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Abstract
Vital to human survival and the protection of the environment, is the wastewater
treatment industry. The practices employed work very effectively to protect human
populations from pathogens and to safely treat water for discharge to the
environment; securing future water supplies and protecting the rivers, lakes and seas.
However, the drawback of this process is the high energy use, making the process
expensive and a contributor to climate change. In the UK, approximately 3% of all
energy is used by the water industry. The high energy costs also pose a problem for
the developing world, as many nations cannot afford to treat their wastewater
streams, resulting in unsafe discharge to the environment of raw untreated effluents.
The pollutants (organic and inorganic compounds) are a potential source of value and
the industry is failing to recover the majority of this value. Some is recovered via the
use of anaerobic digestors for sludge treatment and biogas production, but the
majority of the recoverable energy is lost. A potential solution for this problem is the
Microbial Electrolysis Cell (MEC), a subtype of a bio-electrochemical system.
The MEC is a system comprised of an anode, cathode and optionally; a membrane
that separates the two electrodes. The MEC can sustain a biofilm on its anode which
is electroactive and is able treat wastewater by facilitating the oxidation of the organic
compounds, producing H2 – a renewable and potentially sustainable energy source
when produced by this method. The system requires the addition of a small voltage
as the reaction is not spontaneous. However, this technology is not ready to solve the
challenges the wastewater treatment industry faces, primarily due to its high capital
costs but also its low energy efficiency recovery.
To address the capital costs, a recycled carbon fibre material (used for components
in the automotive industry) was tested and shown to have electrocatalytic properties
within an electrochemical cell, comparable to a commercially available graphite
battery felt. The recycled materials were then used as anodes in 100 mL MECs using
real wastewater, demonstrating potentially superior performance to graphite at a
significantly reduced cost. This was confirmed at a larger scale (10 L) at a wastewater
treatment plant, where hydrogen gas production and wastewater treatment
performance were significantly superior but with a 96% reduction in the anode cost
relative to the graphite felt used. A detailed cost benefit analysis using multiple TotEx
scenarios confirmed the potential cost savings attributed to the use of the recycled
carbon fibre anode, where an equally scaled MEC has the potential to be costcompetitive or less expensive than an activated sludge pool during a 20- or 50-year
period. A placement abroad with a water technology consultancy did highlight that
there are other technologies that are far more developed and are closer to commercial
availability (i.e. sludge destruction via pyrolysis). The MEC offers something different
and potentially, better, but larger scales are required to prove the technology.
The use of the recycled carbon fibre as the anode now makes larger-scale
deployment of MECs far more likely. The significantly reduced capital cost but lack of
performance compromise, mean that academia and industry alike can seriously
consider the construction and testing of larger and more ambitiously scaled MECs.
The material is a lower environmental impact (relative to virgin graphite and carbon),
meaning that the life cycle impact of an MEC using the recycled carbon would be
more less and more likely to have a positive impact, assuming performance
optimisation. This could increase knowledge around the problems associated with
upscaling and therefore, dramatically increase the likelihood of the technology
becoming a commercially available product for water industries.
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Definitions
AD – Anaerobic Digestion
ASP – Activated Sludge Pool
BES – Bioelectrochemical system
BOD – Biological Oxygen Demand
CapEx – Capital Expenditure
CHP – Combined Heat Power engine
COD – Chemical Oxygen Demand
MBR – Membrane Bioreactor
MEC – Microbial Electrolysis Cell
MFC – Microbial Fuel Cell
OpEx – Operational expenditure
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STW – Severn Trent Water
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Nomenclature
Bio-electrochemical systems – devices that are able to harness the ability of
electrogenic microorganisms to exchange electrons with their environment to
breakdown organic compounds to produce value. This could be in the form of
energy or compounds of value.
Microbial electrolysis cells – subtype of Bio-electrochemical system that
produce compounds (e.g. hydrogen, methane). Abaerobic/oxygen limiting and
require additional voltage supply to function.
Microbial fuel cells – subtype of Bio-electrochemical system that produce
electricity from the breakdown of organic matter. Aerobic and do not require
additional voltage supply.
Electrogenic microorganisms/Electrogens – microorganisms that are able to
freely exchange electrons with their environment. Example species is
Geobacter sulfereducens. They are considered to be the primary contributors
to the operation of a microbial electrolysis or fuel cell.
Methanogens – microorganisms that produce methane as a product from the
breakdown of organic compounds. They require anaerobic conditions to do
this.
Sulphate reducing bacteria – microorganisms that use sulphate as a terminal
electron acceptor when breaking down organic compounds. They are found in
anoxic and anaerobic conditions and produce hydrogen sulphide, a toxic gas
to humans as well as being a large cause of odours at sewage treatment
works.
Wastewater treatment plant/Sewage treatment works – a site at which sewage
is treated so that it is safe for discharge to the environment. This can include;
chemical, physical and biological modes of treatment.
Preliminary treatment/screening – physical removal of large solids/debris
which could damage assets further downstream or simply would not be
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processible by the works (e.g. branches). The screening can be mechanical
or passive.
Primary wastewater treatment – physical treatment phase at a sewage
treatment plant. Typically for solids and BOD removal.
Secondary wastewater treatment – biological treatment phase at a sewage
treatment plant. Typically for ammonia and BOD removal. Is followed by a
secondary settlement stage for solids removal.
Tertiary wastewater treatment – final polishing phase of wastewater treatment.
Typically for solids, phosphorus and ammonia removal.
Primary settlement tank – typical primary treatment asset at a sewage
treatment works.
Activated Sludge Plant – large scale secondary wastewater treatment asset
that uses aeration to enable aerobic microorganisms to conduct carbonaceous
pollutant removal as well as nitrification of ammonia. They can have multiple
lanes which are divided into pockets. Newer system.
Biofilter/Tricking filter – smaller scale secondary wastewater treatment asset
that trickles primary effluent over a biofilm covered media (can be granite,
plastic or blast slag) to treat wastewater. Older system.
Humus Tank/Final settlement tank – Secondary settlement stage for
biofilters/ASPs. Removes solids. There can be returns from this asset back to
an earlier stage of the works.
Tertiary Solids removal – polishing stage for removing solids prior to
discharge. Can be a requirement for phosphorus removal if chemical dosing
is used at the sewage treatment works.
Raw Sewage – sewage which has not undergone any form of treatment.
Crude sewage – sewage which has undergone screening at a sewage
treatment works.
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Primary Effluent/Settled Sewage – wastewater that has undergone primary
treatment.
Secondary Effluent – wastewater that has undergone secondary treatment
(including secondary settlement stage).
Final Effluent – effluent that has undergone all treatment stages at a sewage
works and is discharged to the environment. Must adhere to the permit for the
works that has been agreed with the Environmental Agency (in the UK).
Sustainable/sustainability – used to describe a process that when carried out,
does not have a negative impact (be that economic, environmental or social).
Sewage sludge – sludges are concentrated solids that are by-products of
primary, secondary and tertiary treatment processes at a sewage treatment
works (and therefore, there are multiple subtypes). They must be treated prior
to release to the environment as they can cause large amounts of
environmental damage. There is the opportunity to recover value from sludge
in the form of energy and fertilizer.
Anaerobic digestor – a sludge treatment asset that processes sludge by using
anaerobic microorganisms (namely methanogens) to convert organic
compounds to methane and CO2 (biogas). The biogas can be burnt to produce
energy and heat. The solids remaining can be rich in nutrients and therefore,
can be distributed to land as a soil treatment for agriculture.
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1 Introduction
1.1 Severn Trent Water and the need for this project
Severn Trent Water (STW) is one of the largest water companies in the UK, second
(in terms of customers) only to Thames Water, with almost 8 million people across the
midlands.1 They collect over 2.7 million m3 of wastewater per day all of which requires
treatment before it is discharged back to the environment. Of all the UK water
companies, STW are the only one to receive 4* ratings in 2 years out of the last three,
achieving a 3* in 2019 (the ranking is between 1 and 4, where 4 is ‘leading’, 3 is ‘good’
and 1 is ‘poor’).2 Therefore, they are arguably a high performer within the UK and have
a strong desire to maintain the environment from which they abstract and discharge
water.
For this reason, STW wanted to investigate potential alternatives to the existing
wastewater treatment assets that are deployed to improve upon environmental
sustainability. STW requires a technology that can treat water to the same standards
which are already achievable from the existing wastewater treatment assets (and
potentially better in the future) but with a lower environmental and economic cost.
This innovation report is the product of multiple sub-projects, including the following;
1. An overview and investigation into the need for wastewater treatment, how it
operates and what its shortcomings are, to better understand what the potential
solutions could be. Research of the potential solutions, with the identification of
microbial electrolysis cells as a potential solution. A literature review of
microbial electrolysis cells including their advantages, drawbacks and
requirements for deployment for industrial wastewater treatment.
2. Literature and practical investigations to find ways of reducing the costs of
microbial electrolysis cells (MECs) by identifying inexpensive anode materials
and demonstrating their suitability as an anode for an electrochemical system.
3. Testing the developed materials in small lab-scale MEC systems using real
wastewater
4. Proving MEC functionality at larger-scales with tests at a real wastewater
treatment plant.
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5. A cost-benefit analysis of the larger-scale systems, demonstrating the positive
economic impact MECs can have if they are built economically.
6. A placement abroad with a water consultancy company to understand what
they would define as innovative and to develop a clearer picture of what is
required to deploy the MEC technology at larger-scales for the wastewater
treatment industry.
An overview of how the submissions have led to the findings detailed in this
innovation report are presented in Figure 1-1.

Problem
identification

Problem
investigation

Submission 1:
Literature review of
wastewater
treatment and MECs
as a solution.

Developing the
solution

Submission 3: Lab
scale testing

Testing and
implementation

Submission 4:
Deployment of
larger scale MECs

Statement of
Innovation

Innovation report

Submission 2:
Anode material
development

Submission 3B: DNA
analysis of lab scale
MECs

Submission 6:
International
placement

Submission 5: Cost
benefit analysis of
pilot systems and
potential cost
savings.

Figure 1-1: EngD portfolio overview, showing the stages to innovation and where the submissions and
innovation report fit in.

