was turned on and off depending on the holding tank volume. The daily 

flow rate was calculated using Equation 9-8. 

Equation 9-8: 𝐷𝑎𝑖𝑙𝑦 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 =  𝑃𝑢𝑚𝑝 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 𝑥 𝑇𝑖𝑚𝑒    

Three temperature probes recorded the temperature within the reactor.  Two thermocouples 

connected to an Arduino Leo where 20cm away from the two heating rods. The third temperature 

probe was connected to a Process Instruments Crius which also recorded the pH within the reactor 

every 30 minutes.  

 

9.2.6 Wastewater Analysis Parameters: 

During the pilot study, various wastewater tests were taken at two sampling points. The samples were 

taken pre-treatment (HV1) and post-treatment (HV5), denoted on Figure 9-8: EMR Pilot Piping & 

Instrumentation Diagram (P&ID). Seven parameters where measured listed in Table 9-3 and the 

schedule of the tests indicated in Table 9-4. 

Table 9-3: Wastewater Analysis - Equipment 

Parameter  Instrument Units  

pH 

SciQuip Portable precision Multi-Parameter 

Water Quality Meter(SQ-7052) 

P11 pH Electrode 

 

Conductivity SQ-7052 - K10 Conductivity Cell mS/cm 

Total Dissolved Solids (TDS) SQ-7052 - K10 Conductivity Cell mg/L 

Dissolved Oxygen (DO) DO 100 Polarographic probe mg/L 

Turbidity HANNA Instruments - LP2000 Turbidity Meter NTU 

Chemical Oxygen Demand 

(COD) 

Camlab Cw2000 colormeter 

HACH LangeLT200 – Heating block  

HACH COD Vials 0-1500mg/l and 0-15,000 

mg/L 

mg/L 

Coliform Presence (E.coli) 
Camlab - Coliform bacteria check water quality 

tests 
Absent/Present 
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Table 9-4: Brindisi Pilot Wastewater Analysis Schedule 

Sampling Point Test Frequency 

 

 

 

HV1 

pH Every Monday  

Conductivity Every Monday 

Total Dissolved Solids 

(TDS) 

Every Monday 

Dissolved Oxygen (DO) Every Monday 

Turbidity Every Monday 

Chemical Oxygen Demand 

(COD) 

Once a month 

Pathogens Never 

 

 

 

HV5 

pH Every day  

Conductivity Every day 

TDS Every day 

DO Every day 

Turbidity Every day 

COD Every Monday, Wednesday and Friday 

Pathogens Every Tuesday 

HV9, HV10, HV11, HV12 

and HV13 

Gas Water Traps – 

Volume Measurement 

Every Monday, Wednesday and Friday 

HV6 Gas measurement  Every day. 

 

9.2.7 Reactor System Safety Tests  

The system was pressure tested to test for leaks. The tank was filled with water and air was pumped 

into the system using a compressor to 0.100bar and was maintained for 30 mins. The heating system 

was tested before the installation. The lid was removed, and a portable temperature probe was used 

to check that the heaters turned off once the water reached 35oC. 

9.2.8 Operational Conditions 

The section discusses the operational conditions achieved during the pilot. Table 9-5 shows the actual 

achieved operational conditions and how they differed from the design specification. The 

atmospheric temperature during the pilot changed throughout the seasonal change ranging from 3 – 

28oC, which would have affected the influent temperature significantly as the holding tank was only 

200L.  The specification of the holding tank had initially been 1.5m3 to hold two days worth of 

wastewater that would sustain continuous flow over the weekend. Due to issue with having to move 

the ablution unit, it was not possible to have a large holding tank. As a result, the pump was not 

operational from 4 pm – 8 am to ensure the pump did not run dry changing the operation of the pilot 

into a semi-batch system.  

Previous pilot studies operating on wastewater stepped up Vapp from 0.6 to 1.1 V where the systems 

started generating hydrogen. At this point the potential difference was around 0.5 V between the 
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electrodes (Heidrich et al., 2013b). The study is the closets pilot scale system to the research and 1.1 

V was used for the pilot system as hydrogen needs to be generated to then convert into methane.  

 

9.2.9 Inoculation 

The system was inoculated with 50L of digestate from LEAP Calthorpe Living LabAD system. A further 

200L of sludge and water was added to the reactor to bolster the microorganism diversity from a 

nearby storm drain (Figure 9-11). To kick start the system 1kg of sodium acetate were added as the 

holding tank filled from the ablution unit, and the site would be closed for two days over the 

weekend. During this time, the first two days the temperature controller malfunctioned, resulting in 

the tank reaching 69.4oC  for 48 hours pasteurising the system. Due to the limited time available to 

spend on site, there was no opportunity to find an alternative inoculum source, to reinoculate. It was 

decided that the system should be turned on, and the wastewater from the ablution unit would flow 

into the reactor to see if biofilm could grow within the system from the blackwater.  

Due to low performance during the pilot, the system was reinoculated with 200L of cow manure. The 

manure was mixed with water in a 1:2 ratio and pumped into the reactor on day 66.  

 

Figure 9-11: Storm Drainage Channel 

 

9.2.10 Wastewater Flow Rate 

The daily flow rate of the system was significantly lower than the predicted 700L per day. Table 9-5 

shows the daily flow rate of the wastewater entering the EMR system. The average daily flow rate was 

around 90L per day instead of the predicated 700L. The reason for the lower flow rate was due to 

staff being deployed to respond to an international emergency. The reduced staff meant fewer users, 

where only 2-3 people were using the toilet, and no one was authorised to use the site at weekends. 

During the pilot, the wastewater flow had to be turned off twice, as indicated in the two periods of 

zero flow in Figure 9-12 indicated by the red boxes. The reasons where due to the site's water being 

turned off for unplanned maintenance. The second period was due to the pump malfunctioning and 

requiring repairing during the pilot after the second inoculation. The aim of injecting agricultural 

waste into the system was to increase the microbial community within the reactor. The 

microorganisms would form a biofilm on the electrodes and break down the organic waste.  

Unfortunately, with the pump breaking down after the inoculation, the system was not operational 
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for 28 days. As a result, the bacteria would not have received any new organics and were not mixing 

within the tank.  

Table 9-5: Brindisi pilot operational conditions 

Parameter  Expected Achieved 

Operation Time  120 days 103 full duration  

58 days operational  

Down Time 5% 44% 

Flow rate 700 L/day 90 L/day 

Hydraulic Retention Time 2 days 35 days 

Temperature 35oC 37.6 + 4.7/- 9.1 oC 

pH 7.0 +/- 0.5 7.16 + 0.77/- 0.27 

COD 3000 mg/L 2276.7 mg/L 

Organic Loading Rate 2100 mgCOD/L/day 204.84 mgCOD/L/day 

 

 

 

Figure 9-12: Comparison of daily flow rate to the predicted flow rate of wastewater, highlighting the periods when no waste 

was added or when cow manure was used as a waste stream and inoculant. 
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9.2.11 Debrief Focus Group 

After the pilot, a focus group with the four operational staff involved with the pilot was carried out. 

The objective of the focus group is to ascertain the effectiveness of EMR to be implemented in the 

field. The staff involved are part of the WFP first response unit that is deployed in international 

emergency situations and will have informed expert opinions on different aspects of the technology. 

The focus group aims to gather insights into the effectiveness of the technology to be deployed in 

underserved communities in three areas. The first is around behaviour change to understand any 

social and cultural issues that may impact the use of the system. The second is around the operations 

of the pilot and the technology that need to be addressed before the system could be trialled in the 

field. The final area is around the maintenance of the technology that may limit its practicality within 

the field.  The aim of using a focus group over survey data is to create an opportunity for discussion 

between the users allowing opinions to be challenged. 

Usually focus groups would contain 8-12 people, with similar characteristics to ensure everyone is 

comfortable expressing their opinions (Grudens-Schuck et al., 2004). Due to staff limitation and 

participants within the trial, it was only possible to have four participants.  

An interview guide was prepared for the focus group to help facilitate the session and provide open 

questions that the participants could build on. During the focus group, the session was recorded, to 

identify repeated themes and select quotations that will inform the analysis. Participants were 

encouraged to use a whiteboard to make notes during the discussion.  

 

9.3 Results 

In this section, the results of the pilot study show the system performance throughout the study.  

9.3.1 Reactor Conditions 

Figure 9-13 shows the internal temperature and pH within the reactor throughout the pilot duration. 

Both the pH and temperature recorded the environmental conditions within the reactor as both 

affect the activity of the microorganisms. After the temperature rose to 69.4oC it took a couple of 

days to reduce to below 50oC when the temperature was then recorded and shown below in Figure 

9-13. The system 20 days before the temperature stabilised around 37.6 + 4.7/- 9.1oC on day 14. 

During the first 20 days, there was a drop in temperature of 53.6oC where the reactor fell to 15.8oC. 

The high temperature and significant drop are likely to have affected the formation of biofilm during 

the first two weeks. The system temperature shock shows the effect on the pH within the reactor due 

to water at higher temperatures having a greater ability to ionise and increase hydrogen ions causing 

the pH to drop. Increases in temperature also improve volatile suspended solid removal causing the 

solution to increase in alkalinity (Ahn et al., 2017).  Once the temperature stabilised after 14 days, the 

pH stabilised around 7.16 + 0.77/- 0.27. The pilot system was at an optimal pH range for microbial 

activity and did not show the same pH fluctuations as the lab experiments.  
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Figure 9-13: The pH and temperature within the reactor, highlighting the periods when no waste was added or when cow 

manure was used as a waste stream and inoculant. 

 

9.3.2 Water Quality Measurements: 

Table 9-6 shows the water quality analysis on the influent and the effluent and compares the test 

results to EU wastewater discharge standards. 

Table 9-6: Water quality data comparisons 

Test Pre-Treatment Post Treatment Removal 

Efficiency (%) 

EU Standard 

pH 7.7 ± 0.1 7.6 ± 0.1 - 6.5 - 8 

TDS (ppt) 3.9 ± 0.2 3.6 ± 0.1 12.7 ± 4.3 <450 

COD (mg/L) 2276 ± 1188 1653 ± 196 46.9 ± 6.4 125 

Turbidity (NTU) 398.4 ± 102.9 65.2 ± 7.5 83.6 ± 1.9  

Conductivity (µS) 4752.5 ± 1427.8 5469.4 ± 512.1 - 46.0 ± 2.9  

Dissolved Oxygen 

(%) 

7.9 ± 0.0 5.5 ± 0.5 34.4 ± 7.0  

 

Below, Figure 9-14 and Figure 9-15 shows the fluctuations in the COD removal efficiency during the 

pilot. The efficiency is calculated using Equation 5-2 comparing the average influent COD to effluent. 

The HRT and disruptions during the pilot reduced the amount of comparable data for the COD 

removal efficiency. The results show an average COD reduction of 46.9%. 

The average influent COD was used due to the high HRT and fluctuations in daily flow rate required to 

calculate the COD removal efficiency. The influent COD fluctuated significantly during the pilot. To 

calculate the average influent COD, a standard deviation of 0.5 was applied to the results to identify 
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any outliers. The influent COD fluctuated from 500mg/L to 13140mg/L, applying the standard 

deviation of 0.5 indicated three incorrect values show with red crosses on Figure 9-14. Resulting in a 

mean influent COD of 2276mg/L. 

Due to spoiled COD effluent samples, the data collection intervals were not matched reducing the 

reliability of the data set. Figure 9-15 shows large fluctuations in removal efficiency during the pilot. 

The COD reduction is not in line with EU discharge standards. Even with the HRT of 35 days, the COD 

was not significantly reduced with operational AD outperforming the system. Part of the issue with 

the low performance is due to the inoculation of the system. With an ineffective biofilm and bio 

consortium within the reactor, the breakdown and removal of organics will be slower, and the results 

show that there has been ineffective COD removal for the treatment time. With an effective OLR of 

204.84 mgCOD/L/day which is ten times lower than the 2000 mgCOD/L/day literature proposes as a 

rate that can compete with activated sludge (Gil-Carrera et al., 2013b). 

 

 

Figure 9-14: Influent & Effluent COD, highlighting the periods when no waste was added or when cow manure was used as 

a waste stream and inoculant and crosses indicating calculated anomalies. 
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Figure 9-15: COD Removal Efficiency, highlighting the periods when no waste was added or when cow manure was used as 

a waste stream and inoculant. 

 

The low organic loading rate was due to the reduced number of participants using the ablution unit 

resulting in a low flow rate. Figure 9-16 shows the toilet usage throughout the project. The system 

was operating on black water from the ablution unit, which reached a peak usage of 19 times a day 

but a mean usage of nine during the operational periods. The system was designed to operate with a 

minimum of 10 users but ideally 15-20 users to reach the predicted 700L/day. The COD of the influent 

wastewater was 24% lower than the predicted COD of 3000mg/L.  

 

Figure 9-16: Stacked line graph showing toilet usage, highlighting the periods when no waste was added or when cow 

manure was used as a waste stream and inoculant. 
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The pH is a good indicator of reactor conditions, the pre, during and post pH is shown in Figure 9-17. 

As mentioned previously AD systems typically have a high build-up of Volatile Suspended Solids (VSS), 

causing the pH to drop significantly, which can inhibit the bacteria within the system (Logan, 2007). 

The stable pH within the reactor and higher pH at the effluent indicates that there is not a build-up of 

VFA within the wastewater. As the system is operating in ideal mesophilic conditions, the treatment 

will likely be following similar stages hydrolysis, acidogenesis, acetogenesis, and then 

methanogenesis. With no build-up of VFAs at any stage they have either gone through acetogenesis 

to produce acetate or in this case more likely carbon dioxide as there are low volumes of methane 

production. Another possibility is that the VFAs are used for electricity generation by the 

exoelectrogens present within the biofilm. 

 

Figure 9-17: pH change pre, during and post-treatment, highlighting the periods when no waste was added or when cow 

manure was used as a waste stream and inoculant. 

Figure 9-18 shows the reduction in turbidity pre and post-treatment. Overall, the pilot showed a 

significant reduction of 83.63%. The main reason for the reduction is due to the long HRT and the 
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effluent leaves the system. 
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Figure 9-18:: Turbidity of wastewater before and after the reactor, highlighting the periods when no waste was added or 

when cow manure was used as a waste stream and inoculant. 

 

Table 9-7 shows the presence of pathogens in the effluent of the system. EMR is unlikely to affect 

pathogen removal, especially at the intended HRT. A tertiary treatment will be required to remove 

coliforms and pathogens before it can be safe to discharge into the environment.  

 

Table 9-7: Results of pathogen checks on the reactor effluent 
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digestion taking place within the reactor. Due to the low methane and gas volumes, the energy 

efficiency of the system is not relevant as the pilot failed to start up and perform effectively as an 

EMR.  