1.2 The importance of sustainability and the threat of climate change
Achieving sustainable environmental practices is paramount to the survival of the
human species and indeed, all other lifeforms on planet earth3. In time, ‘wartime’ like
measures might be taken, where governments may have to exert control over its
citizens in terms of their embodied carbon emissions from travel, food
production/consumption and waste processing.
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It is hoped however, that such severe interventions will not be required and that
technological and behavioural strides to reverse the damages associated with climate
change, will suffice. This must be achieved while preserving the relatively improved
quality of life humans now experience (fewer famines, clean water access and longer
life expectancies), tying in to the United Nations Sustainable Development Goals of
ensuring access to modern energy services while increasing the share of renewable
energy within the overall use.4 This ties into the economic and social sustainability that
must be maintained by any innovations developed to combat climate change.5 This is
for two main reasons:
1. Businesses will be unwilling to act on or make changes to their
processes/products that will benefit the environment if the changes will be
detrimental to their business. In this sense, the future of innovations that will
contribute to improving the sustainability of the human race will depend on both
economic and environmental benefits. A truly innovative product or process will
not only preserve or improve on sustainability but will generate more value for
the business by product creation or achieving cost-savings.
2. Socially, the livelihoods of individuals must be preserved. Any new idea or
product that harms the job prospects for a particular industry, trade or
specialism will not be popular, therefore, questioning the value of its innovation.
This also ties into the economic factor, as job losses can end up harming the
economic sustainability.
Therefore, any ‘innovative’ product designed to improve upon the sustainability of a
process must not harm the social or economic sustainability of a business or country.
An environmental solution that does not negatively impact social structures or
economic sustainability could, therefore, be classed as innovative.6

1.3 The importance of wastewater treatment
Wastewater treatment (domestic and industrial) has been one of the greatest
contributions to increasing the life expectancy of the human race and preserving the
environment.7 Innovation within the field of wastewater treatment (in particular, over
the last 100 years) has given humans the ability to remove dangerous pathogenic
microorganisms which can cause disease in humans (e.g. cholera),8 as well as the
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inactivation of organic and inorganic compounds9 which can lead to bacterial or algal
blooms in water bodies,10,11 causing damage to the environment. As it is from the
environment where water sources are abstracted (the term used for water acquisition
from the environment),12 there is a particular economic and social argument for its
protection, with the added environmental benefit of maintaining high levels of
biodiversity.
1.3.1 The wastewater treatment process
The basic premise of wastewater treatment is to move contaminated and potentially
dangerous water after human use away from populations to a safe location for
treatment.13 This is achieved via the use of the sewer system.
The treatment process occurs at relatively centralised wastewater treatment plants
(this varies depending on the geography of an area). The process is multi-stage, where
solids, physical debris, excrement, pathogens and nutrients are removed and
inactivated. The main stages of wastewater treatment are described in Table 1-1.
Table 1-1: Processes and examples of different stages of the wastewater treatment process

Wastewater
Treatment Process
Screening

Primary
Secondary

Tertiary

Method of wastewater treatment

Example

Removes large debris from influent which could
damage downstream processes. Debris includes
dead animals, branches, wipes and nonbiodegradable matter.
Use of physical methods to remove solids. The
solids removed here are usually in a “sludge” form
and are processed in an anaerobic digestor.
Use of biological methods to remove organic and
inorganic pollutants. This can be the final stage of
wastewater treatment if the quality of the effluent
is high enough (i.e. BOD5 lower than 25 mg L-1).14
Used as a final polishing step to remove pollutants
and pathogens from wastewater. There can also be
resource recovery from sludges produced during
primary and secondary treatment (anaerobic
digestion).

Fine screens.13

Primary
sedimentation
tanks.13
Activated sludge
pools and Trickling
filters.
Anammox process,
Tertiary solids
removal.15

The stages highlighted (Table 1-1) allow the treated water to be safely discharged to
the environment, where the local water authority can reliably assume that there will be
no adverse effects to the receiving waters. The water authority can determine whether
the effluent could pose any risk to the receiving waters by measuring the
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concentrations of organic and inorganic pollutants of both the effluent and receiving
waters (some areas are more sensitive and require more stringent regulations).

1.4 The problems with wastewater treatment
Despite the efficacy of the wastewater treatment process to produce effluents that are
safe for discharge, the assets used to treat wastewater are not flawless. The
processes that are currently employed require improvement or in some cases, large
overhauls if the wastewater treatment industry is become sustainable.
1.4.1 Financial cost
The operation of wastewater treatment assets requires large amounts of electrical
energy. Over time, the quantity of energy required to run a wastewater treatment plant
has increased due to the more stringent effluent demands imposed by governments
and increased energy demands mean increased costs.16 This will (and is) being
compounded by increasing energy unit costs (in terms of £ per kWh). It is estimated
that WWTP in the EU expend anywhere between 0.3-2.1 kWh m-3 of treated
wastewater.17
The primary areas of interest (where the bulk of treatment occurs) is during primary
and secondary wastewater treatment. This is because they tend to be the most
energy-intensive processes, with particular emphasis on the secondary wastewater
treatment assets. The activated sludge plant (ASP) is an effective method of treating
large quantities of wastewater to a highstandard, but is a significant drain on resources
for any wastewater treatment plant that employs them. The principal reason for this is
the use of blowers in the ASP, which are required to aerate the sludge, enabling the
aerobic microorganisms to metabolise the organic compounds and nutrients, thus
treating the wastewater. Though effective, this process alone can account for over
60% of the total overheads for a wastewater treatment plant.18 By extrapolating the
value of 0.3-2.1 kWh m-3, the energy consumption of the blowers could be up to 1.26
kWh m-3.
The ASP also has the drawback of a lack of direct value production from the treatment
of the wastewater. The main by-product of the activated sludge process is waste
activated sludge (WAS).13 WAS is difficult to dispose of and expensive to process
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safely, as failure to do so can result in harm to the public from pathogens and damage
to the environment.19 Unlike primary wastewater sludge produced from the physical
wastewater treatment methods used in the primary phase of wastewater treatment,
the sludge cannot be easily processed in an anaerobic digestor due to the high water
content.20 The WAS can be dewatered and then processed in an anaerobic digester
(AD), but this requires large amounts of pre-treatment, which involves high
temperatures therefore greatly increasing the cost of WAS treatment by this method
(also reducing overall sustainability of this process). In many cases across the globe,
the WAS is buried in landfill, which is not only environmentally damaging, due to the
release of green house gasses (GHG) such as methane, but is also failing to recover
a large amount of value from the WAS, as it is rich in proteins and carbohydrates; a
potential resource for the growing bio-economy.19,20
1.4.2 Environmental costs
The majority of electrical energy produced and used in the UK has a carbon footprint
associated with it. Ranked as the fourth largest consumer of energy in 2009, the
wastewater treatment industry is a large contributor to the UK’s carbon emissions.21
This is the equivalent to the electricity use of approximately 2 million UK homes
(estimated using the calculation in. where the annual energy house of a home in the
UK is 4,000 KWh - Equation 1-1).22
𝟏𝟎𝟎 𝑮𝑾𝒉

Equation 1-1: 𝟒𝟎𝟎𝟎 𝑲𝑾𝒉 = 𝟐, 𝟎𝟐𝟓, 𝟎𝟎𝟎 𝒉𝒐𝒎𝒆𝒔

As described in the previous paragraph, the quantity of energy is predicted to increase
over time, due to a combination of increasingly stringent discharge limits (which are
likely to require greater energy demands or processes to meet requirements) and
increasing populations, resulting in the need for more wastewater treatment activity.
This is also a clear indication of how the environmental and economic aspects of
wastewater treatment are linked.
1.4.3 Wasted recovery
Anaerobic digestion does successfully recover some value from wastewater while
simultaneously lowering the overall environmental footprint of the wastewater
treatment processes. This is achieved via the production of methane from AD and its
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subsequent combustion in a combined heat and power engine (CHP), producing
electricity and potentially usable heat. This is immediately useful as the infrastructure
to produce energy from methane is already available and well developed. However,
AD cannot recover the majority of potential energy from the methane, as it’s
combustion in a CHP engine produces more heat than electricity (approximately a
65:35 split between heat and electricity respectively). In most cases, the location of
the CHP engine on the wastewater treatment plant is too far from human populations
to be of use to any local settlements. Of all of the available organics in wastewater, an
estimated 28% is recovered as electrical energy via AD and CHP use, though this can
be marginally improved with more efficient CHP engines.23,24
1.4.4 Wastewater treatment infrastructure in less economically developed
nations
It is estimated that 80% of the wastewater produced globally by humans is returned to
the environment untreated.7 Approximately 11% of the World’s population (780 million
people) do not have access to treated water for domestic use and 35% of the World’s
population (2.5 billion people) lacked effective sanitation systems, or in other words,
wastewater treatment infrastructure. A comparison of the quantity of wastewater
treated by different countries with different wealth levels is provided in Table 1-2.25
The UK falls into the high-income category (as do the majority of countries in Europe).
Table 1-2: Quantity of wastewater treatment by economic area

Economic Standing
High Income
Upper-middle Income
Lower-middle Income
Low-Income

Quantity of wastewater treated
70%
38%
28%
8%

As stated in section 1.4.1, there is a significant financial cost associated with
wastewater treatment. There is not the ability to recover the majority of the associated
costs (capital and operational), which will mean that less economically developed
regions of the world cannot prioritise wastewater treatment, despite its vital
importance.
To address this vital environmental conundrum, an innovative solution would be a less
expensive wastewater treatment technology which is able to recover value, (and
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ideally enough to make wastewater treatment a net producer of value before charging
citizens/the state) meaning that poorer regions would be more likely to adopt
wastewater treatment options. This would satisfy the three main criteria of
sustainability: environmental, social and economic.

1.5 Innovation required to solve the problems associated with the
wastewater treatment industry
It has been established that the wastewater treatment assets deployed today deliver
high standards of wastewater treatment and environmental protection, but issues with
cost (operational and capital), lack of value recovery and questions over the
environmental sustainability are evident. Therefore, innovation within the industry
would deliver; value recovery, lower operational costs (without compromising on
performance) and smaller physical footprints.
1.5.1 Greater value recovery from wastewater
Despite the use of anaerobic digestion (AD) processes to recover energy in the form
of methane, there are not many industrially applied systems that recover value from
wastewater. There are investigations into nutrient recovery, such as ammonia and
phosphate rich compounds,10,26 but more developments are required if the
implementation of a circular economy for the wastewater treatment industry is to be
achieved.
As the activated sludge process has the biggest shortcoming with regards to product
recovery, any technology that can produce value from the wastewater that is usually
destined for the activated sludge pool, could have substantial economic benefits for
water companies. Depending on the product produced, chemicals of value could be
sold on the market and if renewable energy is produced, the water company could
offset the plant’s energy demands by using any produced fuels/energy onsite.27
Furthermore, the recovered product (regardless as to whether it is energy or a
chemical of value) will have environmental benefits associated with their production,
as energy/compound production from other sources would be reduced.
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1.5.2 Less energy use than the activated sludge process
The greatest contributor to the operating expenditure (OPEX) of a wastewater
treatment plant is the operation of the activated sludge pools (ASPs).18,20 A truly
innovative wastewater treatment device would be disruptive by achieving a similar
wastewater treatment performance as an ASP but at a significantly reduced energy
demand. This could drastically reduce the operational costs of the wastewater
treatment process as well as having a positive environmental impact. If less energy is
used to achieve the same wastewater treatment standards achievable with an ASP,
the carbon footprint of the whole process would be reduced.
1.5.3 Smaller physical footprint
Land use is slowly becoming more of an issue for wastewater treatment plants. The
primary reason for centralising wastewater treatment is to take advantage of an
economy of scale.28 However, this means larger areas of land are required to process
the wastewater of larger populations. The wastewater treatment plants all have a
certain maximum capacity and are designed to be able to deal with population
increases, but only to a point. The processes employed cannot be built “vertically” in
the majority of cases (i.e. they cannot be stacked up on top of each other, which
contributes to the large areas required to implement the technology). A stackable
wastewater treatment device could address these issues, meaning more of the land
at a wastewater treatment plant could be used for other processes, and any future
wastewater treatment plants could be designed with less space in mind.

1.6 Existing

technologies

for

recovering

value

and

improving

sustainability
There are several potential options for treating sewage and sewage sludge in a more
economical and environmentally friendly way, which have different potentials and
drawbacks.
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1.6.1 Sustainable sewage sludge processing technologies
Sustainable sludge treatment options that have been well researched and developed
include; pyrolysis and gasification, which are considered as ‘sludge destruction’
technologies.29
Gasification uses very high temperatures and gasifying agents to produce gas for use
as an energy source (hydrogen, syngas).30 The process produces very little waste, but
has the drawback of being very expensive to build and there are very few examples
of larger-scale systems being used for wastewater sludge. Usually, they require the
addition of a secondary product to function, meaning a secondary supply chain is
required to maintain operation (e.g. wood chippings).31
Like gasification, pyrolysis also requires high temperatures with the additional
requirement of an oxygen-free environment (e.g. argon or nitrogen only).29 Pyrolysis
can convert the sludge to products of value including; bio-oil, kerosene and syngas.
The bulk of the solid product is in the form of bio-char. The biochar can be used as a
soil remediator, slowing down the release of carbon to the atmosphere, theoretically
enabling for effective carbon uptake by plant life. There are commercially available
examples of this technology for sludge destruction, including: the PYREG unit
(Germany) which specialises in the recovery of phosphorous for use in agriculture.32
There are still drawbacks, including the need for high levels of dewatering of the sludge
(which like for AD, can be expensive) and the costs of operation are also high.
Both of these sludge destruction technologies, although potentially superior to
anaerobic digestion, do not deal with the main problem highlighted previously, being
the high costs associated with secondary wastewater treatment. Therefore, despite
the potential improvements these technologies could deliver, they cannot significantly
reduce the very high overhead costs or environmental impacts of the activated sludge
plant on a wastewater treatment plant.
1.6.2 Example sustainable wastewater treatment technologies
Anaerobic up flow fluidized bed reactors (UASB) are a methane producing digester
that is able to treat wastewater, forgoing the need for aerobic treatment and therefore;
produces less sludge.33 This has the benefit of the reduction in need of anaerobic
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digestors or other sludge treatment processes. Furthermore, the biogas is produced
directly form treatment and has a high methane content (hydrogen gas can also be
produced).34 The UASBs require higher temperatures than the ambient ones (during
spring, autumn and winter) found in the UK and much of Europe, which is the main
reason for their lack of use in those nations.35
The membrane bioreactor (MBR) is such a technology that can treat wastewater to a
very high standard, potentially higher than that of an activated sludge pool and with a
smaller footprint. It also has the advantage of reducing the total quantity of secondary
sludge, relative to an ASP. However, as MBRs are a newer technology, the capital
and operational expenditure (from membrane replacement and energy use) is
currently higher than that of ASPs and there is also limited options to recover products
of value (energy, chemicals, etc.), though there are examples where bio-ethanol
production is possible.36,37
Algae bioreactors are less developed than MBRs and UASBs, but have the potential
to be deployed as a nature based solution to treat wastewater and deliver on the
circular economy. Butanol and ethanol recovery is possible from algal treatment of
wastewater.38 Feedstock production and COD, nutrient and metal removal is also
possible39 and there is also the potential to recover phosphorus for use as a fertilizer.40
Many of these treatment processes do require large amount of light and therefore,
have high operational costs – this will be particularly costly in over the winter months
(in the UK) when there is less daylight (not to mention the operational carbon
emissions).
The bio-electrochemical system (BES) is also a potential option for wastewater
treatment, which, appears to have the potential to combine the product recovery of
sludge destruction technologies (AD, pyrolysis, gasification, etc.) with the capabilities
of membrane bioreactors to treat wastewater with a smaller form factor (relative to
activated sludge pools). After having investigated the problems with the wastewater
treatment industry and the potential technologies that have been developed to address
these concerns (with particular emphasis on improving sustainability), area with the
greatest amount of potential was deemed to be the BES, which became the main
focus of the EngD project.
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1.7 Microbial electrolysis cells – the potential
Microbial electrolysis cells (MECs) are a subtype of bio-electrochemical systems
(BES) and are a contender to be deployed as environmentally and economically
sustainable wastewater treatment assets in the future. MECs treat wastewater using
the naturally occurring microorganisms in wastewater and produce renewable energy
in the form of hydrogen gas (or other products of value e.g. caustic soda,41
phosphorous,42 and ammonia). 43,44 The other most notable BES is the microbial fuel
cell (MFC), which does have similarities to MECs, in that it also treats wastewater but
instead of generating a physical product, produces electrical energy directly. MECs
were selected over MFCs due to the potential value of renewable and sustainable
hydrogen.45
1.7.1 How does an MEC work?
An MEC is a relatively complex system, as far as current wastewater treatment assets
are concerned. Most MECs are made up of 5 main components: an anode, a cathode,
a membrane, current collectors and a reactor chamber/vessel to hold it all together. A
simple diagram of the components of an MEC are shown in Figure 1-2.
Power supply

Effluent

Biofilm
Anode

2" # + 2% &
#
&
↔ ") 2"CO
2+ 2% ↔ ")
+
H+
H2 eeCathode

Influent

Organic
compound

Membrane

Microbial electrolysis cell overview
Figure 1-2: MEC structure and components
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In MFCs and MECs it is the microbes that catalyse the anodic oxidation of organic
compounds (it is at the anode, where microorganisms colonise, to form a biofilm,
hence the term: “bioanode”). The microorganisms which colonise the anode can vary,
with the drivers behind the action of BES being exoelectrogenic.46 Exoelectrogenic
microorganisms sequester electrons from a substrate and subsequently donate them
to the anode on which they are growing, however when mixed consortiums of
microorganisms are enriched using wastewater or wastewater sludge, nonexoelectrogenic microorganisms are also present.46 In MFCs, the cathodic reaction
(e.g. oxygen reduction, Equation 1-2) renders the complete BES reaction
spontaneous, and power can be extracted. In MECs, additional power is applied to
render the anodic, microbially catalysed oxidation reaction spontaneous with cathodic
electrosynthesis (on the surface of the cathode), to produce hydrogen gas 47 (Equation
1-3), caustic soda 41, methane 48 or ammonia 43.
Equation 1-2 - MFC: 𝑶𝟐 + 𝟒𝑯* = 𝟐𝑯𝟐 𝑶
Equation 1-3 - MEC: 2𝑯* + 𝟐𝒆+ = 𝑯𝟐

This means that in the case of the MEC, an additional component to supply a voltage
is required as there is no oxygen present (so the conditions are therefore anaerobic).
At lab and pilot-scale, power supplies or a potentiostat are used to achieve this.49
1.7.2 Materials
Within the literature, all of the materials used for the different components differ (in
terms of make or subtype) but there are some general similarities. The anodes tend
to be made of a carbon-based material, typically graphite or carbon felts,

44,50

which

are traditionally used in battery systems.51,52 There are also examples of noncarbonbased anodes, where metallic materials have been used successfully.53
The membranes can vary; both anionic and cationic can be used.54 One of the more
common membranes used in MECs are protionic exchange membranes (PEM),
namely Nafion™.55,56 Separators can also be used which are not selective for any
particular ion (e.g. Entek).57 It is also possible to operate an MEC in the absence of a
membrane.44
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As platinum is a known hydrogen evolution reaction catalyst,58 its use as the cathode
(or part of, via doping) as a standard material is prevalent in the literature,59,60 but is
widely accepted as being unfeasible for larger-scales or real-world applications due to
its cost. Alternatives are more widely accepted and researched now for all BES, due
to the potential cost savings and comparable performances, including; stainless steel,
nickel and activated carbon (examples presented in Table 1-3). 55,61,62
Table 1-3: Example cost of different cathode materials

Material
Platinum
Stainless steel 316
Nickel
Activated carbon

Price (£ Kg-1)
22,658.59 63
2.27 64
10.47 65
0.86 66

The current collectors are how the anode and cathode are supplied with current from
the power supply. These tend to be metallic (steel or titanium).67,68 The reactor vessels
vary considerably in terms of materials, size, ratios67 and architecture.69
In lab-scale systems, the “H Cell” systems allow for an easy method of testing multiple
variables,70 however it is even possible to use small glass jars as the reactor chamber
for an MEC.59 The architecture can have a significant impact on performance,
particularly in larger-scale systems.71–73 It is difficult to make direct performance
comparisons between the architectures, as there are so many variables involved.
However, the two more tested scaled-up designs tend to be: tubular

74,75

and

rectangular.67,76
1.7.3 MEC Innovation type at present
There are currently no examples of MEC technology applied at an industrial scale.
MECs are therefore not yet an innovative technology.77,78 However, if MECs are one
day to be used for wastewater treatment applications and for the production of
hydrogen gas, there is an argument that they would be a combination of disruptively
and radically innovative. The radical ‘label’ stems from the fact that they would be a
completely new method for treating wastewater where new and valuable products
could be produced from wastewater at large scales, specifically within secondary
wastewater treatment (when compared to biofilters and ASPs). The disruptive
classification is due to the fact that the end goal of treating wastewater is a process
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that is already used by society – this would just be another way of achieving it, but at
lower running costs and with the added benefit of creating products of value at the
secondary wastewater treatment stage (where currently, there is no product recovery
due to the use of activated sludge pools and trickling filter systems).13