Table 9-8: EMR Pilot System Performance 

Volumetric Gas 

Production 

(m3 gas/m3 

reactor 

volume/day) 

Gas Composition (%) Gas 

Pressure  

(Pa) 

Energy 

Production 

(MJ/day) 

Cathodic 

Coulombic 

Efficiency (%) 

Current 

Density 

(A/m2) 

CH4 CO2 O2 H2S 

(PPM) 

0.001 0.09 1.45 20.78 0.11 -0.14 - - 0.45 

 

During the pilot, approximately 10.04kg of COD entered the system and 2.75kg was removed. A 

typical AD system generates around 1kWh from 1kg of COD and will typically operate with waste 

streams above 1g/L of COD (Pham et al., 2006). 1 kWh is 3.6 MJ; methane has a gross heating value of 

40.34 MJ/m3. Therefore, 1m3 of methane is 11.2 kWh. The theoretical maximum volume of methane 

with 100% conversion of COD in an AD would be 10.04kWh, which would be 895L. For 2.75kg of COD 

removed during the pilot, an AD system would have generated 2.75kWh or 2.3L of methane a day. 

Biogas 

Figure 9-19 shows the daily gas flow rate. The X indicates anomalies likely due to a faulty connection 

within the monitoring equipment as the flow rate rapidly drops. The flow rate was monitored after 

the pilot had stopped, and the wastewater was not pumped into the tank to see if gas was still 

generated. The system did generate low volumes of gas around 0.5L/day for 35 days after the pumps 

were stopped.  

 

Figure 9-19: EMR Pilot Gas Flow Rate, highlighting the periods when no waste was added or when cow manure was used as 

a waste stream and inoculant and X indicating anomalies. 
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Figure 9-20 shows the gas composition throughout the pilot, with minimal change to the methane 

content that stay <0.1%. The system was not designed to operate with hydrogen, and the measuring 

instruments were not able to measure if hydrogen continuously. The gas storage is permeable and is 

not capable of storing hydrogen effectively. The portable biogas analyser used onsite was capable of 

measure hydrogen up to 5000 ppm. The results indicate that there was minimal hydrogen shown on 

the device. As limited gas was being produced, the system pressure was not optimal for the analyser, 

and the results have not been shown.   

 

Figure 9-20: EMR Pilot Gas Composition, highlighting the periods when no waste was added or when cow manure was used 

as a waste stream and inoculant. 

Current Density 

BES cannot generate current at a higher rate than the biofilm on the electrodes can oxidise the 

organics within the waste (Logan, 2007). The current density is a measure of the biofilm growth and 

the ability of the exoelectrogenic bacteria’s ability to oxidise the substrate. The current was recorded 

after the pilot finished to understand how the biofilm would reactor to no wastewater flowing 

through the system. 

Figure 9-21 and Figure 9-22 show the current density for the electrode plates throughout the 

experiment. The current density fluctuates through the system during the experiment. The graphs 

show the drop in current density after the pump is turned off from day 49. The current density shows 
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that was remotely sent was corrupted. From the day 99 the current density shows a significant 

increase until day 116 when it sharply decreases and then builds until the decommission at 140 days. 

The increase at day 116 could be due to the substrate going through the acetogenesis stage, forming 

acetate. Multiple studies have shown that BES effectively oxidise acetate, which could have increased 

the current density. During the pilot, the current density increases by an average of 14% across all the 

electrodes. The rise indicates that an exoelectrogenic biofilm did develop on the electrodes, however 

the current was not converted into methane.  
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Figure 9-21: Electrode plate current density, highlighting the periods when no waste was added or when cow manure was 

used as a waste stream and inoculant. 

 

 

Figure 9-22: EMR Pilot Average Current Densities, highlighting the periods when no waste was added or when cow manure 

was used as a waste stream and inoculant. 
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Figure 9-23 shows the average current density of the electrodes and electrode pairs throughout the 

experiment in relation to the HRT of the wastewater within the tank. Figure 9-24 and Figure 9-25 

show a clearer picture of the increase in electrode density, the longer the HRT. As the substrate 

within the wastewater oxidises, they break down into simpler organic chains such as acetate. Which 

as previously mentioned, is readily oxidised by exoelectrogens. The increase in current density could 

support the argument that the reactor was operating in the four stages of AD.  

 

 

Figure 9-23: EMR Pilot Electrode Current Density in relation to treatment time 

 

  
Figure 9-24: Singular Electrode Plate Average Current Density Figure 9-25: Electrode Plate Pair Average Current Density 
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9.3.4 Focus Group Analysis 

A focus group with the WFP staff assessed the usability of the system from an operational 

perspective. The focus group aims to improve the design of the system to meet the needs of the WFP 

field staff. The focus group identified some critical insights into the operational performance of the 

pilot. Key themes continued to appear throughout the focus group around the social acceptability, 

required behaviour change, operations and maintenance. During the focus group, the participants 

used a whiteboard to facilitate their idea generation as shown in Figure 9-26.  

 

Figure 9-26: Focus group discussion whiteboard notes 

1. How did users react to using the ablution unit and EMR pilot? 

Due to the location of the ablution unit it was situated outside of the two offices involved in the trial. 

One set of users also had another toilet that was more conveniently located. During the group 

discussions it was clear that these users found the pilot to be more of an inconvenience quoting that 

“it is too far to go”, “it is cold outside” and “it smells of faeces”. Other comments about the aesthetics 

of the pilot were mentioned with one user commenting that one of the other users said: “it looks like 

a coffin”. During the discussion, the EMR operating staff commented that they believed the second 

group of users made excuses not to use the system. They reported that the site did not smell even 

during maintenance where holding tanks where opened. The main reason they believed the users did 

not partake readily is due to the ease of their current toilet access that was connected to their office. 

User participation was one of the main reasons for failure during the pilot. One was related to staff 

being redeployed, and the other was participants using alternative washroom facilities. The 

comments could affect future deployment were interventions have to be convenient for the users.  

The central theme to appear relates to behaviour change, with users not willing to change their 

habits. Behaviour change is a theme commonly linked to failed interventions within the humanitarian 

sector. During the pilot, there was limited space and ability to place the ablution unit in alternative 

locations that would be suitable for staff. The WFP staff chose the location and participants that 

would be using the ablution unit for the study. For future tests, further analysis of the site location is 

required to ensure that users do not have to change their behaviour significantly. The focus group 
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mentioned that increasing stakeholder engagement at every stage of the pilot would help. The 

stakeholder engagement will help inform users and help identify the various stakeholder's concerns 

and expectations early on in the design stage.  

The theme around site aesthetics was mentioned to make the experience of using the system 

appealing to others. Unfortunately, the pilot was installed during the winter, meaning that weather 

was a significant barrier. Around the theme of aesthetics, users commented that the name “the name 

Electro-Methanogenic Reactor creates, scary and complex connotations”. The comment made an 

insightful look into understanding how some of the participants saw the pilot as a complex science 

experiment than a possible immediate intervention. The views based on this meant they did not see 

the technology as an immediate solution to provide alternative wastewater management within the 

humanitarian context. Staff highlighted alternative names and marketing should be used to engage 

users with the project. Future projects should aim to make the site an attractive environment to 

increase staff and community wellbeing, along with increasing the acceptability of adopting new 

technologies.  

 

2. How did users react to the concept of using biogas for cooking that has been produced from 

faecal sludge?  

The operational staff were happy and prepared to use the biogas if the pilot had operated as planned. 

However, during the pilot discussions with other staff around the site, they had mixed reactions. One 

participant stating that someone commented to them “You’re going to cook with the gas from that” 

indicating that they felt it was unsanitary. There were also concerns about religious views. Some 

participants commented that this could be in an area with religious and cultural practices and views 

that may present some issues. The focus group indicated a divide on views between the operational 

staff and the toilet users. The theme of behaviour change appeared again with operational staff 

commenting that they had a good understanding of the technology and how it produced biogas. 

However, other staff were less informed about how the system worked and the environmental and 

social benefits it could provide within the humanitarian context. Another theme appeared around 

education. It was mentioned that education is vital to inform the participants of how the system 

works and operates to create behaviour change.  

Various educational practices are applied within the sanitation sector. Community-Led Total 

Sanitation (CLTS) is one methodology that has been used to scale up open defecation free zones in 

Kenya and other countries (Chambers, 2009). CLTS uses an approach that gets users to assess and 

decide if they want to go open defecate free. Using a similar approach around the acceptability of 

waste to energy could be used within the humanitarian context to ensure user buy-in before 

implementing the technology.  

 

3. Where would you foresee issues around the installation of EMR technology in the 

humanitarian context? 

Two themes emerged around the installation, the ability of quickly deploying the unit and quick start-

up. The system took two weeks to install, the target was a one-week installation. The longer 

installation is partly due to weather issues making the ground unsuitable for some of the forklift 
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trucks used to position the ablution unit. The staff mentioned that in humanitarian and emergency 

settings, there is a need for quick installation and instant operation. Depending on the context, the 

importance of the two may differ, but in emergencies where the first response unit typically works 

the issues around inoculation and start-up presented significant concerns.  

Other areas around the design of the system were identified about the ease of use and installation 

without the need of large machinery like forklift trucks, or pallet trucks may not be readily available to 

position and install the EMR. The group identified areas that would improve the design of the system. 

Modularity appeared as a theme throughout the discussion, with the concept of small moveable 

modules that could easily be positioned and scaled up to increase capacity.  

 

The group identified two key design criteria for the next design iteration:   

1. Allow four people to easily carry the EMR system so it can be positioned on-site 

without the need for any heavy machinery.  

2. Alter the dimensions to match standard EU pallet sizes for easy distribution. 

 

4. What concerns do you have around the operational aspects of the technology if it is to be 

successfully deployed in the field? 

 

As previously mentioned in this chapter, multiple issues arose with the pump and the system start-

up—both were brought up by the participants. A key theme around ease of use brought up, the pilot 

had a lot more technical aspects due to the nature of being a research project requiring a lot more 

control. To scale up the technology, the participants identified that it would need to be robust and 

can maintain itself with minimal staff input. The inoculation and start-up identified concerns to the 

staff as they had to re-inoculate with animal waste, which was time-consuming. These kinds of 

activities may present difficulties in the field. Participants were keen to see if the bacteria could be 

inserted before it is shipped or have an easy way to add them. The concept of plug and play was 

mentioned multiple times to simplify the installation and start-up.  

When asked around the biogas aspects, the participants were not able to make many comments 

about the use of biogas/setup as the system failed to produce any. One concern the staff did mention 

was around the pressure not be sufficient to be moved around different sites. When asked if small 

transportable bags would be better, there was a mixed reaction and staff had concerns about 

complexity and the various fittings that would be required. Staff were more enthused by the idea of 

biogas pumps to transport the gas.  

The staff identified four key areas to consider in the system redesign to ease operations and 

maintenance:  

- Remove heaters to operate at ambient temperatures only 

- Gravity-fed system to remove pump requirements 

- Incorporate inlet works and filter to remove large media, which can be easily accessed to 

maintain 

- Define Inoculation protocol for quick system start-up 
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9.4 Discussion 

Overall, the pilot did not perform as was expected from previous lab research and literature. As 

previously discussed, multiple reasons could have affected the systems performance and its failure to 

produce biogas. The main two are ineffective inoculation and a low flow rate. The initial 

pasteurisation will have affected the performance, and it took a while to obtain another substantial 

source of waste.  

The pilot was in effect, operational only for the first 49 days. After which, various issues with the site 

and pump caused the system to stop. The second inoculation on the 66th day would have boosted the 

methanogenic and exoelectrogenic bacteria within the reactor. However, a failure in the pump meant 

that wastewater could not flow into the reactor until the 94th day. The delay in being able to pump 

wastewater afterwards would have effectively starved the bacteria for 28 days which would have 

reduced the bacteria and its ability to form a biofilm on the electrodes. The project was initially 

planned for 100 days, the aim was to continue if possible due to the stops, but with the low flow rate, 

it was decided to stop the pilot after 105 days. Other pilots treating urban wastewater had a start-

uptime of 50 to 90 days (Baeza et al., 2017; Cotterill et al., 2017b). These fall between the time when 

the site issues occurred, which would have hindered the performance of the system.  

The reactor has a liquid volume of 1.4m3 and was designed to receive 700L of waste a day with a two-

day Hydraulic Retention Time (HRT) to achieve an OLR of 2000 mg/L/day. However, the system was 

receiving 90L of wastewater a day and did not put the EMR under ideal testing scenarios. The design 

of the baffles was designed to increase mixing, but the limited flow would have meant that they were 

ineffective, with a flow rate as low as 0.2L/min. The low flow rate and intermittent pumping resulted 

in limited mixing allowing the solids to settle. As a result, the bacteria and organics would be 

encountering the electrodes at a significantly reduced rate. The reduced contact will affect the biofilm 

growth and the mass transfer within the reactor, both of which are vital to the start-up period and the 

system performance.  

The reactor showed oxygen in the gas headspace, due to site safety restrictions we were not able to 

bring bottles of compressed nitrogen to flush the headspace. As a result, we were unable to ensure 

the reactor was in anaerobic conditions initially. Due to the small headspace and the predicted flow 

rate, it was assumed that the waste would degrade producing CO2 initially. The CO2 would effectively 

flush the headspace making the conditions within the reactor anaerobic. It is clear from the results 

that gases produced by the degradation of the waste were not able to flush the headspace. The 

presence of oxygen would affect the methanogenic bacteria and also mass transfer. Oxygen is an 

excellent electron acceptor. If hydrogen was being produced within the system water and not 

methane would be the likely route until the reactor became anaerobic. In this instance, CO2 would 

also be produced as the organics are broken down in aerobic conditions reducing methane 

production. Going froward adding oxygen-scavenging chemicals into the reactor at the startup can 

help remove dissolved oxygen such as cysteine hydrochloride. 

Another aspect affecting system efficiency was the electrode design. Spade fittings were used for the 

electrical connections increasing the electrical resistance. Using a bolt fixing would ensure good 

contact and reduce resistance. Even with the increase in current density, indicating biofilm growth, 
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the system has an issue with the mass transfer as the pilot failed to produce methane. The 

conductivity of the anode was also a contributing factor. GAC was chosen due to its low cost and high 

surface area for the biofilm to grow. However, carbon-based materials do have a relatively low 

conductivity compared to metals. BES can have mass transfer limitations, the thicker the biofilm on 

the anode resulting in a reduced current density (Logan, 2007). With a low flow rate, GAC pockets 

could limit the shearing force of the water to remove the dead or excess biofilm that could lead to 

reducing current density. It is unlikely a thick biofilm was the result of poor mass transfer during the 

pilot. 

In previous pilot studies, the average biofilm coverage was only 5%, reaching a maximum of 16% in 

one part of the electrode (Cotterill et al., 2018). The GAC electrodes have severe limitations if no 

biofilm is present as the conductivity will be low due to the poor electrical contact between the 

carbon granules. An effective electron acceptor can alleviate lower conductivity and increase mass 

transfer. A titanium plate was water-jet cut to act as the electron acceptor. However, due to high 

costs of titanium, the titanium did not go down the full length of the plates and only covered the top 

20%. With biofilm covering such a small proportion of the electrodes, it is likely that the bottom 80% 

of the electrodes were not functioning as intended. The design of the electron acceptor would have 

severely limited mass transfer and the ability of the exoelectrogenic bacteria to transfer electrons to 

anode effectively. 

In many cases, there may have been more readily available electron acceptors within the wastewater 

causing the low system performance. A brush electrode design has all the carbon fibres connected to 

the electron acceptor and as a result has shown some of the most promising pilot results (Cusick et 

al., 2011a). To further develop GAC electrodes a more effective coverage of the current titanium 

collector is required but could be costly due to the materials. Stainless steel is an alternative material 

that has been used in multiple pilots (Carlotta-Jones et al., 2020; Cotterill et al., 2017b) although the 

corrosion resistance is lower, which may affect life span.  