1.8 Problems with MECs that have halted their deployment
1.8.1 Capital costs
The ‘Achilles heel’ of the MEC is the capital expenditure (CAPEX) associated with their
construction. Of the example pilot and lab-scale systems tested and investigated in
the literature, the materials used made a scaled MEC too expensive to build when
compared to an activated sludge pool (ASP). Despite the ability for an MEC to recover
products of value, an assumed 20-year asset life (can be more) still makes the MEC
significantly more expensive than an ASP, where both systems are designed for an
equal population equivalent.79 This is in spite of numerous improvements relating to
cost reductions for the cathodes and membranes in particular. More significant
changes will be required if MECs are to become an industrially viable technology for
the wastewater treatment industry. Effectively, its payback period is far beyond the
expected working life of the asset.
Aiken et al. conducted modelling on a pilot-scale reactor where it was determined
(within certain organic loading rates and performances) a minimum cost reduction of
90% of the anode and current collectors was required. 73,76 The high cost of the anode
is attributed to the use of virgin graphite and carbon felts. These materials are very
expensive due to the high energy usage required to produce the carbon felts and their
subsequent graphitization (attributed to the need for temperatures up to 2200ºC).80,81
It is now this combination of components, the anode in particular, which is halting the
potential deployment of the MEC (assuming successful wastewater treatment
capabilities and hydrogen gas production).
1.8.2 Inconsistent wastewater treatment capabilities
The second biggest issue that has been inferred from the literature, is the MECs
capability to reduce the pollutant content of wastewaters to levels that are suitable for
discharge. Thus far, there are no scaled examples of sufficient and importantly,
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consistent, pollutant reduction for safe discharge to the environment (specifically
concerning the organic content concentration). Table 1-4 details some of the results
of average COD reductions of differing scales of MEC, from lab to pilot.
Table 1-4: Literature examples of pilot and lab-scale MEC COD reductions

Author reference

Scale of test

COD % removal

Cotterill et al. (2017) 67
Heidrich et al. (2014) 76
Escapa et al. (2015) 71
Escapa et al. (2012) 82

Pilot-scale (100 L)
Pilot-scale (100 L)
Semi-pilot-scale (2 L)
Lab-scale (200 mL)

63.5
30-60
10-70
44-67

COD
effluent
concentration (mg L-1)
120.6 - average
>125
>125*
121-238*

As the urban wastewater treatment directive (UWWTD) requires that effluents be
returned to the environment with a maximum COD content of 125 mg L-1,14 the four
examples listed in Table 1-4 are not sufficient for continual safe wastewater treatment.
It is possible that the nature of the MEC will never yield effluents that are safe for
discharge to the environment alone and may require an additional ‘polishing’. This
could be in the form of a tertiary treatment step, which is already standard in some
wastewater treatment plants, or extra settling tanks (e.g. humus tanks for biofilters or
final settlement tanks for ASPs).
1.8.3 Low product recovery relative to operational costs
Even though a scaled MEC could have approximately 10% of the running costs of an
ASP,79 an MEC should be recovering at least its own running costs in the form of
hydrogen gas if energy neutrality is desired. The HRT for MECs appears to be critical
in this regard, with higher HRT having better recovery than lower ones but with the
downside of requiring more energy use per volume of wastewater treated. The Beaza
et al. pilot had an HRT of 2 days (and periods of controlled medium feeds) and
recovered over 121% of the input electrical energy.83 Heidrich et al. reported an
electrical energy recovery of close to 70%, short of the breakeven of 100% with an
HRT of 1 day.76 Lower HRTs (which are desirable to lower the footprint and therefore,
capital costs of the system) tend to perform worse at larger-scale, where the Cotterill
pilot and an HRT of 5 hours but an electrical energy recovery efficiency of 3.5%
(although there will have been other mitigating circumstances that will have impacted
the differences in performance).67
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1.9 Innovation required to successfully deploy MECs
Based on the problems discussed in 1.8, the main barrier that stops an MEC from
being an innovative technology, are the high capital costs, which is primarily attributed
to the cost of the anode. Although secondary, improvements to the wastewater
treatment efficacy would also be desired, ideally to the point where no additional
wastewater treatment steps are required. Failing this, the effluent produced from an
MEC needs to be comparable to an activated sludge pool or trickling filter, so that any
wastewater polishing treatment processes that are currently available would suffice.
Finally, improvements to hydrogen gas recovery will also be desired to make the
treatment of wastewater more environmentally and economically sustainable.
Therefore, the innovation required to successfully deploy MECs could be achieved by:
1. Using an anode material that is significantly less expensive than virgin graphite
and carbon-based materials that have been used in previous MEC lab and pilot
trials (at least 90% less expensive than the material used in previous pilot trials).
73,76,79

The material should be able to successfully maintain an electrogenic

biofilm and allow the MEC to operate, treating wastewater and producing
hydrogen. The material must also be able to last for an extended period, ideally
for 20 years, which is the standard lifetime of an asset used for wastewater
treatment.
2. The anode material in question has to enable the MEC to perform as well as
any virgin carbon-based materials tested. Ideally, they should perform better
than any benchmark virgin graphite of carbon-based felt both in terms of
wastewater treatment and hydrogen gas generation.
3. The replacement material should not have increased negative implications for
the environment, especially when compared to virgin carbon or graphite felts.
When building a system, the whole life cycle of the MEC should be considered.
If the MEC in question is very unsustainable to produce, the environmental
benefits of its operation may not be sufficient enough to justify its use.
The first output from the literature review of the wastewater treatment industry and
MECs is that MECs must be cost-competitive (capital and operational) to deliver
sustainable wastewater treatment. As it is the anode that is the most expensive
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component of MECs, potential alternative materials were investigated and tested
electrochemically to confirm whether there was the potential to use the materials as
anodes for MECs.

1.10 Research aims for the project
The literature review generated a series of aims which had the potential to contribute
to the development of MECs at a more fundamental level as well as at a larger scale
at industry. These are presented in Table 1-5 and will be reviewed in the conclusions
as to their contributions to science and the wastewater treatment industry.
Table 1-5: Research aims for the project

Chapter/submission number
2
3
4
5

Aim
Identify a suitable anode material that is inexpensive
and is able to work as an anode in an electrochemical
system.
Demonstrate that the inexpensive material is
functional in an MEC (i.e. able to sustain a biofilm,
treat wastewater and produce hydrogen gas)
Upscale the MEC, demonstrating that the materials
can work in architectures which are more
representative of a real world example.
Cost benefit analysis of the upscaled MECs where the
potential cost savings of the MEC can aid in
deployment and make the MEC cost competitive with
existing wastewater treatment assets.
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2 Identifying a new anode material for MECs
2.1 What does an innovative MEC anode material need to do?
Any anode material used in an MEC must be:
1. Conductive: the conductivity of the material will aid in the performance of all
BES (including MECs).84 If the anode material is more conductive, electrogenic
microorganisms will be able to donate their sequestered electrons from any
organic compounds more readily, to the surface of the anode material.
2. Able to support the growth and maintenance of an electrogenic biofilm - as it is
the surface of the anode on which the microorganisms must grow, the materials
must be able to readily sustain and maintain a biofilm.
3. Withstand the conditions of wastewater (and liquid in general). The material is
going to be permanently submerged in wastewater and therefore, the anode
has to be stable and resistant to the changeable conditions of wastewater (i.e.
temperature, pH and solids that could cause damage). It must also be resistant
to the microbial activity (e.g. it can’t be used as a food or damaged by any of
the microbial processes).
4. Achieve the previous three points at a suitably low cost: there are numerous
battery electrode materials that have been tested in MECs and work, but their
cost is too high for a large-scale application. Only with a large reduction in cost
tied in with the potential high performances of graphite/carbon felts with MECs
be able to deliver on their potential as sustainable wastewater treatment units.

2.2 Potential candidates for replacement of graphite and carbon felt
Examples of various anodes that were functional in MECs were collated and compared
from a cost perspective. Two examples used in pilot-scale systems are listed in Table
2-1.
Table 2-1: Anode material costs in known examples of BES (MECs and MFCs)

Reference
Cotterill 67
Heidrich 76

Anode material
SGL GFD 4.6
Olmec

Material type
Graphite
Carbon felt
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Price (£ m-2)
88-218
285.9

The costs of these materials are all too high for large scale use at a wastewater
treatment plant, despite their relative efficacy in terms of hydrogen production and
wastewater treatment (in particular the Olmec felt used in the Heidrich pilot)73,76.
Significantly less expensive materials are desired, so an investigation into potential
unknown electrode materials was conducted to identify potential options for largerscale deployments. The graphite felt used in the Cotterill pilot was used as a form of
control, as it is significantly cheaper than the Olmec mat listed in Table 2-1 and it
worked in a pilot-scale example (total volume of over 100 L).67
2.2.1 Woven carbon fibre grids
Carbon fibre twill (MB Fibreglass, 200 g m-2) is a highly woven material. Carbon fibre
woven materials have been used in MECs as anodes so this suggested that this
material would work as an anode.85 The material cost £20 m-2 (£100 kg-1) is
significantly less expensive (between 4 to 14 times) than the graphite felt baseline and
the carbon felt example listed in Table 2-1. The twill also had the advantage of being
very flexible, so it could be suitable for a multitude of different architectures and
configurations, which was one of the principal reasons for its selection. As the carbon
fibre twill was also already produced as a flat sheet, it was assumed that no additional
major alterations would be required for its use as an anode in an MEC. There are
examples of some major manipulations required for carbon fibre anodes, including
weaving and sewing of the fibres to produce usable MEC (or MFC) anodes.83
2.2.2 Recycled carbon fibre
During most processes, waste is an undesired by-product. Efforts are always made to
reduce the quantity produced, but a portion will always end up being unusable for its
original purpose (be it food-related,86 textiles87 or metal processing). The processing,
cutting and sizing of carbon fibres for use in the automotive and aerospace industries
is no different.88 ELG Carbon Fibre Ltd. states that approximately one third of all
carbon fibre processed will end up as waste.89 The Green Alliance report that carbon
fibre waste will pose significant environmental problems in the future,90 so efforts to
create a more circular economy early on should be employed (it is easier to deploy a
circular economy to a new product or industry than an older one). The quantity of
waste produced is made more scandalous by the fact that carbon fibre production is
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very energy intensive (approximately 200 MJ/Kg or 55 kwh/Kg - as discussed in
section 1.8.1).91 Recycling the carbon fibre is postulated to be in the region of 2 MJ/Kg,
significantly lower than the virgin fibres. Therefore, if carbon fibre waste is an
unavoidable by-product, an application for it must be found, to recover the value from
the wastewater material, but also to stop it from reaching landfill or the environment,
where it can cause damage.
There are examples of non-woven carbon-based felts being used as electrodes in
MFCs.92 As Carbiso-M is a non-woven carbon mat it was postulated that this material
could be used as an anode for MECs and potentially, other electrochemical systems
(batteries, fuel cells, etc.).
The reason for its use was not purely for the potential environmental savings, but also
for the greatly reduced costs compared to other battery felts that have been used in
MECs in the literature. The Carbiso-M costs as little as £18.42 kg-1 but the price per
unit of area is dependent on the thickness required. A breakdown as to what that would
cost for different thickness mats is defined in Table 2-2.
Table 2-2: ELG Carbiso-M price comparisons for different GSMs