The pilot did not obtain the expected results. The effluent does not meet EU wastewater discharge 

regulations, and the system failed to generate biogas. The operational issues that appeared during 

the pilot limited the amount of data that could be collected. With the limited time frame of the pilot, 

there was not an opportunity to extend the pilot for the amount of time that would provide valuable 

data. With the results, it is hard to say how effective the technology would be at providing 

decentralised wastewater treatment in underserved communities. The operational issues did 

highlight areas that need to be considered for future tests, especially around removing un-necessary 

components such as heaters and pumps were possible.  

 

9.5 Next Steps 

From the pilot, it is clear that the EMR pilot requires further testing and a redesign of the electrodes. 

For future research, site location will be crucial where a guaranteed and controllable flow of 

wastewater is available. Exploring quick start-up is also crucial, especially in humanitarian contexts. 

Bacteria additives could provide an attractive option allowing a selection of crucial bacteria to be 

added into the reactor. Research is building on the strains of bacteria found on the electrodes (Sun et 

al., 2015). There are companies such as Drylet that can provide a custom selection of micro-organisms 
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embedded on a silica powder that can be stored for months at a time and used to inoculate the EMR 

systems. Building confidence for EMRs in the industry is crucial. One of the main ways to increase 

confidence is developing more reliable start-up periods, especially to attract users away from 

alternative technologies.  

Another area to explore alongside the technical functionality of the system is the economic viability. 

Exploring new designs and the associated costs can be used to develop a Technical Economic Analysis 

(TEA) of EMR. The TEA can compare EMR to alternative solutions that are in use and the areas that 

need to be considered in future designs to ensure it is economically viable.   

  



  

175 
 

10 Chapter 10 - The Economic Assessment of Electro-Methanogenic 

Reactors for Under-Served Communities 
 

A strategy for decentralised wastewater treatment is presented for schools in under-served 

communities. The study presents case studies using EMRs to treat wastewater from the school toilets. 

The scenario is based on blackwater treatment using a case study for a refugee setting.  

EMRs, have made significant strides in research communities offering an exciting new way to treat 

wastewater quickly while also generating energy in the form of biogas. Unfortunately, there has been 

slow adoption by commercial organisations to move the research from the lab to field. The aim of the 

chapter is to explore the different parameters that affect the commercial implementation of EMRs. 

The goal of the chapter is to compare EMR against AD, pit latrines and septic tanks to explore the 

economic viability of waste to energy systems compared to low-cost systems.   

 

10.1 Introduction  

With an increasing demand for energy globally and historically high levels of atmospheric carbon 

dioxide (Energy Agency, 2018),  there is a need to develop and adopt renewable sources of energy. 

One of the issues for the slow adoption of renewable energy systems is the economic cost associated 

with new technologies requiring the first adopters to pay a premium price financially. As adoption 

increases, prices drop through economies of scale, making systems more affordable. We can see 

increasing adoption with the highest growth rate for investment in renewables, where bioenergy 

equated for approximately 10% of the investment (Energy Agency, 2018). A new route to sustainable 

living is to adopt a circular economy approach reusing resources and reducing waste going to landfills 

or our environment. One issue of implementing circular models is the difficulty to create value-added 

products due to waste being mixed, diluted and contaminated with other waste streams, which is 

common with current centralised infrastructure.   

The economic assessment of any technology is crucial to its commercial viability. The chapter aims to 

assess the economic benefits of implementing EMR. The case study will review the cost to install and 

operate the system against the current operational costs and the potential savings from, water reuse 

and energy savings.  

The scenario used in the analysis is a proposed live project with Peace Winds Japan to offer 

decentralised wastewater treatment to schools in Kalobeyei refugee camp. The aim if economically 

viable is then to scale up the system across the schools that the WFP operate in across Kenya.  
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10.2 Integrated System Design Methodology 

The design for the system has been based around the improved development of a modular EMR 

system developed in partnership with WASE Limited. The system capacity will be assessed on a scale 

to assess the minimum functional size of the system to meet economic sustainability.  

The study is based on EMR modules with a 1m3 liquid volume at an estimated retail price of £1634. 

The manufacturing costs have been calculated from material costs, manufacturers quotes and 

estimated assembly costs. A detailed manufacturing cost breakdown is in appendix 13.6, Table 13-5. 

The total cost breakdown is based on a previous study assessing the economic capabilities of 

microbial fuel cells by Powell and Hill (2009). 

10.2.1 CAPEX 

The Capital Expenditure (CAPEX) will include the material costs for manufacturing the facility as well 

as the installation costs Equation 10-1 

Equation 10-1   𝐶𝐴𝑃𝐸𝑋 =  𝑀𝑐 +  𝐼𝑐 

 

Material Cost (Mc)  

The material costs are based on commercially available products. The electrodes used for the EMR 

are based on manufacturing quotes with production volumes of 10,000 unit bundles, with each 

bundle containing enough electrodes for 1m3. 

• Tanks  

• Electrodes 

• EMR assembly 

• Control  

• Pump  

• Pre/post-treatment  

• Gas Storage 

• Gas reuse – biogas cooker, biogas engine, generator or CHP 

Installation Cost (Ic) 

The installation cost will vary for each case study, and a standard rate of 10% of the Mc is used for the 

study. 
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10.2.2 OPEX 

The Operating Expenditure (OPEX) is key to the successful implementation of the technology for the 

case studies. Equation 10-2 shows the OPEX that include costs for labour, maintenance, spare 

components/materials, utilities. For service-based models, the OPEXs includes administration and 

marketing costs, as shown in Equation 10-3.  

Equation 10-2:   𝑂𝑃𝐸𝑋 = 𝐿 + 𝑀𝐶 +  𝑈𝐶  

Equation 10-3:   𝑂𝑃𝐸𝑋𝑆 = 𝐿 + 𝑀𝐶 +  𝑈𝐶 + 𝐴𝑐 +  𝑀𝐾𝐶  

 

Maintenance  

EMR is an emerging technology, and the maintenance (Mc) of the system include labour and parts at 

10% of CAPEX cost as shown in Equation 10-4. 

Equation 10-4:  𝑀𝐶  =  𝑋% 𝑥 𝐶𝐴𝑃𝐸𝑋 

 

Utility Cost 

The main utility cost (UC) is for electricity to power the electrodes (PWE) as shown in Equation 10-5. 

Depending on the scenario heating (PWH) may be required to optimise the system to reach 

temperatures of 35oC to generate methane. In some cases, energy may be required for pumping the 

wastewater (PWP).  

Equation 10-5:  𝑈𝐶 = 𝑃𝑊𝐸 +  𝑃𝑊𝐻 + 𝑃𝑊𝑃  

 

Administrative Costs 

Equation 10-6 shows the annual Administrative Costs (Ac). Ac includes salaries, materials, and benefits 

to all labourers and office running costs. Administrative salaries and wages are assumed to be 20% of 

maintenance materials. Other office operating costs are estimated at 25% of the plant’s overall utility 

costs. These estimations have been developed and used in previous studies (Powell and Hill, 2009) 

and  Ulrich and Vasudevan (2004).  

Equation 10-6:  𝐴𝑐 =  0.2𝑀𝐶 + 0.25 𝑈𝑐 
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Marketing 

Marketing is required to launch new products and must be included in the economic assessment to 

make it suitable for commercial success. In particular, for new decentralised sanitation, the marketing 

will be crucial to develop behaviour change activities and workshops. The marketing costs have been 

set at 10% of the operating costs (Ulrich and Vasudevan, 2004), as shown in Equation 10-7. 

Equation 10-7:  𝑀𝐾𝐶 = 0.1 (𝑀𝐶 +  𝑈𝐶 + 𝐴𝑐) 

 

10.2.3 Levelised Cost of Energy  

The Levelised Cost of Energy (LCOE) is the minimum cost of the energy for the project to break even 

and allows comparison across different energy generation systems. Equation 10-8 shows the standard 

LCOE where 8760 stands for the number of hours in a year, and PR is the rated biogas power output. 

The CRF is the capital recovery factor which is calculated in Equation 10-9. The capacity factor is a 

percentage of the maximum energy output. The capacity factor for AD has been steadily increasing 

with the maturity of the technology, and commercial systems are reaching above 86% (Grant et al., 

2016). For the analysis, the capacity factor for EMR has been set at 86%. In Equation 10-9 i stands for 

the interest rate and n is the number of years of the loan.  

Equation 10-8:    𝐿𝐶𝑂𝐸 (
£

𝑘𝑊ℎ
) =

((𝐶𝐴𝑃𝐸𝑋 𝑥 𝐶𝑅𝐹)+𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡𝑠)(
£

𝑦𝑟
)+ 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑂&𝑀(

£

𝑦𝑟
)

𝑃𝑅 (𝑘𝑊) 8760 𝑥
ℎ

𝑦𝑟
 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (%)

+
𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡𝑠 (

£

𝑦𝑟
)

𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡(
𝑘𝑊ℎ

𝑦𝑟
)
 

Equation 10-9:   𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐶𝑅𝐹) =  
𝑖(1+𝑖)𝑛

((1+𝑖)𝑛)−1
 

 

10.2.4 Levelised Cost of Wastewater Treatment   

The Levelised Cost of Wastewater Treatment (LCOWT) is an adaptation of the LCOE. LCOWT is not 

typically used when assessing water infrastructure. In this study, the LCOWT is calculated to compare 

the cost per m3 of wastewater treated with local charges faced by the organisations. Equation 10-10 

shows the standard LCOWT where 8760 stands for the number of hours in a year, and the CRF is the 

capital recovery factor which is calculated in Equation 10-9. The capacity factor is a percentage of the 

maximum treated wastewater output. VR is the volume flow rate input of the wastewater to be 

treated in m3/h 

Equation 10-10:  𝐿𝐶𝑂𝑊𝑇(
£

𝑚3
) =

((𝐶𝐴𝑃𝐸𝑋 𝑥 𝐶𝑅𝐹)+𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡𝑠)(
£

𝑦𝑟
) + 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑂&𝑀 (

£
𝑦𝑟

)

𝑉𝑅 (
𝑚3
ℎ

)8760( 
ℎ

𝑦𝑟
) 𝑥 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (%)

+
𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡𝑠 (

£
𝑦𝑟

)

𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 (
𝑚3
𝑦𝑟

)
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Monte Carlo Analysis 

The Monte Carlo analysis takes the LCOE and simulates uncertainty and risk into the costs to create a 

quantitative analysis (Gu et al., 2018; Heck et al., 2016). A Monte Carlo analysis uses a simulation 

model that runs LCOE multiple times with each variable being recalculated using a set standard 

deviation and randomisation.  Due to the performance of EMR varying substantially within literature 

due to the number of factors that affect the energy output, a Monte Carlo analysis will provide a 

more realistic expectation of the LCOE.   

The Monte Carlo simulation is shown in Equation 10-11 where j represents the number of 

simulations. The analysis was run on Excel using 1000 simulation trials. Each input factor into the 

LCOE was calculated using the NORM.INV function in Excel and using the RAND() Excel function to 

calculate the probability randomly, as shown in Equation 10-12. The input stands for the different 

input values required to calculate the LCOE such as CAPEX and Energy Output. 

Equation 10-11: 𝑀𝑜𝑛𝑡𝑒 𝐶𝑎𝑟𝑙𝑜 =  {

𝐿𝐶𝑂𝐸1

𝐿𝐶𝑂𝐸2

… …
𝐿𝐶𝑂𝐸𝑗

 

Equation 10-12: = 𝑁𝑂𝑅𝑀. 𝐼𝑁𝑉(𝑅𝐴𝑁𝐷(), 𝑖𝑛𝑝𝑢𝑡, (𝑖𝑛𝑝𝑢𝑡 ∗ 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛) 

 

10.3 Case Study 1 – School Wastewater Treatment  

 

Figure 10-1: Kalobeyei Settlement, (UNHCR, 2020) 

The economic assessment is focusing on installing and building decentralised Wastewater Treatment 

(WWT) facilities in the Kalobeyei refugee settlement, as shown in Figure 10-1. Kalobeyei settlement is 

in northern Kenya, which is currently hosting 183,000 individuals even though the designed capacity is 

70,000 (UNHCR, 2020).  
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Humanitarian organisations are building households with accompanying communal latrines within 

Kalobeyei refugee settlement. Within the site, all new structures must be temporary under the current 

agreement with the local government.  

Pit latrines are currently built with a 3-5m3 pit depending on the soil type and is sometimes lined to 

store waste. As it stands, the site has no waste treatment facilities and the latrines are either covered, 

or the waste is left or dumped untreated in the surrounding environment. There is a growing need to 

implement wastewater treatment solutions within the camps, combined with the need for clean 

cooking fuels. Electro-Methanogenesis offers an attractive opportunity to build small, efficient WWT 

facilities that generate biogas for use as alternative cooking fuels—reducing the need for biomass 

which causes rapid deforestation (FAO and UNHCR, 2018) and indoor air pollution(de la Sota et al., 

2018).   

52 schools within the settlement currently use pit latrine blocks shown in Figure 10-2. Once the 

latrines are full they are often abandoned, and new facilities are built. The current method has low a 

CAPEX; however, the costs rapidly increase, and space becomes limited. The case study is assessing 

the economic feasibility of different wastewater treatment sites at Kalobeyei settlement. The study 

will be based on one of the secondary schools served by Peace Winds Japan which has 847 students 

(626 male and 271 female students).  

  

Figure 10-2: School Pit Latrines 

For the analysis, four scenarios will be assessed as listed below.  

1. Pit Latrines  

2. Septic Tank 

3. AD treatment system 

4. EMR treatment system 

Scenario 1 will be business, as usual, using pit latrines with a new block built once the previous one is 

full. Scenario 2 is using a septic tank on site that will be emptied once full using an exhauster truck. 
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Scenario 3 is using an AD-WWTP to treat the wastewater onsite and produce biogas for the kitchen 

using the Umande Trust system in Kenya as a comparative (Gebrezgabher et al., 2016). Scenario 4 is 

using an EMR-WWTP to treat the wastewater onsite and produce biogas for the kitchen.   

 

10.3.1 Assumptions 

The EMR technology is being designed for simple maintenance using a modular system, so parts can 

easily be replaced, reducing downtime to 2-3 days. Although as the system relies on biofilms the start-

up time, maybe 7-14 days. We expect to mean time between failures (MTBF) to be over 6 months in a 

pilot stage, and during scale-up, we are expecting MTBF to be 12-24 months. For the case of this 

research, we are estimating that the MTBF will be 18 months, and the cost of maintenance will be 

10% of the CAPEX costs per year.  

Flow Rate  

The predicted COD of faecal sludge waste is approximately 49,000mg/L (Heinss et al., 1999). The 

analysis has taken the approximation and reduced it for scenario 2-4 where a 1L pour-flush toilet will 

be required. For the study, we assumed all the students would use the toilet facilities for 7 hours of 

the day.  A healthy person averages six or seven times every 24 hours, and it is considered normal to 

urinate between 4-10 times a day (Kjellström et al., 1978). It is assumed that during the school hours, 

the students will use the toilet three times and estimated to use a total of 1L of water for 

handwashing over the times they visit the toilet.  