Mass per unit area (g m-2)
100
300
500

Price (£ m-2)
1.84
5.52
9.21

Any MEC used at an industrial scale for treating wastewater will need large amounts
of anode which means that the high prices of virgin graphite and carbon felts would
make the capital costs very high (and in the majority of cases, too high to be
economically viable). Using the Carbiso-M might be a method of drastically reducing
the costs of the MEC, potentially to the point that allows for deployment. The savings
compared to graphite felts could be in the order of over £200 m-2 of anode, and
therefore, easily over the 90% saving requirement for the anode.79
2.2.3 Manganese (IV) oxide coatings
There are some examples of BES where metal catalysts on an electrode can aid in
boosting the performance of the systems, which may be required if the costs of their
running are to be recovered. Ruthenium has been demonstrated to boost performance
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but is too expensive to be used at larger-scales93. A less expensive and potentially,
innovative method of improving the performance of an MEC could be the use of
manganese (IV) oxide coating of the anodes. MFCs using carbon paper anodes
coated in manganese (IV) oxide have demonstrated increased performance.94 The
electrodeposition of the metal oxide uses manganese (IV) acetate as an electrolyte,
which is an easily manufacturable and relatively low-cost chemical ($1 kg-1 if
purchased from Asia in bulk).95 Little research has been conducted to develop this
further and it is postulated that this is due to the lack of an extreme gain in performance
observed, relative to the overall cost of the anode. In essence, if the anode material is
already too expensive to use at large scale, the marginal boost in performance with
the increased expense of the coating materials and process, will not be the key to
unlock this technology, and is, therefore, not innovative or applicable at larger-scales.
However, if instead a far less expensive base material is used, the performance boost
may be worth-while. Therefore, the attempt to electro-coat the recycled carbon fibre
anodes with manganese oxide could well be the innovative approach to deploying the
technology.
This then produces the following questions:
1. Can recycled carbon fibre mats used for structural components (which is far
less expensive and less environmentally taxing compared to virgin carbon and
graphite materials) work as electrode materials?
2. Can they conduct electricity and facilitate electrochemical reactions like other
industrially tried and tested anode materials?
A further point is that the ELG materials are derived from waste and currently, do not
have many large-scale applications in industry, so finding a use for them will provide
value and encourage the recycling of waste carbon fibre, promoting a more circular
economy.

2.3 Experimental procedures – assessing the material
Details of the experimental procedures used to test the electrochemical activity of the
recycled carbon fibre materials, by setting up electrochemical cell systems are given
in brief in this innovation report. The purpose of these experiments was to establish
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whether these materials could serve as suitable replacements for virgin battery
graphite and carbon-based felts in microbial electrolysis cells.
2.3.1 Materials
The reactor chambers were manufactured out of polycarbonate blocks which were
machined using a CNC (computer numerical control) machine, with an internal volume
of 50 mL for each electrode chamber (an overall cell volume of 100 mL). The final
assembled cells are shown in Figure 2-1.

A

B

C

Figure 2-1: Electrochemical Cell construction. Images show different angles and stages of assembly.

A) Internal compartment of the cell. B) Side view when cell is bolted together. C) Top view of cell when fully
assembled, showing connections for working and counter electrodes (wires guided through red stoppers). Open
holes for reference electrodes are shown. Input and output hose points were not used for this experiment.

Reference electrodes

Reference electrodes were handmade, using glass tubing (5 mm internal diameter, 7
mm external diameter), a molecular sieve bead (~5mm) and silver wire (0.5 mm
99.9%, Alfa Aesar) coated in silver chloride by dipping the wire in 10 % sodium
hypochlorite for 10 minutes and subsequently washing with RO water for 20 minutes.
The wire was then air-dried. These components were assembled and the electrode
was filled with 3M KCl solution. When fabricated, all electrodes were tested against
each other to determine that they had the same potential against a commercial
Ag/AgCl reference electrode (Sigma Aldrich), as well as each other (± 5 mV).
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Carbon-based anode materials

Electrodes were constructed from graphite felt of thickness 4.6 mm (GFD 4.6, SGL
Group, Germany) and two different thicknesses of recycled carbon fibre mats (M
Carbiso M100 and M300, ELG, UK) and a carbon twill (200 g m-2, MB Fibreglass, UK).
The area of the electrodes was 4.5 cm2 and was cut using an engineer’s square and
a scalpel. The SGL GFD 4.6 mm felt served as the benchmark for the experiments.
Electrodeposition of manganese (IV) oxide coatings

The manganese (IV) oxide coatings were deposited using a Gamry 600+ potentiostat
with a Gamry ECM8 multiplexor. This method was adapted from Zhang et al.94
Before electrodeposition, anode materials were cleaned first with 10 % (v/v) hydrogen
peroxide and then with 10 % (w/v) hydrochloric acid, both at 90 °C for three and one
hours respectively. A 0.25 M solution of manganese acetate was used as the
electrolyte for the electrodeposition for 1 hour for each electrode. A 0.8 mm 316
stainless steel wire was used as the current collector to connect the anodes to the
potentiostat clips. The electrodes were weighed before and after to ensure that there
was consistent electrodeposition of the manganese (IV) oxide.
2.3.2 Electroactivity assessment of anode materials by cyclic voltammetry
To observe the impact on electron transfer, cyclic voltammetry (CV) scans were
performed on the carbon-based anodes. The scans were conducted between -400
and +700 mV vs. Ag/AgCl. The measurement of the currents is a determination of the
electron transfer rate from an analyte to the working electrodes96, which indicate the
conductivity or potential usefulness of a material in an electrochemical system;
required to identify the potential innovation of the use of recycled carbon fibre in an
electrochemical system. The CV scans were conducted with the M9 media with and
without hexacyanoferrate (added to the media in both chambers) to a total
concentration of 10 mM.
Counter electrodes were made from the M100 material at three times surface area of
the working electrodes, to ensure a sufficient rate of reaction at the counter electrodes
at benign voltages between the working and counter electrodes.97
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2.3.3 Morphological characterisation of carbon-based anode materials by SEM
SEM (scanning electron microscopy) imaging was used to assess the morphology of
the different anode materials which were fabricated. This was to determine if there
was an observable coating of manganese (IV) oxide applied to the fibre.
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2.4 Results: a potential candidate for a replacement to virgin carbonbased anodes for BESs emerges
2.4.1 Carbon fibre twill failure
When cut, the carbon fibre twill (MB Fibreglass, 200 g m-2) began to flay rapidly and
was very prone to falling apart. To combat this an epoxy resin (Scotch-Weld DP 760,
RS components) was used, which gave the weave structural integrity, reducing the
flaying and eventual unravelling of the carbon fibre twill. However, they were very
brittle when set and were prone to breaking when placed inside the MEC chambers
(Figure 2-2).

Figure 2-2: Carbon fibre twill with Scotch-Weld DP 760 fractured epoxy frames.

The Scotch-Weld DP 760 epoxy appeared to fall apart during the electrodeposition of
manganese (IV) oxide on the carbon fibre, so an alternative epoxy, Super-Sap, was
then tested as a replacement. The Super-Sap was incompatible with the carbon fibre
twill, as it was too viscous and spread all over the very flat surface of the twill, drying
over the whole area, meaning electrodeposition of the manganese (IV) oxide was not
possible and there was not a method to stop the flaying and degradation of the twill
during manipulation or anode preparation. A physical clamp mechanism would likely
be required to reduce the flaying of the twill, but as the twill was very prone to damage
and mass loss, the material was deemed unsuitable for this application.
As the recycled carbon fibre mat did not have the same problems as the twill, it was
decided to proceed with the electrochemical tests with only the recycled carbon fibre
materials and the graphite felt (both with and without manganese (IV) oxide).
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2.4.2 Electroactivity assessment of anode materials by cyclic voltammetry
All of the plain carbon-based anodes (recycled carbon fibre and graphite felt) produced
very small currents during the potential sweeps of the cyclic voltammetry tests (Figure
2-3: black traces, scans A-C). This demonstrated that the experiment was within the
solvent window (that solvents in the electrolytes were stable within the oxidation and
reduction potential range of the experiment).96

Figure 2-3: CV scan comparisons

(A-C) were recorded in M9 microbiological media. CVs (D-F) were recorded in M9 microbiological media
with the addition of 10 mM potassium hexacyanoferrate. All CVs compared an uncoated material to its
coated variant.
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Small differences in capacitive currents were visible, where M300 showed larger
hysteresis in the oxidative and reductive sweeps (Comparing M300 (B) to M100 (A)
and SGL GFD (C)). Electrodeposition of MnOx on M100 increased the currents slightly
(A), whereas the coatings on the M300 and SGL GFD yielded considerable current
increases with steeper CV curves (B-C, red curves in all cases), with a zero-current
transition around +200 mV vs. Ag/AgCl. The addition of hexacyanoferrate led to higher
currents in all cases (D-F), while with the plain electrodes (black traces) a plateau-like
transition near +200 mV vs Ag/AgCl was seen, steeper CVs were observed upon
MnOx coating (red traces).
Water oxidation and proton reduction would be negligible within the window selected
(-400 to +700 mV Ag/AgCl) ensuring the conditions of the experiment were within the
solvent window. The +200 mV vs. Ag/AgCl midpoint (Figure 2-3 – all scans, red traces)
of the transition between negative and positive current correlates closely with the
standard reduction potential (at pH = 7) of [Fe(CN)6]3- / [Fe(CN)6]4- (206 mV vs.
Ag/AgCl)98 as well as MnO2/Mn2+ (172 mV vs. Ag/AgCl)99. Both the MnOx coating, and
the hexacyanoferrate supplementation gave rise to higher currents and thus, served
as redox agents under the CV conditions used.
The redox activity of the MnOx coating is reminiscent of the function of manganese
oxides as anodic material in alkaline batteries100. Though it is the aim of this project to
use these materials in an MEC, a potential offshoot of this finding is that the recycled
carbon fibre electrodes that are coated with the manganese (IV) oxide could be used
as electrodes in manganese oxide batteries, helping to make them less expensive to
manufacture and with less environmental implications, due to the use of the waste
material over a virgin one. Therefore, this could challenge the current method of
manufacturing manganese oxide batteries, making it a potentially disruptive innovation
for that industry (but this would require further testing to confirm). As the aim was to
create a material for MEC technology, the materials use in another industry would be
an architectural form of innovation.
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Quantitative comparisons of the different materials (in terms of the electrochemical
activity; the current at +700 mV vs. Ag/AgCl) was identified and is listed in Table 2-3.
Table 2-3: Current generated in cyclic voltammetry with different anode materials, normalised to equal
front surface area.