Adolescent children produce between 0.5-1ml/kg/hr (Hazinski, 1985), the average weight for males in 

Kenya is 64.9kg and females is 61.7kg (World Data, 2018). Females aged 13-16 ranged in weight of 

45.8 – 53.5kg and males aged 13-16 weigh 45.3 –  60.8kg. Based on these numbers, it is assumed that 

the average weight of the students is 49.65 for females and 53.05 males, that will produce on average 

0.75ml/kg/hr. The average adult produces between 250-350g of faeces a day (Feachem et al., 1983; 

Rose et al., 2015). Based on the average mass adolescents weigh between 18.07 - 18.3% less than 

adults, and it is assumed they will produce 18.2% fewer faeces (205-286g/day). An average of the two 

values gives a daily production of 246g/day. The school is open for 7hrs/day so the faecal waste 

produced is reduced by 3.5 due to the reduced time at the school. The total flow rate is shown in 

Table 10-1. For scenarios one it is assumed that there are no flushing facilities and will use a long 

drop, for scenario 2-4 the system will likely require a pour-flush system to ensure flow. The school is 

open five days a week, with three terms of 13 weeks per term making the system operational for 195 

days.  

The total faecal sludge the site will produce is an estimated 0.29 tonnes a day. From the theoretical 

biogas analysis in Chapter 4, 1 tonne will produce 9.97 m3 of methane. The theoretical amount of 

biogas from the waste is 2.89 m3 of methane a day. If all the sludge was converted into biomethane 

then the site could generate a net energy production of 29.64kWh that could save the school £520.18 

per year based on the current cost of bottled LPG at £0.09 (Total, 2020).  
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Table 10-1. Calculation of predicted school wastewater flow rate  

 

The system is assumed to meet EU discharge standards. The current lab research was only able to 

reduce COD to 42.37± 2.05% for the spent grain batch tests and 51.7% after the fourth reactor in the 

series tests. The WFP pilot system had 46.9% decrease in COD without the system starting up 

effectively. The OLR of the lab test showed that the series system could reduce COD by 1150.25 

mg/L/day. At the lab COD removal rates, the system would require 74 hours. It is assumed that the 

system will have increased efficiency with system modifications resulting in a higher mass transfer 

coefficient and increased COD removal. The EMR modules are built into a 1m3 IBC tanks containing 

nine electrode modules with eight electrode pairs within each module as shown below in Figure 10-3 

and Figure 10-4.  Each IBC will act as a baffle increasing the solid retention time. With the flow mixing 

improvements from the electrode module design and the baffling of the IBCs the system is assumed 

to have a 35% increase in COD removal, allowing a 48-hour retention time.  

  

Figure 10-3: IBC EMR Top View Design Figure 10-4: IBC EMR Side View Design 

Waste Production Volume Per Day (L) 

 Urine Faeces Hand washing  Low Flush 
(1L) 

Total  

Student (7hrs) 

Female 

Male 

 

0.26 

0.28 

 

0.07 

 

1.00 

  

Total  

271 Female 

626 Male 

 

70.46 

175.28 

 

 

   

Total (847 Students) 245.74 59.29 847  1152.03 

Total (inc. pour flush) 245.74 59.29 847 2541 3693.03 
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10.3.2 System Design  

Below Figure 10-5 to Figure 10-8 show the different system flow diagrams for the four different 

scenarios.  

 

 

Figure 10-5: Scenario 1 - Pit Latrine Figure 10-6: Scenario 2 - Septic Tank 

 

  

Figure 10-7: Scenario 3 – AD Figure 10-8:Scenario 4 - EMR  

 

10.3.2.1.1 Reactor Size  

Based on the predicted flow rate including a pour-flush system, the number of EMR units needed is:  

Equation 10-13: 𝐸𝑀𝑅 𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3) = 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 (𝑚3/𝑑𝑎𝑦) × 𝐻𝑅𝑇(𝑑𝑎𝑦)    

EMR Reactor Volume = 3693 × 2 = 7374 = 8 𝑥 1m3  𝑢𝑛𝑖𝑡𝑠  
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The EMR reactor is unlikely to reduce the organic content and pathogens to be inline the discharge 

standards. It is assumed that a secondary low-cost sand filtration system will further reduce solids, 

helminth eggs and pathogens from the system.  

 

System Outputs  

The EMR system will generate biogas with methane being the energy carrier. The methane 

characteristics and assumptions used to calculate the energy production are shown in Table 10-2.  

The estimated amount of methane has been calculated using the COD reduction in Equation 10-14. It 

is assumed that the EMR will have a 100% substrate efficiency after the batch experimental analysis 

of the spent grains reached near 100% efficiency at 99.2± 15.3%. The COD has been estimated at 

3971 mg/L after the sludge is diluted to an estimated 8.1% concentration from hand washing and 

flushing facilities. The estimate is in line with the WFP pilot which had an average COD of 2276 mg/L 

but instead of a pour-flush there was a cistern flush toilet. 

 

Table 10-2. The assumptions used to calculate the methane production from the EMR 

 

       Equation 10-14:    𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝐻4 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (𝐶𝑂𝐷𝑖𝑛 − 𝐶𝑂𝐷𝑜𝑢𝑡 ) (
𝑘𝑔𝐶𝑂𝐷

𝐿
) ×  𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑙𝑜𝑤 (

𝐿

𝑑
) × 

𝐸𝑀𝑅𝐶𝐻4(
𝑚3

𝑘𝑔𝐶𝑂𝐷
) × 𝐶𝐻4 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑆𝑇𝑃 (

𝑘𝑔

𝑚3
) ×  𝑁𝑉𝐶 𝑜𝑓 𝐶𝐻4(

𝑘𝑊ℎ

𝑘𝑔
)  

𝐶𝐻4 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 =  ((3971 − 125) × 10−6) × 3687 × 0.35 × 0.717 × 13.9 

 𝐶𝐻4 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 44.6 𝑘𝑊ℎ/𝑑 

Assumptions and constants for methane production  Reference 

AD methane production at 35deg [5] 0.35 m3
Methane/kgCOD (Filer et al., 2019) 

Predicted EMR methane production at 35deg 
(EMRCH4) 

0.35 m3/kgCOD  

Methane density @ 

Standard Temperature & Pressure (STP)  

0.717 kg/m3 [2] 

Methane Net Calorific Value (NCV)  13.9 kWh/kg [3] 

(CODOUT) Aimed effluent COD 125 mg/l  

Gross Energy Density of Methane  55.7 MJ/kg [4] 

Gross Energy per volume  39.94 MJ/m3  

Gross Power per volume  11.09 kWh/m3  
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The estimated methane production from COD removal indicates that the system would generate a 

55% increase in energy production compared to the theoretical maximum from the lab analysis. The 

compositional makeup of faecal sludge will vary depending on multiple factors, and the values can 

only be used as estimates. As a conservative estimate, the average of the two energy production 

values has been used at a 30% reduction to give an estimated 26 kWh/day. 

Table 10-3. A table to summarise the calculated values 

 

10.3.3 Cost Breakdown  

CAPEX 

Table 10-4 shows the CAPEX costs for the four scenarios in case study 1 and Table 10-5 to Table 10-8 

show the CAPEX breakdown for the four scenarios.  

Table 10-4: Case Study 1 CAPEX costs 

 Scenario 1 – Pit 
Latrines 

Scenario 2 – Septic 
Tank 

Scenario 3 -AD Scenario 4 - EMR 

CAPEX £8870 £10,886 £31,758 £15,534 

 

Table 10-5: Case Study 1 - Scenario 1 Pit Latrine Costs 

The cost of pit latrines per person for households is £35.64 per year which takes into account of 

building new latrines and desludging (International Rescue Committee, 2016). It is assumed that the 

costs for pit latrines will be used 50% less as the school is only open during the day and will reduce 

the costs accordingly. The attention rate at the school is also taken into account, as shown in Equation 

10-15. 

Equation 10-15:  𝑈𝑠𝑎𝑔𝑒 (%) =  
𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 (

£35.64

𝑦𝑟
)

𝑑𝑎𝑖𝑙𝑦 𝑢𝑠𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 (£) (
1

2
)

∗
𝑑𝑎𝑦𝑠 𝑠𝑐ℎ𝑜𝑜𝑙 𝑖𝑠 𝑜𝑝𝑒𝑛 (195)(𝑑)

𝐷𝑎𝑦𝑠 𝑖𝑛 𝑎 𝑦𝑒𝑎𝑟 (365)(
𝑑

𝑦𝑟
)

= 26.71% 

 

  

Number of 
students  

Volumetric Flowrate, Q, 
(m3/d) 

HRT 

(days) 

Number of EMR 
units needed 

Methane produced 
(kWh/d) 

847 3.9 2 8 21.70 
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Scenario 1 : Pit latrines           

Equipment  Size (PP) Cost PP/day (£)  Inflation Cost (£) - 2020 

Primary Treatment        

Pit Latrine - 1year        

Source 1 (Household £/pp/year) 847 £35.64     

Adapted to school use @26.71% 847 £9.52 1.1% £8870   

 

Table 10-6: Case Study 1 - Scenario 2 Septic Tank Costs 

The CAPEX for the septic tank system is calculated from the average of three sources as shown in the 

Appendix Table 13-6: Kenya Refugee Settlement Sanitation and Wastewater Treatment Costs from 

field research conducted in February 2020.  

Scenario 2: Septic Tank - Exhausted        
Equipment  Size (PP)  No. Required Unit Cost  Total Cost (£) - 2020 

  
    

Primary Treatment - 
   

Source 1 1000 1 £3895 £3895 

Source 2  1000 1 £1798 £1798 

Source 3  125 3 £8988 £26965 

Average Total  -     £10886 

 

Table 10-7: Case Study 1 - Scenario 3 Anaerobic Digestion 

The cost of the anaerobic digestion system is taken from TEA report about a sanitation block installed 

by the Umande Trust in Nairobi, Kenya (Gebrezgabher et al., 2016). The system was installed in 2004, 

and inflation was added to the system where £1 in 2004 equates to £1.55 today (UK Inflation 

Calculator, 2020). The Umande trust system is 54m3 and designed for 1000 people, whilst the school 

has 847 students. To bring the costs in line with the reduced capacity, only 84.7% cost is used.  
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Scenario 3: Anaerobic Digestor 

Equipment  
Cost (£) 
@84.7% 

Cost (£) – 2020  

@1.55 % inflation  Source 

Primary Treatment     

None  - -  
Secondary     

Anaerobic Digester  - -  

Sub Total  £14,437 £23,927 
(Gebrezgabher et al., 
2016) 

Installation Included   
Total       

 

The costs for the EMR system is taken from the current manufacturing costs received from 

manufacturers. The costs have assumed a two day assembly time that will be in Kenya. The daily rate 

of a labourer including overheads is £40 and was provided by a local organisation (SNV). 

 

Table 10-8: Case Study 1 - Scenario 4 EMR System 

Scenario 4: Electro-Methanogenic Reactor 

Equipment  No. Units  Cost (£) 

Secondary Treatment    

EMR Cost of Goods sold (COGs) per (1m3)   

Electrodes 

Tank 

Fittings 

Assembly 

Mark-up @50% 

Shipping 

Import Duty @16% 

Total 

 

 

£630 

£100 

£200 

£80 

£1,130 

£50 

£115                 

£1,634 

 

EMR (m3)  8 £13,072 

Remote monitoring & Controller 

Filtration System 

8 

1 

£3,008 

£2000 

Biogas Handling 

Biogas Bag 

Biogas H2S and water filter 

  

1 £500 

1 £50 

Energy Supply    

4 kWh Solar System 1 (£2,295) 

*cost shown for secondary analysis    

Sub Total    £18,630 (£20,925) 

Installation 10% £1,863 (£2,093) 

Total  - £20,493 (£23,018) 
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OPEX  

Depending on the scenario treatment technology presented all the case studies have possible routes 

to generate income or OPEX savings.  

Water, Wastewater treatment and Desludging Costs 

Desludging will be required in some scenarios and costs £393.24 for 30m3 shown in the appendix, 

Table 13-6. As a precaution it is assumed that the EMR system will require desludging every 10 years 

which has been shown as a yearly cost. To also assess the implementation in schools within cities 

sewage costs will also be assessed. The sewage charges in Kenya vary across the state. The analysis is 

using Nairobi Water’s sewage charges, which are 75% of the water costs, as shown in Table 10-9. For 

Scenarios 2,3 and 4 it is assumed that the system will require a flush and water charges have been 

included in the OPEX.   

Table 10-9: Nairobi Water & Sewerage tariffs 

  KSH GBP Source 

Water  <6m3 7-60m3 >60 <6m3 7-60m3 >60 (Water 
Services 
Regulatory 
Board, 2014) 

Domestic/ 

Residential 

 
53 64 0.00 0.39 0.47 

Commercial/ 

industrial 

 
53 64 0.00 0.39 0.47 

  <600
m3 

601-
1200m3 

>12
00 

<600
m3 

601-
1200 m3 

>1200 

Public Schools 48 55 60 0.36 0.41 0.44 

              

Sewerage @75% 
of water 

75%           

  

Bio solids / Fertiliser 

All the scenarios can utilise the nutrients to grow crops, however the benefit from the use of the 

fertiliser does not present an economic value to the school. Using treated faecal waste adds 

complexity around social acceptability and would require behaviour change. It is assumed that the 

school will not benefit from the use of fertilisers at this current time.   

Energy 

Currently, the schools get given free firewood by a local NGO so no savings would be made. However, 

it is a temporary solution, and for this analysis, it is assumed that the school will be paying for 

firewood. Per person, firewood costs approximately £0.02 per day and charcoal is £0.05 per person 

per day shown in appendix 13.7, Table 13-8. The school cooks one meal per day, and it is estimated 

that per day students will require 50% of the daily amount costing £0.01 per student per day. 
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Below Table 10-10 shows the OPEX breakdown for the four scenarios. 

Table 10-10: Case Study 1 - Scenario OPEX 

  S1: 

Pit Latrine 

S2: 

Septic Tank 

S3: 

AD 

S4: 

EMR 

Maintenance Costs 
    

10% £8,870 £0 £1,551 £2,049 

Electricity Cost         

EMR @ 0.25 kWh/day/m3 £0 £0 £0 £56 

Heating  £0 £0 £0 £0 

Pumping  £0 £0 £0 £0 

Thermal Costs         

Cooking  £2,017 £2,017 £2,017 £2,017 

Heating  £0 £0 £0 £0 

Water Costs 110 503 503 503 

Sewage Costs  £0 £0 £0 £0 

Desludging Costs 
 

£1,573 £310 £39 

Sub Total £10,997 £4,093 £4,381 £4,665 

          

Savings         

Biogas £0 £0 £314 £460 

Electricity  £0 £0 £0 £0 

Fertilser £0 £0 £0 £0 

Water £0 £0 £0 £252 

Sub Total  £0 £0 £314 £712  

     

OPEX per year  £10,997 £4,093 £4,067 £3,952      

Administrative Costs       £1,063 

Marketing   
  

£501.62 

OPEX (Service Based Model)   
  

£5,517.7 

 

Total System Costs 

Below Table 10-11 shows the total lifetime cost for the four different scenarios and includes the 

additional lifetime cost, including the admin and marketing costs for a business to implement EMR as 

a service-based model. The service model costs also include the additional fuel the school requires for 

cooking. 
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Table 10-11: Lifetime cost analysis 

  Scenario 1 

Pit Latrine 

Scenario 2 

Septic Tank 

Scenario 3 

AD 

Scenario 4 

EMR 

CAPEX  £             8,870   £           10,886   £           23,927  £         20,493  

OPEX   £           10,997   £             4,093   £             4,067  £           3,952  

Project Lifespan (yrs)  20 20 20 20 

Total OPEX  £        219,930   £           81,859   £           81,347  £        79,050  

Life time Cost  £        228,800   £           92,744   £         105,274  £        99,543  

Cost Difference compared 
to EMR  

 £        129,258  -£             6,798   £             5,732  £                  -    

Lifetime cost inc. Admin & 
Marketing 

   £       110,355 

 

10.4 Case Study 1 - Results and Discussion 

Below Figure 10-9 compares the costs of the four scenarios. Scenario 1 with new pit latrines being 

built every year are the cheapest option for the first couple of years, but then the cost of septic tanks 

and periodic desludging become the cheapest option. Both the EMR and AD become cheaper than 

the pit latrines in year 4. The EMR provides a Return on Investment (ROI) of £5,557 in year 4 and a 

total saving of £118,261 over the 20 years lifespan. Over the 20 years, the septic tank is the most 

economical option followed by EMR, which is £6,798 more expensive than desludging a septic tank 

(Scenario 2). The septic tank provide a ROI in just 2 years with a lifetime saving of £125,059. 

 

Figure 10-9: Case Study 1 School Cost Comparison 
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The high CAPEX of new infrastructure is often a barrier in Sub-Sharan Africa, with financers favouring 

solutions with low CAPEX and higher OPEX (United Nations Environment Program, 2012). One option 

to implement EMR could be through a service-based model where the business or operator covers 

the initial CAPEX of the systems. The lifetime cost of the system will increase due to the admin and 

marketing costs that the operating business will incur. The yearly cost of implementing the EMR 

system as a solution is £5,518/year, which is lower than the cost of installing pit latrines which have a 

yearly outlay of £8,870. The costs are still significantly higher than the OPEX of septic tanks which also 

have a low CAPEX of £10,886. 

The higher costs of EMR currently do not provide financial savings compared to AD, which also 

produces energy. To assess the necessary improvements that are required of EMR to compete with 

other technologies, four alternative EMR scenarios are assessed in Table 10-12. 

Alternative Scenarios: 

1. Maintenance costs reduced to 5% instead of 10% to be in line with the maintenance costs of 

the AD system.  

2. Removing fuel costs for the electricity and including a solar and battery storage system into 

the CAPEX. 

3. Increasing methane production by 20% 

4. All three of the performance increases into the system.   

 

Table 10-12: EMR OPEX Improvement Analysis 

 EMR  

Baseline 

S4 @5% 
Maintenance 

S4 @Solar S4 @+20% CH4 S4 @All  

CAPEX  £        20,493   £        20,493   £        23,018   £                20,493   £        23,018  

OPEX   £           3,952   £          3,201   £          3,896   £                   3,860   £          3,053  

Project 
Lifespan  20 20 20 20 20 

Total 
OPEX  £        79,050   £        64,022   £        77,930   £                77,208   £        61,060  

Life 
time 
Cost  £        99,543   £        84,515   £     100,947   £                97,701   £        84,078  

 

Below Figure 10-10 compares the four alternative scenarios that assess the improvements to the EMR 

system. Installing 4 kWh solar spanel unit to power the EMR increases initial CAPEX by £2525 and 

reduces the fuel costs by £56 per year. The lifetime cost is higher than the standard EMR system, 

however, the solar panels will generate excess energy  that could create additional savings. When the 

school is shut, the solar could also be sold or distributed to nearby communities to provide free 
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lighting. These additional cost savings have not been calculated for this scenario. The solar system 

also gives security over future energy price fluctuations and will reduce the carbon impact. Standard 

EMR is the second most expensive system. A 50% reduction in the maintenance costs has a significant 

impact as the system becoming cheaper than using a septic tank after nine years. Increasing the 

biogas production by a further 20% means that the system is still more expensive than a septic tank. 

The analysis is assuming wood is the alternative fuel. Wood is the cheapest fuel source, and if other 

cooking fuels such as charcoal or LPG are used, the savings will increase further. The EMR with all the 

three updates is the cheapest option over 20 years; however, the ROI compared to a septic tank is 

longer.  

 

 

Figure 10-10: : Case Study 1 EMR Improvement Metric Analysis  

 

10.4.1 Levelised Costs of Outputs 
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Table 10-13: Case Study 1 EMR Levelised Cost of Outputs 

Assumptions – S4 EMR 
 

Standard Deviation  

Initial Investment Cost (£)                    20,493  10% 

Operations and Maintenance Costs (£/yr)                       2,145  10% 

O&M Growth Rate (%) 5.00% 5% 

Annual Fuel Costs (£/yr)                             56  10% 

Annual Energy Output (kWh/yr)                       5,070  15% 

Annual water Output (m3/yr)                       1,346  15% 

Project Lifespan (years)                             20  10% 

Discount Rate (%) 7.00%  

Net Present Value (NPV) of Total Costs (£) 52,015 

 

 

NPV of Total Outputs – Biogas (kWh/yr) 53,708  

NPV of Total Outputs – Water treated (m3/yr) 14,256  

   

Levelised Cost of Energy (LCOE) £0.97/kWh  

Levelised Costs of Wastewater Treatment 
(LCOWT) 

£3.65/m3  

 

The LCOE is high at £0.97/kWh, being an estimated 10.8 times more expensive than the cost of widely 

available LPG. LPG is one of the higher cost fuels with schools opting for cheaper but higher polluting 

fuels such as firewood and charcoal. 

The LCOWT is significantly higher than the cost of sewage charges that are currently at £0.31 per m3 

of wastewater. The EMR system  12 times more expensive than if the costs if the school was 

connected to a sewer. However, in Nairobi 40% of the city has a sewage connection (World Bank 

Group, 2020b), making the low-cost wastewater treatment available to a small portion of the city. 

Most residents will need to pay for exhauster trucks which range from £6.24 to as high as £19.97 

(Appendix  13.7, Table 13-7) which is between 1.7 to 5.5 times higher than installing a decentralised 

EMR wastewater treatment system which also has the added benefit of biogas production. 

 

10.4.2 Monte Carlo Analysis 

The LCOE and LCOWT are based on multiple assumptions. A Monte Carlo analysis can be used to 

provide a more realistic analysis of the costs as it incorporates risk and uncertainty (Heck et al., 2016).  

Table 10-14 shows the range of values for the simulation, which indicates that both the minimum 

LCOE and LCOWT are higher than LPG and sewer connection, respectively. Figure 10-11 and Figure 

10-12 shows the spread of values across the Monte Carlo Analysis.  
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Table 10-14: Monte Carlo Analysis - Histogram Range 

Histogram Calculations   

  LCOE LCOWT 

Average £0.95/kWh £3.13/m3 

Min £0.60/kWh £1.99/ m3 

Max £1.97/kWh £5.83/ m3 

 

 

Figure 10-11: Levelised Cost of Energy - School Sanitation 

 

Figure 10-12: Levelised Cost of Wastewater Treatment - School Sanitation 
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The Monte Carlo analysis shows an average decrease in the LCOE by £0.02/kWh. The LCOE is still 

expensive compared to alternative sustainable energy solutions implemented in Kenya, as shown in 

Table 10-15: Levelised Cost of Energy for Sustainable energy production technologies in Kenya 

(Pueyo, 2016). The LCOWT decreased £0.52/m3 but is still ten times higher than the cost of disposal 

to sewers. 

Table 10-15: Levelised Cost of Energy for Sustainable energy production technologies in Kenya (Pueyo, 2016) 

 Wind Solar Hydro Geothermal EMR 

LCOE £/kWh 0.08 0.11 0.08 0.05 (0.85) 

 

Currently, the Monte Carlo analysis is assessing the LCOE and LCOWT as separate entities, that does 

not represent a true cost. The untrue representation also gives an unfair comparison to alternative 

technologies where they are purely focused on energy production or wastewater treatment and not a 

blend of the two. If the focus is purely on energy production or wastewater treatment costs, then the 

calculations need to be adjusted. A second simulation was run for a combined LCOE and LCOWT. For 

the LCOE the O&M included the savings from the desludging of the septic tank compared to the 

desludging costs of the EMR and water the additional water savings, reducing the OPEX by 

£1808/year. For the LCOWT the OPEX included the biogas and water savings reducing the OPEX by 

£656/year. 

Table 10-16 compares the two different methods to calculate the LCOE and LCOWT. The LCOE 

showed an average 55% reduction in costs, and the LCOWT had a 25% average cost reduction. The 

analysis indicated that it could reduce the risk of max costs users may face with the max LCOE 

reducing by 64% and the LCOWT by 55%. Surprisingly, the minimum cost of LCOWT increases by 3%. 

Figure 10-13 depicts the LCOE’s and Figure 10-14 shows the LCOWT’s histogram for the Monte Carlo 

analysis. With the adjusted method, the average LCOE is still £0.42/kWh nearly four times more than 

solar. The average LCOWT is £2.35/m3 lower than the cost for desludging but is £2.04 higher than the 

sewage costs.  

Table 10-16: Monte Carlo LCOE and LCOWT simulation comparison 

 Histogram Calculations      

  LCOE 

Standard 

LCOE  

(- O&M 
Savings) 

LCOE % 
Difference 

LCOWT  

Standard 

LCOWT 

(- O&M 
Savings) 

LCOWT % 
Difference 

Average £0.95/kWh £0.42/kWh 56% £3.13/m3 £2.35/m3 25% 

Min £0.60/kWh £0.27/kWh 55% £1.99/m3 £2.09/m3 -5% 

Max £1.97/kWh £0.75/kWh 62% 5.83/m3 £2.63/m3 55% 
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Figure 10-13: Levelised Cost of Energy with O&M minus desludging cost 

 

 

Figure 10-14: Levelised Cost of Wastewater Treatment  with O&M minus biogas value 
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10.4.3 Discount Factor Analysis  

The discount factor or the loan interest to cover the CAPEX of the system can play a significant part in 

the economic viability of energy and waste management infrastructure. Typically developing 

communities are require a greater need for debt due to the growing demand in infrastructure as 

cities develop. Debt lenders see investments in developing communities as a higher risk compared to 

established markets. The combination of higher demand and risk means that developing communities 

are typically faced with higher-interest loans that can be up to 7.6% higher (Nelson and Shrimali, 

2014). Another Monte Carlo Analysis was carried out to assess the impact of higher interest fees on 

economic viability. Typical interest rates for renewable energy projects are around 6% in established 

markets but can rise towards 14% in developing markets (Nelson and Shrimali, 2014). The 8% increase 

in interest rates in the simulation gave an average 44% increase in LCOE and a 42% increase in 

LCOWT, as shown in Table 10-17 and Table 10-18.  

Table 10-17: Levelised Cost of Energy at variable discount factors 

LCOE at Different Discount Factors        

Discount Factor 6% 8% 10% 12% 14% Increase  

Average £0.39/kWh £0.46/kWh £0.54/kWh £0.61/kWh £0.70/kWh 44% 

Min £0.25/kWh £0.32/kWh £0.36/kWh £0.41/kWh £0.47/kWh 46% 

Max £0.70/kWh £0.87/kWh £0.94/kWh £1.22/kWh £1.30/kWh 46% 

 

Table 10-18: Levelised Cost of Wastewater Treatment at variable discount factors 

LCOWT at Different Discount Factors    

Discount Factor 6% 8% 10% 12% 14% Increase  

Average £3.80/m3 £4.14/m3 £4.48/m3 £4.91/m3 £5.39/m3 42% 

Min £2.56/m3 £2.71/m3 £2.72/m3 £3.50/m3 £3.52/m3 37% 

Max £6.13/m3 £6.54/m3 £6.88/m3 £7.56/m3 £8.95/m3 46% 

 

10.5 Conclusion  

The current analysis shows the technical and economic aspects of implementing EMR into schools in 

Kenya. The case study based the analysis on a situation within Kalyoubei refugee camp in Kenya, but 

also assessed costs relative to Nairobi. The analysis highlighted that the current costs of EMR systems 

are cheaper than building pit latrines but are significantly higher compared to septic tanks and 

desludging. However, from field research, often the desludging companies do not pay gate fees to 

dispose of the waste and often illegally dump the waste in the environment. The removal of gate fees 

significantly reduces the OPEX of the septic tank solution.  

To make the EMR the most cost-efficient option,  the system will need to reduce the cost of 

maintenance, increase energy production and also remove the electricity costs by integrating 
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renewables. Reducing the maintenance to 5% is unlikely for a new technology, but with maturity, a 

reduction is possible. Both wind and solar have seen significant reductions in operation and 

maintenance costs (O&M). Between 2005 and 2017 the O&M of wind has reduced 25% and solar has 

reduced 85%.  

The analysis of the LCOE and LCOWT are good indicators to assess the cost of energy and wastewater 

treatment compared to alternative solutions. However, they only take into account their specific 

benefit of energy production or wastewater treatment and do not provide an analysis of the overall 

benefits. The revised LCOE and LCOWT give a comparative cost analysis of EMR to other renewables 

and treatment technologies. Although, the cost does not take into account multiple other benefits 

that EMR can provide from the wastewater treatment and environmental benefits such as the carbon 

savings and reduced deforestation. 

If the focus of EMR is solely energy generation, the analysis shows that in its current state of 

technology is not economically viable when the feedstock is sewage sludge alone. The reason for this 

is the low energy value of sewage sludge where 1g of COD equates to just 0.35ml of CH4 (Filer et al., 

2019). To increase energy production, waste streams with higher energy values will be required or an 

increase in the EMR organic loading rate.  

 

10.6 Further research  

The study indicates that EMR in the school scenario can have lower LCOWT than exhausters but not 

sewage connections. To become competitive with sewage connections, higher flow rates will be 

required. If the school did connect to a sewer, then they would require higher flush volumes between 

8-12L to ensure that the waste can easily flow to the sewers. The increase in water costs and sewage 

costs would increase the OPEX costs, and further research could compare sewage connections to 

EMR.  

The TEA is the first step in understanding some of the future areas of research focus. The next stage 

of research required is to validate the improvement assumptions to understand if they are feasible. 

To validate the assumptions, a second pilot system with the optimised EMR design should be 

deployed where a guaranteed waste stream can be obtained. 
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11 Chapter 11 - Conclusions 

The overall aim of the research was to explore the scaleup potential of EMRs for decentralised 

wastewater treatment, focusing on circular solutions to recover energy from waste. The research 

explored underserved communities alongside industrial applications for treating food and beverage 

manufacturing waste. Both sectors could benefit from EMRs, however there are still necessary 

technical improvements and cost reduction measures needed to make the systems economically 

viable. 

The analysis of different feedstock highlighted that both brewery wastewater and organic waste, 

alongside faecal sludge, could be used to generate methane. The industrial wastewater streams 

contain more organics with a higher methane potential than faecal sludge. However, the scale at 

which faecal sludge is produced and the issues it causes, make it a valuable waste stream to explore. 