Material type

Area density Normalized currents (A m-2)
(g m-2)
M9 electrolyte
No coating

SGL 4.6
Carbiso M100
Carbiso M300

465
100
300

MnOx
coated
12.27
7.58
22.51

1.56
0.90
3.97

M9 electrolyte + 10 mM
potassium hexacyanoferrate
No coating
MnOx coated
16.82
7.14
15.49

24.82
14.40
28.20

If a current generation from a particular material is similar to that of the graphite felt
(SGL GFD 4.6), there is an argument that the material will also work as an
electroactive surface for which to cultivate biofilms in an MEC. In the M9 media,
manganese oxide coatings enhanced the current at +700 mV vs. Ag/AgCl by 7.9x
(SGL), 8.4x (M100) and 5.7x (M300) with respect to the plain materials. The addition
of hexacyanoferrate increased the current by 10.8x, 8.0x, 4.0x, respectively, while the
currents produced by the materials with both the manganese oxide deposition and
hexacyanoferrate addition were increased by 15.9x, 16.0x and 7.1x. The currents
were highest for the manganese oxide coated electrodes in hexacyanoferratesupplemented electrolyte, for all electrode materials. The currents generated at +700
mV demonstrate the ability of the recycled materials to generate currents and,
potentially, act as an alternative to the graphite felt in an electrochemical system, both
with and without the manganese (IV) oxide.
In all cases (except for the plain electrode in hexacyanoferrate solution) the M300
exhibited the highest normalised current, followed by the SGL benchmark and finally,
the M100. A large difference in current generation between the M300 and M100 was
expected, when taking into account the differences in area density when electrodes of
the same front surface area are used. The SGL material, however, has the highest
area density and thus was less effective in the reactions tested compared to the M300
mat. This was particularly notable for the currents generated from the electrolytes that
were hexacyanoferrate-free and using manganese (IV) oxide coatings as electron
acceptors (Figure 2-3 a-c and Table 2-3), a situation similar to alkaline battery anodes.
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In this instance as well, the M300 materials were able to generate higher currents than
the SGL graphite felt. As the recycled carbon fibre materials are far less expensive,
when compared to the graphite felts, this could be beginnings of a far less expensive
electrode material for MECs which could allow for their deployment at large scales.
2.4.3 Morphological assessment of carbon-based anode materials by SEM
The MnOx coated fibres (Figure 2-4 B) were thicker when compared to the uncoated
(A) material, appearing brighter in SEM due to the manganese deposition when
compared to areas where the coatings had been removed (Figure 2-4). The
manganese (IV) oxide increased the thickness of the ELG M Carbiso fibres by ~55%,
as particularly evident from Figure 2-4 B. From a qualitative perspective, the
electrodeposition of the manganese (IV) oxide appeared even across the fibres.

Figure 2-4: SEM images of Carbiso M fibres -at 1000x magnification
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SEM micrographs of the SGL GFD 4.6 felts are shown in Figure 2-5. As with the ELG
fibres, the SGL felts were also composed of fibres that were visualised easily at 1000x
magnification (Figure 2-5 A) and appear similar, differing only in that the SGL graphite
fibres were ~33% thicker in diameter compared to the ELG fibres. The manganese
(IV) oxide coating process was equally successful in terms of homogenous and even
coating (Figure 2-5 B).

Figure 2-5: SEM images of SGL graphite fibres at 1000x magnification

2.5 Potential innovation
Carbon-based felts (including graphitised ones) are among the most widely used
materials in battery systems. There is also a growing interest in the use of carbon
fibres as anode materials in electrochemical systems in general.101,102 The use of the
recycled carbon fibre mats (Carbiso-M: M100 and M300) is a novel concept – recycled
carbon fibre is not a widely used commodity in its intended industry (structural
components in the automotive sector) and thus far, there have been no recorded
examples to date of its use as an electrode material in a battery, fuel cell or any
bioelectrochemical system. It has been confirmed that these recycled materials are
conductive and can facilitate redox activity, which may also be observed in microbial
electrolysis cells – but novelty and innovation are not the same thing.77 For this novel
idea to be disruptively and radically innovative, it would have to be applied at an
industrial scale in MEC technology and challenge the status quo of wastewater
treatment assets (or some other electrochemical systems). At this stage, there are two
major benefits the ELG Carbiso-M has over virgin graphite and carbon felts which may
allow for the deployment of larger-scale MECs; an environmental and price saving.
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2.5.1 Environmental benefit
The use of a recycled carbon fibre electrode would have positive environmental
impacts over virgin carbon or graphite felts. The majority of the material that is used
to manufacture the carbon fibre mats would, under normal circumstances, be disposed
in landfill. Therefore, the generation of a new market for the use of recycled carbon
fibre (i.e. MEC, fuel cell or battery anodes) will stimulate the overall use the waste
carbon fibre in a greater number of industries that required battery technology, which
will further incentivise the reuse of any waste produced by the manipulation of virgin
carbon products. An LCA conducted into the use of the recycled carbon fibres over
virgin carbon fibre in the automotive industry indicated that there were significant
environmental benefits to the use of the recycled fibres,103 a benefit that would also
be replicated if they were used in electrochemical systems (including MECs). There it
the potential to reduce the energy cost of carbon felts used in MECs over over 100
fold (200 MJ/kg down to 2 MJ/kg).91 It is important to consider the environmental
impact of constructing new assets when considering the concept of “whole system
design”, especially if the technology is being designed to improve upon
sustainability.104
2.5.2 Cost-saving
The ELG recycled carbon fibre mats (M-Carbiso) are significantly less expensive than
any virgin graphite or carbon felts that are currently on the market. Though there is an
argument that carbon-based materials do not have to be used for the anode,53 there
is already a large supply and demand for their production, use and trading on the
market. They are also easy to manipulate to use in systems such as MECs – the
dimensions, sizes and stability in water (specifically wastewater) are now proven.
The recycled carbon fibre is inexpensive to purchase - M100 and M300 cost £2.18
and £6.54 m-2 (the price per m2 when ordering a single roll of the fibres – larger orders
would reduce these prices). At £87 m-2 (assuming purchase orders of 100 m2 or more),
SGL GFD 4.6 is simply not competitive from a capital cost perspective. If successfully
deployed in battery or other electrochemical systems (namely MECs), the capital costs
of future devices could be significantly reduced (between 92-97% saving).
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The fact that these mats are conductive, are stable in liquid and crucially, are
inexpensive (especially when compared to virgin carbon material alternatives) bodes
well for their use within MEC technology. Before doing a more detailed cost benefit
analysis, the potential of the materials to support an electroactive biofilm that will work
in an MEC is required.
2.5.3 Potential architectural innovation
There is the potential for these materials to be used for abiotic electrochemical
applications. From the results generated from Chapter 2 alone, it is not possible to
determine whether these materials are a viable electrode option for batteries
(additional considerations, such as; packing, charge-discharge capability, etc. would
be required). Manganese (IV) oxide has been applied in lithium-ion battery systems
as a cathode replacement, support and lithium source (in the form of LiMnO2,105), but
the lack of lithium on the electrodes tested means that the potential for an architectural
innovative application to these applications cannot yet be confirmed. A more likely
option for manganese (IV) oxide coated Carbiso M fibre materials could be as a
material for super capacitors.106

2.6 Summary
This phase of the project demonstrated that the recycled carbon fibre materials were
usable in electrochemical applications. Furthermore, they were able to generate
comparable currents to the graphite felt tested. The method used to electrodeposit the
manganese (IV) oxide was also successful, with all materials (particularly the recycled
carbon Carbiso M) having even coatings, in terms of coverage and thickness.
In terms of successful innovation, this phase of the work created a lot of potential for
a usable and inexpensive anode material for use in an MEC. This potential was
subsequently increased and arguably, confirmed in the next two phases of the project
(Submissions 3 and 4, respectively), but this abiotic phase was useful for two reasons:
1. A rapid method of ascertaining whether there was any scope for using the
recycled carbon by determining whether it could support electrochemical
reactions on its anode surface.
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2. By enabling other technologies that require conductive electrode materials. The
use of the Carbiso M in batteries, supercapacitors or other fuel cells could help
to drastically reduce their environmental footprint and economic cost.
With regards to MECs, this project generated two new research questions:
1. Can the recycled carbon fibre mats sustain an electroactive biofilm, suitable for
a microbial electrolysis cell using wastewater as an inoculum?
2. Could a recycled carbon fibre electrode perform comparably to a commercial
anode material that has demonstrated good performance in a microbial
electrolysis cell?
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3 Testing the potential anode materials in lab-scale MEC
reactors
3.1 Abiotic performance does not always link to biotic performance
Graphite and carbon-based felts work very well as electrodes (or basis of electrodes)
in fuel cells and battery systems. It is also true that they work well (or well enough) in
MEC, MFC and other BES technologies.48,50,107 However, the use of virgin materials
cannot be considered for larger-scale applications due to cost.67,79 The experiments
in Chapter 2 showed that the materials derived from waste carbon fibre are able to
conduct electricity and function in electrochemical systems at a significantly reduced
cost to virgin graphite and carbon felts (with the added benefit of being significantly
less impactful on the environment).103 However, it was not confirmed at this stage
whether these materials would function as anodes in MECs to support the proliferation
of microorganisms or exoelectrogenic bacteria. Just because a material is conductive,
it does not mean that it is conducive to use as an anode in an MEC (especially where
capital costs are concerned). If these recycled materials are able to compete (and
ideally outperform) the virgin carbon and graphite felts in terms of hydrogen recovery
and wastewater treatment, then there will be a strong argument that their use in MEC
(or MFC) technology will be innovative, due to the environmental benefits over the
virgin materials as well as the large capital cost savings.
An understanding of the impact how the different materials or the presence of
manganese (IV) oxide had on the community of the anodic biofilm was also important.
Electrogenic microorganisms are the principal bacteria that oxidise the organic
compounds within BES and higher abundances of these organisms have been linked
to improved performances (higher currents, more hydrogen/power, etc.)46,108.
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3.2 Experimental setup – testing innovation
3.2.1 Materials
Four different anodes were tested in duplicate and the details were as listed in Table
3-1. Despite the earlier point of virgin graphite-based felts being unsuitable for large
scale MEC technology, the same graphite felt material used in the abiotic tests in
Chapter 2, was used as a control material, as it was confirmed as being functional for
MEC technology.67
Table 3-1: Anode materials used in the MECs tested in Chapter 3