The social and environmental impact could provide significant strides within the sanitation sector. 

Treating the estimated 1.6 billion tonnes of faecal sludge could generate 161,283 GWh/year of 

sustainable biogas. 

BES offers a new approach to treat wastewater. The research found that for underserved 

communities, EMR is likely to be the best route to market. However, it does not mean that research 

into either MECs or MFCs should stop, as they both have advantages over EMRs. With EMR 

technology being a likely stepping stone as the other systems improve. Assessing the combination of 

EMRs with MFCs as a tertiary treatment could help to lower the COD and meet EU discharge 

standards of 125mg/L; which was not achieved in the research. 

1. Lab Research Conclusions  

The lab research presented difficulties in designing and building low-cost bioreactors. These were 

required to carry out multiple tests which analysed how to optimise the system’s electrode design, 

applied voltage and feedstock; ultimately calculating the system’s overall efficiency and biomethane 

potential. During the research, various reactor designs where trialled and tested. The research has not 

been included within the main body of this thesis but is shown in appendix 13.8. One of the main 

challenges is addressing gas leaks, and mixing and operating continuous flow systems in low-cost 

reactor designs.  

The first experiment of synthetic brewery wastewater showed low substrate efficiency, with the COD 

reduction not translating into methane production. As a result, the total energy efficiency was under 

1%. The experiment highlighted low pH throughout the reactors, indicating that the VS loading rate 

was too high. The high VS indicates that a high concentration of VFA built up within the reactors 

inhibiting the methanogenic microorganisms. However, effluent analysis will provide a clearer picture. 

The EMR systems showed that they were able to increase the pH. Although, with the set HRT in the 

continuous system, the EMRs were unable to complete the breakdown of VFA to acetate and then 

into methane.  
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The reactors were unable to operate as a continuous system which would not have caused a VS 

overloading in the EMRs. A small continuous flow would provide a buffer period allowing the 

substrate to be converted into VFA and then broken down into acetate; increasing the pH. However, 

with the continuous batch system, the reactors were overloaded with VS, resulting in limited methane 

production.  

During the off-gassing stage after the flow was stopped, the biogas production increased with 

methane concentrations reaching 70% in one of the reactors. There are a couple of reasons that may 

have affected the system performance; the inoculation period and the VS loading rate. The seven-day 

inoculation period may have been too short for a significant biofilm to establish itself on the anode. 

Particularly with the high flow rate which may have caused a bacterial washout. Developing an 

effective inoculation protocol can help start up systems and reduce bacterial washout.  

The hydrolysis phase of AD lowers the pH as VFA are produced. However, the process is more 

efficient in a neutral pH range around 7 (Speece, 2007). Optimising the flow to manage the VS loading 

that is in line with the system's ability to breakdown the VFA can help neutralise the pH and improve 

system performance.  

The batch test systems showed a stark difference in the performance when comparing the AD 

systems to EMR. The addition of the electrodes and applied voltage improved the performance of the 

system to increase the pH. The enhancement is likely due to the breakdown of the VFAs through exo-

electrogenic bacteria that are more active at lower pH levels than methanogenic microorganisms. In 

contrast, the AD system with no electrodes was unable to regulate the pH effectively.  

Both systems were inoculated with a mixture of effluent from EMRs and AD systems. The inoculum 

was not analysed to assess the microbial communities present. The AD and EMR inoculum were the 

same, and exoelectrogens would have likely been present as the EMR effluent from previous 

experiments was used. Therefore, with the AD system not regulating the pH, it indicates that the 

exoelectrogens have a lower impact when they are floating within the bulk liquid compared to when 

they form a fixed bed biofilm on the anode with an applied voltage.  

The performance on the second system also showed that the substrate efficiency was high, reaching 

99.2 ± 15.3%. The results indicate that the system is effectively converting the COD removed into 

methane. The system was only able to achieve a 44% reduction in COD; improvements are likely to be 

possible through improved reactor design when scaling up the system. The electrical efficiency was 

100.4 ± 20.3%, indicating that the system can generate more energy than is consumed. The efficiency 

of the lab-scale system is less critical than full-scale systems as the setup was not designed for 

efficiency. When scaling up systems, assessing heat loss, heat recovery, and power supply efficiency, 

are essential parameters to reduce parasitic electrical losses.   

The third experiment did not perform in the same way as the second system. The 55% increase in VS 

meant that the pH dropped below 4, inhibiting the microbes within the system. The EMR exhibited 

that they could recover from the low pH although the recovery time is longer than 30 days. One of 

the promising abilities of EMR is the ability to accelerate methane production and as a result, reduce 

the HRT (Park et al., 2018). The research shows that EMR does accelerate the process as well as 
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stabilise the reactions but is still affected by overloading the reactor with VS. Defining and optimising 

the OLR to work within the parameters of EMR can help determine the operational limits of EMR to 

support the scaleup. The system electrical efficiency reached 155.7% showing that the addition of the 

electrodes can have a significant improvement with minimal energy input. However, the disparity 

between the electrode energy consumption between the two batch experiments indicates that 

further research into this area is required.  

All three lab experiments exhibited similar patterns found in AD systems with a drop in pH when 

organics are fed into the reactors and produce VFAs. Over time, the VFAs are broken down into 

simpler compounds, increasing the pH between 6-7. The series experiment failed to produce any 

substantial volume or quality of biogas whilst the system was continually being fed wastewater. 

During the lower pH levels, the system was generating biogas but the composition was not analysed 

due to the limitation of the Dynament Sensors.  

The EMR systems may have been generating hydrogen at the cathode as hydrogen ions are formed 

within the substrate. At low pH, the methanogenic bacteria would be less able to convert the 

hydrogen to methane. If hydrogen production is occurring, it could increase the system’s energy 

recovery. One of the issues that membrane MECs face is hydrogen scavenging from hydrogenotrophic 

methane production. When hydrogen is the desired route, another area of research could explore 

keeping the pH below 6 to reduce methane scavenging; if the results show that hydrogen is being 

produced. 

One of the challenges that the series and batch experiments exhibited, was the inability to reduce the 

COD to levels that would not require post-treatment. Further research into reactor design and 

optimisation should be explored to further reduce COD. If EMR is to be used for faecal sludge 

management, tertiary treatment should be explored to ensure pathogens are removed from the 

wastewater. The tertiary treatment could range from pasteurisation/heating, electrolytic disinfection, 

chlorine dosing, microfiltration, and Ultra Violate light. The most suitable application is dependent on 

multiple factors including effluent, location, economic, environmental and social, to name a few.  

The lab research presented information about electrical and system efficiency. Due to the small size 

and minimal reactor design and optimisation, the efficiency is not likely to be the same as a full-scale 

system. Further analysis into the full power demands of a large-scale system including, pumping, 

heating, mixing and powering the electrodes is required. The analysis could then be used to produce 

an estimated power requirement per litre of a substrate treated. The kWh/L can then be compared 

with the energy production of lab-scale systems to give a more realistic representation of system 

efficiency. 

Lab research limitations 

The project presented a few limitations with the scope of the research undertaken.  

1. The limitations included the inability to calculate the cathode current density. The reason the 

current density could not be calculated was because it was too costly to access a potentiostat 

that could be used for multiple tests.  
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2. The biogas composition could only analyse the methane (0-100%), hydrocarbon (0-4%) and 

carbon dioxide (0-100%). Due to budget and laboratory limitations, the research was not able 

to get a full compositional analysis of the biogas, which showed a large percentage of the 

unknown gas. Understanding a full biogas composition will show what other gases are 

present and provide a better understanding of the reactions that are taking place within the 

EMR. It will also provide a better analysis of the bioenergy production if combustible gases 

such as hydrogen are present. 

3. During the research, it was speculated that the VFAs built up within the AD and EMR system. 

Obtaining more knowledge of the VFAs within the reactors will help provide a better 

understanding of the different microbial species in AD and EMR, and their ability to 

breakdown VFAs. Understanding EMR’s ability to effectively stop VFAs building up into high 

concentrations can help optimise scaling up systems to reduce pH drops that inhibit microbial 

activity.  

4. The research was unable to identify the different microorganisms present within the reactors 

and on the biofilms. Future research should aim to incorporate 16S DNA sequencing, which 

other research has shown can provide a better understanding of electrode performance (San-

Martín et al., 2019). For the series experiments, it would have provided insights into the 

different microorganisms within each phase of the reactor. Understanding the difference in 

composition could provide new knowledge into understanding which exo-electrogenic 

microorganisms are active at different pH ranges. A greater understanding of the microbial 

community can identify species that are more effective at the different phases of breaking 

down complex organic compounds to simple molecules. Batch tests would provide a better 

understanding of how the addition of bioanodes and biocathodes can change the 

composition of microorganisms that are present within an AD system. It will also provide 

insights into how the composition changes when different waste streams are added to 

understand which microorganisms prefer different waste streams. A greater understanding of 

the microbial composition could inform the ideal microbial species for inoculation. A 

specifically designed inoculum would help restart systems, which presented an issue during 

the pilot testing. 

5. Biofilm coverage over the electrode is another vital area of research that was not explored. 

For smaller lab systems, the coverage is less important than large pilot systems, but it would 

still provide insights into electrode design and manufacture. Scanning Electron Micrographs 

(SEM) would have shown how the biofilm is adhering to both the bioanode and biocathode. 

The research planned to incorporate images after the batch and series tests; however, due to 

a nationwide Covid-19 lockdown, access to the facilities was not possible. Since then, the 

electrodes have been reused to continue the research into other waste streams. 

6. Another aspect of the research failed to analyse the nutrient content of the wastewater. 

MECs and EMRs are not effective at removing nitrogen, phosphorous and potassium 

compared to other technologies and are likely to require post-treatment (Cotterill et al., 

2017b). The research was unable to understand to what extent further post-treatment is 

required and this is an area that should be explored in future research.  

7. Another limitation of the research, due to health and safety precautions, was the inability to 

do small lab scale tests on the effectiveness of faecal sludge. Due to the nature of the waste 

containing pathogens, the research laboratory at the time did not have the facilities to collect 

and safely treat the wastewater. 
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8. Further exploration into the effect of applied voltage would provide additional operational 

insights into the benefits of EMR over AD. The research did not explore the effect of having 

the electrodes within the system but with no applied voltage—another area to explore how 

system performance is affected by varying the applied differentials. 

9. Adding positive and negative controls to the experiment can help compare experiments that 

may be affected by unknown variables. Creating a standardised test to calculate Biomethane 

Potential of feedstocks for AD has proved difficult with different labs obtaining different 

results due to different microbial communities used for tests (Raposo et al., 2012). Integrating 

a positive control into the experiments would likely best be achieved within each specific lab; 

using an EMR system that has been continually operating under the same conditions and a 

consistent feedstock.  

 

Pilot Conclusions  

The pilot aimed to demonstrate how EMR can be scaled up to provide a circular approach to 

decentralised wastewater treatment. The pilot system demonstrated a reduction in organics within 

the wastewater but was unsuccessful in producing biogas and would require post-treatment to meet 

EU environmental discharge standards. However, the pilot provided multiple insights into scaling up 

the EMRs and the design of future pilot studies, including duration and security of feedstock supply.  

The duration of the project was limited to an initial three months and then extended to four after the 

operational issues that occurred onsite. The system was only operational for 58 days out of the 102 

days it was installed and faced multiple issues surrounding the inoculation. For systems above 100L, 

the minimum start-up time recorded was 50 days (Baeza et al., 2017) but increased up to 90 days to 

produce hydrogen (Cotterill et al., 2017b). With the operational challenges faced, it would have been 

unlikely for the system to produce methane if it were to match these start-up times. Future pilots 

should explore effective start-up procedures and plan testing timelines accordingly.  

Understanding why the system failed to produce gas would provide valuable information into the 

effectiveness of the system. The system analysed the current density, but it was unable to analyse the 

biofilm coverage and composition which would have provided more information on why the system 

did not produce biogas. Due to the nature of the pilot containing pathogens, the system had to be 

pasteurised and disinfected before the reactor could be shipped, removing the possibility of useful 

analysis back in the UK. SYBR gold staining can help to identify the coverage of biofilm on the 

electrodes as has been shown in (San-Martín et al., 2019), which can be used alongside SEM. Future 

pilots operating on substrates that are easier to handle can create new opportunities to understand 

more about the biofilm.  

Unlike the lab results, the pH within the reactor was neutral, and the main impact for any changes are 

related to the heater malfunctions causing a temperature change, increasing H+ concentrations. 

Although with the low OLR the pH would be unlikely to drop significantly like it did in the series and 

batch reactor systems. The effluent characterisation was limited, and there is no data on nutrient 

removal. Other research indicates that the MECs will require further chemical or biological treatment 
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for nutrient removal (Cotterill et al., 2017b). The system also requires pathogen removal for it to be 

safely reused for flushing or irrigation.  

Pasteurisation is a method to destroy pathogens through heat and is often used in the food industry. 

To effectively inactivate pathogens, you need to heat the waste to 70°C for 10–15 minutes or 50 min 

at 65°C (Feachem et al., 1981). Researchers have found that faecal sludge treated in an AD system can 

generate enough biogas to heat the sludge between 65-75oC to effectively destroy pathogens within 

the effluent (Forbis-Stokes et al., 2016). However, there were some operational issues with the pilot 

due to solids entering the heat exchanger and equipment failures which are likely corrected with 

continual development.   

 

AD can operate at higher temperatures (55-65oc) in thermophilic systems, providing both pathogen 

removal and energy recovery of faecal sludge. Thermophilic AD has successfully 

reduced Salmonella spp., and Escherichia coli below EU limits, however, Clostridium 

perfringens spores were still detectable above limits (4.63 log10 spores/mL) when operating at 55oC 

with a hydraulic retention time between 16-28 days (Lloret et al., 2013). Pre-treatment of waste at 

70oC for 9 hours has also been shown to increase energy recovery in thermophilic AD operating at 

55oC in both batch and continuous systems (Ferrer et al., 2008). Thermophilic operation is another 

option of pathogen removal for faecal waste within MECs. There is research into MECs operating at 

thermophilic temperatures successfully (Cerrillo et al., 2017, 2016; Fu et al., 2015; Yin et al., 2019). 

However, none have explored pathogen removal and could provide an exciting opportunity for faecal 

sludge management.  

 

A review of the pilot system indicated that the anode design was not optimised for electron recovery, 

requiring a well-established biofilm to aid in exo-electrogenic electron transfer. A review of biofilm 

coverage from other research shows that biofilm only forms on a small portion of the electrodes (San-

Martín et al., 2019). Future anode designs should ensure that there is a short distance between 

carbon and the electron acceptor. Due to the short period for the reactor design and installation date, 

the pilot was unable to source a manufacturer for carbon brushes. The system used GAC as an 

alternative anode material. With the GAC plates also acting as baffles to increase turbulence within 

the flow. At high flow rates, it is possible that the plate design could provide benefits, but the pilot 

study was unable to validate the effectiveness of the reactor design.  

Below, Table 11-1 compares the EMR test systems to alternative commercial wastewater treatment 

technologies. EMR needs to be competitive, which the technology will need to outperform. The EMR 

showed a range in the energy consumption per kg of COD removed. The table highlights that EMR can 

generate energy in some instances where the COD is high. The test EMR systems indicate that EMR 

can reduce the COD to a certain point. After which a secondary and tertiary treatment to reduce the 

COD below 125 mg/L as well as removing nutrients and pathogens. This approach can help to reduce 

energy-intensive technologies such as aeration within the wastewater treatment process. 
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Table 11-1: Technology system efficiency comparison 

Technology COD Reduction (%) Energy 

Consumption 

(kWh/kg of COD) 

References 

Min Max 

EMR Series Exp.1 32 52 0.76 *Only continuous flow 

data days 0-30 

 

EMR Batch Exp.2  40 46 -0.004 *COD reduction could be 

lower due to spoiled day 0 

samples 

EMR Batch Exp.3 30 40 -1.38  

EMR Pilot 20 80 0.52 *Not including heating 

Biological reactors/ 

Clarifier 

Not given Not given 0.32 (Gurung et al., 2018; 

Tarallo, 2015) 

Aeration / Activated 

Sludge 

82 95 1.00 (Nadayil et al., 2015; van 

Lier et al., 2008) 

Anaerobic Digestion 53 61 0.077 (Tarallo, 2015; Wendland 

et al., 2007) 

 

TEA Conclusions  

The research aimed to assess the economic viability of EMR, to provide decentralised wastewater 

treatment systems for underserved communities that are lacking infrastructure. The TEA focused on a 

school case study which is the main interest for the WFP.  

The research was based on multiple assumptions, including consistent operational costs over the 20-

year life span. Due to limited field data, a percentage of the CAPEX was used to calculate the 

maintenance costs. Whereas the costs would likely be lower in the first ten years than the second 10 

years as components degrade. Going forward, long-duration field studies will inform the maintenance 

required that can then be used to develop more informed TEA. The fuel costs were also kept the 

same and inflation was not added.  

Since 2015 the average inflation rate in Kenya has been 5.98% (Statista, 2020). Globally, fossil fuel 

costs fluctuate, and as solid fuel resources become scarcer due to deforestation, firewood and coal 

will also likely increase in price. The research was unable to obtain data for charcoal and firewood 

price fluctuations due to the informality of the markets and was therefore not included in the TEA 

assumptions. Future research should aim to analyse the historic increases in fuel costs and include 

them in the assumptions to understand the impact it could have on the costs. The cost of desludging 

and water are also the same, and as the cost of desludging is likely to be affected by inflation, it will 

increase the attractiveness of an onsite wastewater treatment system.  

The WFP currently serves approximately 400 schools within Kenya, with their aim to reduce the 

amount of firewood and coal schools use to cook the food they provide for the students. Schools 

mainly use three-stone fires and in some cases, fuel-efficient stoves. Converting organic waste into 
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biogas could have a huge impact. The lower estimated CAPEX of EMR compared to a fixed dome AD 

system is promising, and shows the benefits the technology could have if the assumed performance 

could be replicated in field trials. 

Overall, the research has undertaken ‘proof of concept’ (TRL 4) and developed a system to test under 

pilot-scale (TRL 6). Although the pilot system failed to generate biogas within the time frame of the 

pilot, it has laid the foundation for future pilot systems and is an important step to commercialise an 

EMR system. Going forward, it is essential to improve our understanding in different areas: 

1. Developing a greater understanding of correct start-up procedures to accelerate the pilot 

systems. 

2. Compare EMRs at scale to commercial AD systems.  

3. Develop a greater understanding of EMR biofilms and the ability to regulate pH. 

4. Test the effects of mixing for EMR systems and the increased performance. 

5. Test the effects of multi-stage EMR systems to understand the variation in microorganisms. 

6. Explore the effects of applied voltage depending on the different phases of complex 

molecules being broken down into simple molecules and into methane. 

7. Develop a smart power control system that can optimise the flow rate and applied voltage to 

maximise the biogas and methane production. 

8. Explore lower temperature ranges where the system can effectively produce methane to 

reduce the heating requirements. 

9. Using pilot data to validate the TEA assumptions  

10. Using pilot data develop a Life Cycle Assessment (LCA) to assess the environmental and social 

cost alongside the economic cost.   

11.1 Next steps  

To move EMRs towards commercialisation, a greater understanding of scaling up the technology is 

required. The electrode design needs to be created to make a modular system that can easily be 

placed into reactors of different sizes. The modular system will enable the electrodes and electrode 

housing to be mass-manufactured, reducing costs through economies of scale.  

Future Research underway: 

The research from this project is just the start. A research team has been created through WASE to 

build on the project and take the research towards commercialisation. Currently, multiple projects are 

underway to explore the next steps that have been highlighted through the research. 

1. Midsize 50L 

To develop an understanding of multi electrode systems, a mid-size system is being tested comparing 

EMR to AD. Four 50L reactors are treating co-digested waste. The main bulk of wastewater is from a 

toilet with a waste diversion to a holding tank that is mixed with 1.5 – 2.5kg of food waste. Each 

reactor is fed 5L a day to give a ten-day retention time. Two of the reactors are setup as EMR systems, 
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and two are AD. The research will provide essential data on multi-electrode systems and how EMR 

operates over a prolonged period.  

 

Figure 11-1: 50L AD and EMR - Co-Digestion On-going Research 

 

2. Pilot System 1.5m3  

A new 1.5 m3 pilot is being deployed to Kenya in November 2020. Two bag AD systems are being 

installed at SNV’s head office in Nairobi. SNV is a humanitarian organisation that set up the Kenya 

Biogas Program. One bag will integrate new scaled up electrode modules that are 800 mm in length 

with a 350mm diameter. Nine electrode modules are going to insert into the bag so that it runs as an 

EMR system whilst the other is operating just as an AD system. The research will provide insights into 

comparing an AD and EMR system at a scale of 1.5m3 which is commercially used for smallholder 

farmers in Kenya. The pilot system could provide small household waste and sanitation wastewater 

treatment. 

3. Pilot system 4m3  

A second pilot project is underway in Kenya that is integrating four 1m3 EMR systems connected in 

series to create a total reactor volume of 4m3. The system is being deployed at the United Nations 

Office inNairobi, which is the UN’s head office in Africa. At the site, the system will be treating waste 

from septic tanks, removing the need for desluding and to provide biogas for cooking. The system has 
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been designed following on from the series brewery wastewater treatment test. The system design 

allows it to operate as a scaled-up lab testing facility that can be tested at multiple sites with varying 

wastewater flows. The future research aims to understand the effects of a multi-stage EMR system to 

understand the different microorganisms present at the different phases, or organic breakdown 

within each chamber. The research will also provide valuable data about scaling up EMR systems to 

treat wastewater. After the pilot, the system will be moved to the Dadaab Refugee camp as part of 

the trial with the UN World Food Program, with an aim to start trials in a school at the end of 2021.   

  

Figure 11-2: Pilot EMR in Development 
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13 Appendix 

 

13.1 MEC Research Papers 

Table 13-1: MEC Research Papers 

No.  Substrate / 
Feedstock 

Inoculation 
Source 

COD Input  
Range  
(mg/L) 

Batch / 
Flow 

Architecture 
type 

Scale  
(L) 

No. of 
electrodes 

Specific 
Anode 
Surface 
Area SSCA 
(m2/m3) 

Specific 
Cathode 
Surface Area 
SSCA 
(m2/m3) 

Anode 
Material & 
Design (+) 
means 
treated 

1 Acetate       Dual Chamber  0.003       Graphite  
Felt 

2 Synthetic 
WW + 

Effluent from 
previous MFC 

1 g/L sodium 
acetate, 50 
mM 
phosphate 
buffer 

Batch Single 
Chamber 

0.028 2   810 m2/m3 Graphite 
fibre brush 

4 Cheese whey MFC and M 1000 mg/L Continuous Single 0.032   0.18 m2   Graphite 
brush 

5         Dual Chamber  0.044       Graphite 
Granules 

6 Synthetic 
WW 

10 mL 
anaerobic 
mixed culture 

  Continuous Dual Chamber 0.066 2 22 cm2 764 m2/g Platinum-
iridium-
coated 
titanium 
plate 

7 Synthetic 
WW 

10 mL 
anaerobic 
mixed culture 

  Continuous Dual Chamber 0.066 2 23 cm2 0.438 m2/g Platinum-
iridium-
coated 
titanium 
plate 

8 Synthetic 
WW 

- - - Dual 
Chamber  

0.1 - 10.56 10.55497345 Graphite 
and 
titanium 
wire   

9 Acetate       Dual Chamber  0.22       Carbon 
Cloth 

10 Synthetic 
WW 

    Flow Single 
Chamber 

0.25 2     Graphite 
felt  

11 Urban WW        Single 
Chamber 

0.3       BiOx/TiO2  

12 Synthetic 
WW + 

Sln from 
existing MEC 

1000 mg/L   Single 
Chamber 

0.4   18200 
m2/m3 

14 cm2 each Graphite 
Brush 

13 Synthetic 
WW 

UASB sludge  5 000 mg/L Flow Single 
Chamber 

0.56 2 1.7 
m2/m3 

0.025 m2 Pt- coated 
(50 g/m2 ) 
titanium 
mesh 
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14 Artificial 
Beer 
wastewater 
+ 

Urban 
wastewater + 

1500-2000 Continuous Single 
Chamber 

0.6 2 N/A N/A Granular 
Graphite 

15 Artificial 
Beer 
wastewater 

Urban 
wastewater + 

1500-2000  Continuous Single 
Chamber 

0.6 2 N/A N/A Granular 
Graphite 

16 Artificial 
Beer 
wastewater 

Urban 
wastewater + 

1500-2000 Continuous Single 
Chamber 

0.6 2 N/A N/A Granular 
Graphite 

17 Acetate       Dual Chamber  0.62       Carbon 
Cloth 

19 Acetate       Dual Chamber  0.7       Carbon 
Fibres and 
titanium 
plate  

20 Synthetic 
WW + 

Sludge 
fermation 
liquid  

1500 mg/L Continuous   1.2 2     Carbon 
brush in 
the 
external 
tube.  

21 Acetate       Dual Chamber 1.22       Carbon 
Cloth 

22 Acetate       Tri Chamber 1.7       Carbon 
Brush 

23 Domestic 
WW 

Domestic 
WW  

121 mg/L Continuous Single 
Chamber 

2 2     Carbon Felt 

24 Brewery WW   1125 +/- 66 
mg/L 

Semi - 
continuous 

Single 2.1 2     Graphite 
fibre 
brushes 

25 Synthetic 
WW + 

Acetic acid 
fed MFC 1:1 
ratio 

1000 mg/L Continuous Single 
Chamber 

2.5 16 5300 
m2/m3 

64 m2/m3 Graphite 
Brush + 

26 Urban WW + AD effluent    Batch Single 
Chamber 

2.5 2     Graphite 
rod 

27 Synthetic 
WW + 

MFC 
inoculum 

3500 
mg/Le4000 
mg/ 

Continuous £ 
compartments 

3.46 6 60 cm2   Anode Film 

28 Urban  WW Urban  WW   Continuous Dual Chamber  8 10     Carbon 
Fibres & 
Titanium 
plate + 

29 Urban  WW Urban  WW   Continuous Dual Chamber  8 10     Carbon 
Fibres & 
Titanium 
plate + 

30 Urban  WW Urban  WW   Continuous Dual Chamber  8 10     Carbon 
Fibres & 
Titanium 
plate + 

31 Urban  WW Urban  WW   Continuous Dual Chamber  8 10     Graphite 
Felt 

32 Urban WW Urban WW + 
Acetate 

365 - 476 Batch Dual  
Chamber 

8 2 2.226 2.226 Graphite 
Felt  

33 Urban WW Urban WW + 
Acetate 

164.4 Continuous  Dual  
Chamber 

8 2 2.226 2.226 Graphite 
Felt  
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34 Pig Slurry Urban WW 
Digestate 

2610 Batch Dual  
Chamber 

16 2 11.25 11.25 Graphite 
Felt  

35 Urban  WW Urban WW 260 ± 85 Continuous  Dual Chamber  30 8 32 13 Graphite 
Felt 

36 Urban  WW Urban WW + 
Acetate 

147 - 1976  Continuous  Dual Chamber  120 18 16.4 3.4 Carbon Felt 

37 Urban  WW Urban WW + 
Acetate 

140 Continuous  Dual Chamber  120 - 16.4 3.4 Carbon Felt 

38 Glycerole AD Sludge + 400 Continuous  Dual Chamber  130 10 1.63 2.72 Graphite 
Fibre Plate 
+ 

39 Synthetic 
WW + 

AD Sludge + 400 Continuous  Dual Chamber  130 10 1.63 2.72 Graphite 
Fibre Plate 
+ 

40 Urban  WW AD Sludge + 500 Continuous  Dual Chamber  130 10 1.63 2.72 Graphite 
Fibre Plate 
+ 

41 Urban  WW Urban WW 261 ± 85 Continuous Dual Chamber  175 3 34 13 Graphite 
Felt 

42 Winery WW Raw WW + 
Sludge 

700 - 2000 Continuous  Single 
Chamber 

1000 144   18.1 Graphite 
Fibre Brush 
+ 

43 Synthetic 
Brewery WW 

AD Digestate 65.3 g/L Batch/Flow Single 
Chamber 

5.6 2 6.05875 6.05875 graphite 
rod 

44 Urine Suspended 
bacteria 

- Batch  Dual Chamber      18200  Graphite 
Brush +  

45 Acetate       Single 
Chamber 

        Graphite 
Felt 

46 Urban WW   8-
16kg/m3/day 

Continuous Single   20       

 

No.  Operation  
(days) 

pH 
Range 

HRT 
(hrs) 

Duration 
(days) 

Start-
up 
(days) 

Voltage 
Applied  
(V) 

Temp  
(C) 

Volumetric 
gas 
Production  
(m3 gas/m3 
reactor 
volume/day) 

H2 % CH4% CO2% Author 

1           0.5 30 0.020       (Liu et al., 2005b) 

2   7   6   0.6 30  1.7 +/- 0.1   N/A N/A (Call et al., 
2009b) 

4   6.3 120   5 days 0.8 37 0.8    0.00%   (Rago et al., 
2017b) 

5               1.1        (Ki et al., 2016) 

6   7.1 0.16 90       65 0.00%     (D. Liu et al., 
2018) 

7   7.1 0.14 90       65 0.00%     (D. Liu et al., 
2018) 

8   -  - - - - 30 - - - - (Siegert et al., 
2014b) 

9     168       -         (Heidrich et al., 
2014) 

10   7 1600     1 30     N/A N/A (Jeremiasse et 
al., 2010) 

11             -         (Babanova et al., 
2017) 

12   7   30   0.7 30 0.9  mmol-
CH4 d−1 
m−2 

656 mmol 
CH4/d/ m2 

99.00%   (Cheng et al., 
2009) 

13   7 0.10 188   0.7 30 0.05 +/- 
0.03  

      (Van Eerten-
Jansen et al., 
2012b) 
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14   5.9-6.5 24 15   0.8 30  0.281       (Sangeetha et al., 
2016) 

15   7.1 - 
7.4 

25 16   0.8 30 0. 367       (Sangeetha et al., 
2016) 

16   5.9 - 
6.5 

26 17   0.8 30  0.130       (Sangeetha et al., 
2016) 