Cell number

Anode material

Coating

1, 2
3, 4

GFD 4.6
M300

None
Manganese (IV) oxide

5, 6
7, 8

M100
M100

None
Manganese (IV) oxide

The cells had the same architecture described in chapter 2 and Figure 2-1. All anodes
and cathodes were also the same size (4.5 cm2) and connected to a potentiostat
(Dropsens 8000u) with 316 stainless steel wire current collectors (similar to the
Heidrich and Cotterill pilots). The cathodes were manufactured from 316 stainless
steel weldmesh with apertures of 1.3 cm2 (PRW, UK), through which 1.5 g of 316
stainless steel wire wool was woven through (Merlin Motorsport, UK).
3.2.2 Operation
The MECs were fed with real wastewater that was collected twice a week postsettlement (before secondary treatment) from Finham wastewater treatment plant
(Severn Trent, Coventry). The wastewater was pumped in at different flows of the
course of the experiment to understand how the different systems responded to
reducing hydraulic retention times (HRT). It has been reported that lower HRTs will be
required for the larger-scale deployment of MECs to lower capital costs (as a smaller
MEC would be required) and also reduce the operational costs (less time will be
needed to treat the wastewater). HRTs of 10, 5 and 2 hours were used at different
times, using peristaltic pumps (Watson Marlowe, UK) to control the flows and achieve
the desired HRTs.
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The cathodic chambers used a catholyte of 0.1 M NaCl, which have been used by
Cotterill et al successfully.67 Gas was collected from the cathodic chambers using
“bubble displacement” tubes, which were custom made by the University of Warwick
glassblower (Figure 3-1). These were inserted to the top of the catholyte chamber of
the MEC using push-fit adapters.

A

B

Gas
collected
with
syringe
Catholyte
Returns
after gas
collected

Catholyte
Gas
bubbles

Catholyte
displaced

1

2

3

Figure 3-1: Gas collection tubes.
A: Representation of gas collection mechanism. B: Photograph of actual glass tube with push-fit adaptor.

The MECs were powered using a Dropsens potentiostat, fixing 0.4 V between the
anode and the reference electrode for each MEC, allowing for the monitoring of only
the anode performance in the system. This meant that any changes in current that are
recorded are due to a change in electrochemical reactions occurring at the site of the
anode (e.g. resulting from microbial activity). This did have the downside of not
knowing the voltage and/or power input to the system, as would be the case with a
two-electrode system.
3.2.3 Parameters measured
The

parameters

measured

were;

hydrogen

gas

production

(volume

and

concentration), wastewater treatment performance (COD removal) and current
generation. Gas chromatography was used to analyse the gas produced by the MECs.
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Gas was collected from the MECs and analysed for purity by gas chromatography
(Agilent Micro GC). The GC was calibrated with a 5-point calibration using pure H2
from Calgass. The volume of gas produced was measured using gas -tight borosilicate
syringes which were also used to withdraw the samples for GC injection.
Chemical oxygen demand (COD) tests were conducted using HACH-Lange cuvettes.
The influent was measured using LCI-400 (0-1000 mg L-1) and effluent using LCK-314
(15-150 mg L-1) test sets. A HACH-Lange reactor a HACH-Lange spectrophotometer
(DR2800) were used to determine the concentrations. The spectrophotometer was
calibrated using a 300 mg L-1 COD HACH-Lange standard solution.
Electrical energy (𝜂𝐸), coulombic (𝐶𝐸), and substrate efficiencies (𝑆! ) were calculated
to help assess the performance of the different anode materials. The equations used
are detailed below:
Equation 3-1: 𝜼𝑬 =
Equation 3-2: 𝑪𝑬 =
Equation 3-3: 𝑺𝑬 =

𝑾𝒐𝒖𝒕
𝑾𝑬
𝑵𝑪𝑬
𝑵𝑯𝟐
𝑵𝑺
𝑵𝑯𝟐

The extra steps and theory required to calculate the efficiencies are detailed in the
appendix (Section 8.1.2). These efficiencies are very useful to understand where
losses in the system may be occurring and provide explanations for low recoveries of
hydrogen (or other products).44 A low energy recovery efficiency suggests that of the
available input energy the rate of hydrogen gas is not covering the energy use to run
the system and in some cases, too high a voltage is being applied, suggesting that a
lower voltage would yield the same performance but at an improved efficiency.47 Low
coulombic efficiency suggests hydrogen gas loss (possibly due to leakage or
consumption by hydrogenotrophic bacteria). Low substrate efficiency also suggests
low recoveries, but if the recovery is high while the overall substrate (in this case COD)
removal is low, this suggests that the limiting factor could be due to a lack of substrate
oxidation at the site of the anode.
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3.2.4 SEM protocol
SEM was conducted on samples of the anode. The samples required a fixation
protocol of; 24-hour soak in refridgerated 2.5% glutaraldehyde (in PBS), followed by
dehydration stages using increasing concentrations of ethanol (25%, 50%, 75%, 100%
and a final 100% of ethanol anhydrous). The samples were then airdried and sputtercoated (Cressington) with a gold-palladium alloy and viewed under SEM (Hitachi
Desktop SEM).
3.2.5 16S sequencing of the biofilms on the anodes
DNA extraction on three samples from each anode was also conducted using a soil
DNA extraction kit (MP biomedical, USA). The samples were acquired by using a 0.5
cm diameter steel hole-punch. Post extraction, the samples were then prepared by
Queen Mary University for sequencing (16S rRNA gene). The DADA2 script was then
used to process the data to assign taxonomy to Genus level for detected sequences.
A Simpson Index of diversity provides a value between 0 and 1, where 1 indicates a
very high level of biodiversity and was used to assess the diversity of the
community.109,110 A Shannon diversity index was used as an additional test for the
overall diversity measurement of the system.111 Both are valid tests to use, but can
respond in different ways to different data, where a Shannon diversity index is most
affected by changes in the importance of the rarest taxa whereas Simpson index of
diversity is most affected by changes in the abundance of the most common taxa.112
The investigations in the taxonomy of the biofilms was to establish whether the
materials had any significant differences in the microbiological communities and
whether this correlated to the performance of individual MECs and/or the anode
material used.

3.3 Results of the lab-scale tests
3.3.1 Recycled carbon fibre materials do work as anodes for MECs
The main aim of this phase of the study was to confirm whether the chopped waste
carbon mats would suffice as anodes for MECs. The question that needed answering
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was: would the voltage supply from the potentiostat be spread over the fibres to a
sufficient extent which would allow for a biofilm to grow?
All of the MECs successfully reduced the COD content of the wastewater, produced
changes in their current generations (dependent on organic loading rate and time) and
produced some hydrogen gas. The MECs using the less expensive and more
environmentally sustainable recycled carbon fibre materials as anodes were all able
to sustain an electro-active biofilm.
3.3.2 Wastewater treatment efficacy
All of the MECs were able to significantly reduce the chemical oxygen demand level
(COD) of wastewater, to a standard where the wastewater was clean enough to be
returned to the environment (below 125 mg L-1 based on the UWWTD) (Figure 3-2),
although it is unknown whether the other pollutants of the wastewater were low enough
for safe discharge (e.g. phosphorous, ammonia, suspended solids, etc.). Expected
oscillations in the quality of wastewater treatment were observed; for example, when
a wastewater influent had a higher COD concentration, the effluent COD was also
higher, when compared to an influent with a lower COD concentration.
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Figure 3-2: Overview of the change in COD levels from the input wastewater to the output effluents over
time.

Increases of COD in the effluents were also observed with a reduction of the hydraulic
retention time (HRT); observable between the last HRT 10 COD measurements and
the first HRT 5 measurements (Day 37-40) and over the two 2h HRT periods (Days
107-109 and 113-116 - Figure 3-3 and Table 3-2).
Table 3-2: Average COD inputs and outputs by HRT

HRT
Total
average HRT 10
HRT 5
HRT 2

SGL 4.6
output
56.55
61.22
52.12
74.53

Wastewater COD concentration by origin (mg L-1)
M300 MnOx M100
M100 MnOx
WW input
output
output
output
58.64
62.57
57.81
385.70
67.27
59.82
62.98
358.33
53.68
60.56
53.10
381.30
67.78
91.83
77.83
420.00
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Despite the increases in flow rate, the output of COD was still below the 125 mg L-1
required for safe discharge. All of the materials produced their best quality effluent at
different timepoints, shown in Figure 3-3.
Batch and 10-hour HRT - Start-up phase
The MnOx coated M300 had the highest number of instances where the COD was
highest (5), with the uncoated plain M100 having the lowest COD four times.
Throughout the 10 hour HRT phase, the average effluent quality did increase, as the
COD concentrations reduced constantly, even with an increasing concentration of
COD in the influent wastewater (Figure 3-3: Start-up plot).
5-hour HRT – Mid phase
COD concentrations of all the effluents increased considerably and in the case of the
M100 by more than double (Figure 3-3: day 40 – Mid Phase Plot). From this point
onwards, the M100 produced the worst effluent in the majority of COD tests. The
manganese (IV) oxide coated materials performed better in this phase when
compared to the SGL felt, producing effluents that were better or marginally worse. All
materials tested showed high percentage removals of COD from the wastewater, with
the lowest percentage removal being the M100 with an overall average (the entire
120-day experiment) of 83.23% and the graphite the highest with 84.62%.
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Figure 3-3: Average MEC effluent concentrations excluding the input values.