17           0.25           (Cheng et al., 
2009) 

19     22.25       30         (Rivera et al., 
2017) 

20   7 24 30   0.8 25 0.163        (W. Liu et al., 
2016) 

21     336     - -         (Rivera et al., 
2017) 

22     22.25       31 -       (Babanova et al., 
2017) 

23   6.9 10 90     20 0.391 96.20% 3.80%   (Gil-Carrera et 
al., 2013a) 

25   7   18 3 0.9     neglible 92.00% ~ 8% (Rader and 
Logan, 2010) 

26   7.8 24 60   0.8 35 9.05 
mmol/L/day 

  90.00% 7.00%  (Anirudh Bhanu, 
2019) 

27   7 24 56 14 0.9 35 +/- 
1 oC 

    87.00%   (Ran et al., 2014) 

28     8 95 18 1   0.0198       (Carlotta-Jones 
et al., 2020) 

29     8 95   1   0       (Carlotta-Jones 
et al., 2020) 

30     8 95 13 1   0.0668       (Carlotta-Jones 
et al., 2020) 

31     8 95 42 1   0.0037       (Carlotta-Jones 
et al., 2020) 

32   7.215 168 - 
 

0.7 19.2 0.026 - - - (Escapa et al., 
2015) 

33   7.215 24 -   0.7 19.2 0.026 - - - (Escapa et al., 
2015) 

34   7.9 86 103 25 1 19.2 0.2 98 0 0 (San-Martín et 
al., 2019) 

35   6 - 8.5 5 217 - 0.9 9 - 16 0.041 - - - (Cotterill et al., 
2017a) 

36     24 365 64 1.1 1 - 22 0.007 98.50% 0.00% - (Heidrich et al., 
2014) 

37   7 24 149 64 1.1 13.5 - 
21 

0.015 100.00% 0.00% 0.00% (Heidrich et al., 
2013b) 

38     48 210 50 1.5 18 - 22 0.013 80.00% 20.00% - (Baeza et al., 
2017) 

39     48 210 50 1.5 18 - 22 0.028 76.30% 23.70% - (Baeza et al., 
2017) 

40   7.32 - 
7.6 

48 210 50 1.5 18 - 22 0.031 94.10% 5.90% - (Baeza et al., 
2017) 

41   7 - 8.5 5 217 90 0.9 9 - 16 0.005 95.00% 0.00% - (Cotterill et al., 
2017a) 

42   >6  24 100 60 0.9 31 0.190 0.00% 86.00% - (Cusick et al., 
2011a) 

43 140 days  7.7-6 5.6 
days 

120 days 20 0.5 V 
changing 
to 1.0 V 

35 +/- 
2 oC 

 0.88-1.6   63.10%   (Xu et al., 2019) 

44     1 308   1 30±1 48.600 - - - (Call and Logan, 
2008b) 

45     36     0.8 32 0.220       (Cho and 
Hoffmann, 2017) 

46     0.63     0.13           (Guo and Kim, 
2019) 
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13.2 Feedstock Analysis  
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13.3 MR Series Brewery Wastewater Analysis 

 

 

Figure 13-1: EMR Series Test Reactor 1 - (1st series) 
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Figure 13-2: EMR Series Test Reactor 2 - (2nd series) 
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Figure 13-3: EMR Series Test Reactor 3 - (3rd series) 

 

Figure 13-4: EMR Series Test Reactor 4 - (4th series) 
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Figure 13-5: EMR Series Test Reactor 5 - (1st series) 
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Figure 13-6: EMR Series Test Reactor 6 - (2nd series) 

 

Figure 13-7: EMR Series Test Reactor 7 - (3rd series) 
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Figure 13-8: EMR Series Test Reactor 8 - (4th series) 

 

Figure 13-9: Series EMR - Brewery Wastewater COD Percentage Reduction 

 

Table 13-2: Series EMR - Litres and Moles Produced 

 
Litres of methane  Moles Recovered  

Days 0-23 0-30 31-44 0-23 0-30 31-44 

R1 0.176 0.240 0.415 0.0061 0.0083 0.0143 

R2 0.044 0.071 0.165 0.0015 0.0025 0.0057 

R3 0.072 0.096 0.484 0.0025 0.0033 0.0167 

R4 0.005 0.009 0.023 0.0002 0.0003 0.0008 

R5 0.105 0.135 0.256 0.0036 0.0047 0.0089 

R6 0.092 0.144 3.437 0.0032 0.0050 0.1187 

R7 0.161 0.195 0.922 0.0056 0.0067 0.0318 

R8 0.000 0.001 0.014 0.0000 0.0000 0.0005 

First 0.139 0.185 0.120 0.0048 0.0064 0.0042 

Second  0.069 0.110 3.134 0.0024 0.0038 0.1082 

Third 0.115 0.145 1.353 0.0040 0.0050 0.0467 

Fourth 0.002 0.004 0.016 0.0001 0.0002 0.0006 
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Table 13-3: Series EMR – COD Removed 

 
COD Removed (g) 

 

Days 0-23 0-30 

R1 110.96 140.13 

R2 108.06 136.47 

R3 110.31 139.31 

R4 154.41 195.00 

R5 110.41 139.44 

R6 124.62 157.39 

R7 143.20 180.85 

R8 163.30 206.23 

First 112.63 142.24 

Second  117.32 148.17 

Third 127.43 160.93 

Fourth 159.27 201.15 

Total 516.66 652.49 
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13.4 EMR & AD Batch Spent Grain Analysis  

 

Figure 13-10: Batch – Brewery Spent Grain – AD Reactor 3  

 

Figure 13-11: Batch – Brewery Spent Grain – AD Reactor 4  
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Figure 13-12: Batch – Brewery Spent Grain – AD Reactor 5  

 

Figure 13-13: Batch – Brewery Spent Grain – EMR Reactor 6  
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Figure 13-14: Batch – Brewery Spent Grain – EMR Reactor 7  

 

 

Figure 13-15: Batch – Brewery Spent Grain – EMR Reactor 8  
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Table 13-4: EMR & AD Batch Wastewater Reactor Effluent Analsyis 

 
Turbidity TDS (g/2ml) TSS (g/2ml) TS (g/10ml) VS (g/10 ml) 

R3 

Effluent 

3490 0.012 0.0069 0.113 0.029 

R4 

Effluent 

3590 0.015 0.0109 0.125 0.038 

R5 

Effluent 

3460 0.014 0.008 0.173 0.059 

R6 

Effluent 

1830 0.011 0.006 0.071 0.023 

R7 

Effluent 

2050 0.012 0.0092 0.08 0.028 

R8 

Effluent 

2290 0.008 0.0096 0.085 0.025 

 

 

Figure 13-16: Batch EMR & AD –Spent Grain Cumulative Energy Production 
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EMR & AD Batch Brewery Boil Analysis  
 

 

Figure 13-17: Batch – Brewery Boil – AD Reactor 3  

 

Figure 13-18: Batch – Brewery Boil – AD Reactor 4  
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Figure 13-19: Batch – Brewery Boil – AD Reactor 5  

 

Figure 13-20: Batch – Brewery Boil – EMR Reactor 6  

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25 30

G
as

 V
o

lu
m

e 
(m

L)

%
 G

as
 c

o
m

p
o

si
ti

o
n

/ 
Te

m
p

er
at

u
re

 (
o

C
)

Days of Operation

R5 AD Gas Production Analysis

CH4 HC CO2 R5 Temp R5 Vol

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25 30

G
as

 V
o

lu
m

e 
(m

L)

%
 G

as
 c

o
m

p
o

si
ti

o
n

/ 
Te

m
p

er
at

u
re

 (
o

C
)

Days of Operation

R6 EMR Gas Production Analysis

R6 CH4 R6 HC R6 CO2 R6 Temp R6 Vol



  

253 
 

 

Figure 13-21: Batch – Brewery Boil – EMR Reactor 7  

 

Figure 13-22: Batch – Brewery Boil – EMR Reactor 8  
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13.5 EMR Pilot Interview Guide Questions 

 

1. How did users react to using the ablution unit? 

2. How did users react to the concept of using biogas for cooking that has been produced 

from faecal sludge?  

3. How did users perceive the pilot EMR system? 

4. Where would you foresee issues around the installation of EMR technology in the 

humanitarian context? 

5. What concerns do you have around the operational aspects of the technology if it is to 

be successfully deployed in the field? 

 

13.6 EMR Manufacturing Cost 
 

Table 13-5: EMR Electrode Manufacturing Costs 

    
Cost per 10,000 unit order 

Part No. Item Quantity. 
(m3) 

Unit Cost Electrode 
Blade 

Cost per 1m3 Vol. 

Blade - B - Long electrodes 
  

      

A-001 Stainless Steel 
Pocket 

72  £             2.50   £          10.00   £           180.00  

A-002 GAC 72  £             0.40   £             1.60   £             28.80  

A-003 Carbon Fibre 
Brush 

72  £             3.00   £             0.40   £           216.00  

A-004 Rails 72  £             1.50   £             6.00   £           108.00  

A-005 Titanium wire 36  £             0.66   £             1.32   £             23.76  

A-006 Bolts 72  £             0.05   £             0.20   £               3.60  

A-008 Cable Stress 
Relief 

36  £             0.05   £             0.10   £               1.80  

   Sub Total  
  

 
 £           561.96  

      

Support Frame       

G-001 Cages 0  £             2.00   £                 -     £                    -    

G-002 Fibreglass rods 43.2  £             0.40   £             1.92   £             17.28  

G-003 3 Core Wire 9  £             1.40   £             1.40   £             12.60  

G-004 WAGO/Splices 27  £             0.20   £             0.60   £               5.40  

  Sub Total     £             35.28  

 Total      £            630.52 
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13.7 Kenya – primary data collection field research  
 

 

Table 13-6: Kenya Refugee Settlement Sanitation and Wastewater Treatment Costs from field research conducted in 
February 2020 

Source  Settlement Type Cost (KSH) Cost (GBP) 

UNHCR Dadaab Pit Latrine $270 (3m)  

NRC Dadaab Pit Latrine 
6000 (1000 per m)  
Slab 5000 

44.94 - Pit 
37.45 - Slab 

NRC Kakuma Pit Latrine 
12,000 total  
Slab 2900 – can be 
reused 2x 

89.88 total 
21.72 – Slab 

Beneficiary  Kalyobeyei 
Pit latrine 10,000 (3m deep) 74. 90 

Excavate 
per metre 

500 
3.75 

Beneficiary  Kalyobeyei 

Pit latrine 9600 (3m deep) 71.91 

Excavate 
per meter 

3500 
26.22 

Poles 700 5.24 

Zinc panels 600 (need 8 - 4800 ) 4.49 (35.95) 

SATO Pan 600 4.49 

World Vision Kakuma  Septic Tank 40m3 1.2 Million KSH 8988.36 

Edensfield 
Sanitation 

Kisumu 

Septic Tank  
100 People 
(PP)  
– 30m3  

280,000 

2097.28 

500 PP – 
70 m3  

360,000 
2696.51 

1000 PP – 
110 m3  

520,000 
3894.96 

Herri-Tech 
Ventures 

Nairobi 

120 PP 150,000 1123.55 

500 PP 190,000 1423.16 

1000 PP 240,000 1797.67 

Sistema Bio 
Kenya  

1000PP School 
biogas treatment 
system 

$20,000 15943.24 

 

Table 13-7: Kenya Refugee Settlement Sludge Exhauster Costs from field research conducted in February 2020 

Source  Settlement Volume 
Excavated 

Cost (KSH) Cost (GBP) LCOWT 
(£/m3) 

World Vision Kakuma 30,000L 80,000 599.22 19.97 

Peace Winds 
Japan 

Kakuma 30,000L 25,000 187.26 
6.24 
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For the potential scaleup of EMR systems within refugee settlements, the offset in fuel costs is crucial. 

Below is a list of the different fuels for purchase and their costs. The costs vary depending on the 

location and also the purchaser. Beneficiaries within the settlement mentioned different costs within 

the same area and at different times of the year.  

Table 13-8: Kenya Refugee Settlement cooking fuel costs from field research conducted in February 2020 

Source  Settlement Wood/Charcoal Quantity   Cost (KSH) Cost (GBP) 

RRDO Dadaab Wood 
Household (4PP) 20 per day 0.15/day 

Donkey Kart 
(400-500kg) 

2000 14.98 

UNHCR 
Dadaab – 
Daligali 

Wood 
 

Donkey Kart 2500  18.73 

Restaurant 
Owner 

Kakuma Charcoal  Large Bag – 50kg 
700 per bag - 
use 6 per week 

5.24 

Market Seller Kakuma  Charcoal 

Large Bag – 50kg 800 5.99 

Bucket 250 1.87 

Small bundle –  
1/2 days worth 

20 0.15 

Lokada Kakuma 

Charcoal 

Large bag – 35kg  
(supposedly all 
large bags are 
35kg, not 50kg) 

800-1000 
(lasts 1 month) 

5.99 - 7.49 

Prosopis 
Charcoal 

Large bag – 35Kg 
650-800 
(depending on 
wet/dry season) 

4.87 – 5.99 

Beneficiary  
(Family of 5) 

Kalobeyei  Charcoal 
Bucket  
(use 4 per month) 

200 1.50 

Beneficiary  
(Family of 6) 

Kalobeyei  Charcoal 
Bucket  
(use 4 per month) 

250 
 
1.87 

WFP  Dadaab  TBC TBC TBC  

 

 

Table 13-9: Kenya Refugee Settlement electricity costs from field research conducted in February 2020 

Source  Settlement  Cost (KSH) Cost (GBP) 

Beneficiaries  Dadaab – IFO 
HH lighting/phone 
Charging 

1000 - 
1500/month 

7.49 – 
11.24/month 

Fiada 
Dadaab – 
Hagadera  

HH lighting/phone 
Charging 

500/month 3.75/month 

Beneficiaries  

Dadaab – IFO Light – Battery torch 100 0.75 

Dadaab – IFO Phone charge 10 0.08 

Dadaab – IFO Smart phone 20 0.15 

Beneficiaries  

Dadaab – Daligali Freezer - Shop 200/day 1.50/day 

Dadaab – Daligali Fan – Shop 50/day 0.37/day 

Dadaab – Daligali 
Phone charging - 
Shop 

100/day 0.75/day 

Generator Seller – 
6 business but 
more want 
connection 

Kakuma  

Fridge 200/day 1.50/day 

Light Households 500/month 3.75/day 
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13.8 Other Research  
 

Reactor Test systems 

 

 
 

Figure 13-23: MFC Air-Cathode Test 
System and IV curves 

 
Test of low cost air cathode MFC 
operating on brewery wastewater 
to test acidity, graphs showing the 
IV curves from the initial tests. 
 
 
 
 
 
 
 
 

 
 

Figure 13-24: EMR - 1L experimental setup 

EMR – 1L test reactor operating on 
dried cassava waste. 
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Figure 13-25: EMR Electrode Plate Design - 
50L Test System 

Trial test system of the EMR GAC 
plate design was installed and 
tested at the Calthorpe community 
project in parallel to the AD system 
operated on food waste. 
 

 

Figure 13-26: 7L AD and EMR test system 

The 7L tubular system was used to 
test the full size electrodes from 
the pilot system.  
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