An overall COD output is shown, as well as snapshots of the three key timestamps of the experiment; the start-up, mid phase and end phase (where
the two HRT 2-hour windows are highlighted).
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2 hours HRT – End Phase
Higher flow rates resulted in poorer quality effluents (higher COD concentrations) but
also produced larger differences between the MECs in terms of COD removal (Figure
3-3 – End Phase plot). The MnOx coated M300 and graphite were both comparable
(with the M300 MnOx marginally better) while both being significantly better than the
M100 materials (both plain and MnOx coated).
Overall wastewater treatment efficacy
A summary of the number of times an MEC with a particular material produced the
worst or best effluent in terms of COD content can be found in Table 3-3. The
difference is very small, suggesting that the far less expensive materials (M100, M300
MnOx and M100 MnOx) can match the graphite felt. The only point at which the M100
performed best was during the 10 hour HRT period, hence why it was ranked first
(green colour) in terms of COD removal (Table 3-3).
Table 3-3: Comparison of the average % reduction of COD by MECs using different anode compositions.
By row: The “greener” the highlight the higher the ranking and the “redder” the highlight the lower the ranking. The
legal discharge limit according to the 1994 wastewater treatment directive requires a minimum 75% COD reduction
from the original influent.

Duration
Overall
HRT 10
HRT 5
HRT 2

% of COD reduction in effluent wastewater
Graphite
M300 MnOx
M100 M100 MnOx
84.62
84.14
83.23
84.41
82.15
79.88
83.20
81.74
85.68
85.64
83.75
85.60
81.33
82.33
73.95
78.90

From high inputs

84.83

85.94

81.41

84.84

The M100 anodes had the lowest mass per unit area (100 g m-2) and they also had
the worst performance in terms of COD removal. The reason for this is likely due to
the lower amount of carbon fibre that was available for colonisation by a biofilm,
resulting in a reduced rate of wastewater treatment during the experiment. This is
particularly evident for the lowest HRT of 2 hours, where the effluent from the M100
MECs had 8% higher COD compared to the M300 MnOx. This reasoning is also
supported by the higher input time point as the M100 MECs still had the lowest COD
removal (when the input COD was 643 mg L-1 on day 82 – all data available in the
Appendix, Table 8-2). Manganese (IV) oxide has enhanced the performance of the
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MECs concerning wastewater treatment as the same M100 material with the coating
performed 5% better during the HRT of 2 hours and 3% better during the period of
higher COD input from day 82.
With regards to the availability of surface area of fibres for the biofilm growth and
therefore, active area for wastewater treatment, the graphite felt had the highest mass
and therefore would be expected to have significantly better performance than the
M100 materials, with and without Mn (IV) oxide. On average, the graphite felt did
perform better than both, over 7% more COD removal than the plain M100 but less
than 3% COD removal than the M100 with MnOx. When considering the fact that the
graphite felt was over 4x the mass of the M100 and is far more expensive per unit
area, with the base materials graphite felt costing over £85 per m2 more than he M100
(cost comparisons are explored in detail in Section 5.2), this is a promising result for
the recycled carbon fibre, especially when considering that the thicker recycled carbon
fibre (M300) that was coated with Mn (IV) Ox performed better than the graphite during
the higher organic loading rate periods (2 hour HRT and the 638 mg L-1 high input
period), suggesting that the increased thickness of the M300 MnOx over the M100
MnOx had a positive impact on performance, due to the increased amount of biofilm
proliferation possible due to the increased available surface area for bacterial
growth.113
Despite the positive results of the recycled carbon fibre (namely that they served to
remove COD and therefore treat wastewater), the differences in performance of the
MECs was not found to be statistically significant from Anova analysis in terms of
concentration of COD in the effluent (P=0.551). This was mirrored for the material
averages (P=587). Therefore, the different anode materials did not result in a
statistically significant performance difference in terms of COD removal.
3.3.3 Hydrogen recovery
There was very little gas collected in the glass tubes throughout the experiment and
the gas collected had low purity. There was also a failure of the GC mid reading which
resulted in a loss of data (detailed below).
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Volume and moles of hydrogen
The first gas bubbles visible on the cathodes were seen shortly after the increase of
flow (reducing the HRT from 10 to 5 hours). The increased organic loading rate (OLR)
that this flow rate caused triggered the gas production (day 37), suggesting that the
10-hour HRT was not providing sufficient substrate for gas production, even though
BESs have the potential to function in lower strength wastewaters.114 It is likely that
the gas was being produced in such small quantities that it was being lost via leakage
and hydrogenotrophic taxa.115 Sufficient collectable gas in the tubes was collectible
for a GC measurement on day 67, as the production of gas would have been high
enough to result in collection in the gas tubes. The majority of the gas collected at this
first time point had no detectable hydrogen (MECs 1,2,5,6 and 7). This included both
the SGL 4.6 based anodes, the uncoated ELG M100 anodes and one of the
manganese (IV) oxide coated M100 anodes. The three MECs that produced hydrogen
gas were the recycled carbon materials coated with manganese (IV) oxide: MECs 3
and 4 (M300) and MEC 8 (M100).
The quantity of gas produced was very low when considering the theoretical
recoverable amount from the organic compounds fed into the reactor. During the 4
months of operation, the total amount of oxygen required to oxidise the organic
compounds (i.e. total COD) in the wastewater is estimated to have been 196 g. As 1
g of COD equates to 0.065 M of H2, there was a theoretically 12 mol of H2 available
for recovery from each reactor (this was calculated using the data in the appendix in
Table 8-1). The calculated molar recoveries for each reactor are detailed in Table 3-4.
Table 3-4: Total mM H2 recoveries per MEC.

MEC

Anode Material

1
2
3
4
5
6
7
8

SGL 4.6
SGL 4.6
M300 - MnOx
M300 - MnOx
M100
M100
M100 – MnOx
M100 - MnOx

Total volume of Total H2 (mM)
gas (mL)
4
0.0270
8
0.0505
15
0.1865
11
0.0193
4
0
7
0
11
0
12
0.0231
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Ranking
3
2
1
5
6=
6=
6=
4

*Highlighted numbers had second round of hydrogen readings lost due to a failure of
the GC mid reading.
The low level of hydrogen production across all of the MECs would have effected by
the more complex nature of the wastewater substrates available to the biofilms in the
MECs, whereas more simple feeds (i.e. a single sugar type such e.g. sodium acetate,
glucose) result in much higher current densities and hydrogen recoveries.116 The
HRTs for these MECs were also quite low, relative to other smaller-scale lab tests,
meaning the combination of a fast flow rate, complex (and changing) substrate mix at
a lower concentration would have impeded the overall recovery of hydrogen gas.48
In terms of the volume of gas produced, the electrodeposition of manganese (IV) oxide
had a positive impact. The plain M100 materials produced a combined total of 11 mL
of gas, whereas the M100 (MnOx) anodes produced 23 mL – over twice as much. The
M300 MnOx produced marginally more gas than the M100 MnOx (26 mL) which
suggests that in relation to hydrogen production, the limiting factor was not the anodic
surface area, similar to how it appears to have been for the COD removal
performance. The mass of the M300 is three times that of the M100, yet the gas
productions were very similar. The graphite felt was worse than both the M100 MnOx
and M300 MnOx, whilst having the highest amount of mass per unit area, further
supporting the claim that it was not anodic surface area or mass that was rate-limiting
for hydrogen gas production. Thicker anodes have been demonstrated to increase
performance in MFCs due to the reduced oxygen availability at the innermost point of
the anode, which could explain the small difference in gas production between the
M300 MnOx and M100 MnOx but the difference is so small that this seems unlikely as
the explanation.117
However, Anova statistical tests demonstrated that the differences in the means of
gas produced from each MEC (as volumes) was not significant (P=0.613). This was
further confirmed when the same anode materials gas productions were summed and
the same Anova test was repeated (P=0.568). These two results for the analysis of
variance mean that the hypothesis that the anode material would result in a
significantly different gas production can be rejected and the null hypothesis is
accepted (that there are no differences in gas production due to anode material
selection). N.B. this null hypothesis is accepted for this particular experimental set up.
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3.3.4 Current generation

Figure 3-4: Average current generation during the 116 days of operation with the COD influent.
Focus points of the start-up, 5-hour HRT period and end phase. The red box indicates the point at which the
potentiostat lost data (P FAIL).

The initial current dropped during the batch phase, until the flow-through mode started
(Day 5), with a continuous downward trend. Through the 10-hour HRT period (Day 5
to 37) the current remained low post the sodium acetate consumption from the batch
phase. It has been reported that higher currents are possible when the feed is less
complex, explaining the higher initial currents which then fell to comparatively low
levels.116 The 5-hour HRT initiation yielded a small increase in current which, remained
low and did not continue to increase over time. It is possible that the organic loading
rate was still not sufficiently high enough to generate higher currents or enable for
increased biofilm proliferation (which would be signalled by increasing currents).118
The pump tubing change at day 60 caused an increase in current for all MECs, likely
due to the improved delivery of organic compounds for breakdown by the
microorganisms (Figure 3-4). To ensure effective delivery of organics to the MECs,
the tubing would have benefited from a weekly change, as the tubing had a tendency
to be deformed after long periods of use.
A large increase in current (average between the same anode materials) was
observed for the graphite and manganese (IV) oxide coated M300 anodes, following
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delivery of a high strength wastewater at day 82 (Figure 3-4). The spike in current was
due to an increase in electron transfer from the biofilm to the anode, likely due to the
increased proliferation of microorganisms due to the higher availability of organic
compounds for feeding, which was to be expected as higher concentrations of
substrates do increase the current generation of BES.116 This coincided with a higher
rate of gas collection from all tubes, in particular for the manganese (IV) oxide coated
recycled carbon fibre materials and the untreated SGL graphite felt. Following this
higher input of COD, the average current was considerably higher for all MECs until
the close of the experiment, indicating that a proliferation of microorganisms on the
anode had occurred.
Despite the higher produced currents, a deterioration of current was observed. The
HRT was reduced to 2 hours and the high current generation was replicated again.
The high flow rate would ideally have been maintained, but due to the lack of space
for storing the wastewater and issues with health and safety to collect wastewater
every day from the plant (and at higher volumes), the 2 hour HRT could not be
maintained for more than 3 days, and as expected, spikes in current were observed
for all MECs (Figure 3-4 – end phase). The 2-hour HRT increased the organic loading
rate of the system, providing more substrate for the biofilms to oxidise, which
increased the current of all MECs. This demonstrated that the recycled carbon fibre
anodes, like the graphite felts, were able to sustain biofilms and support the
proliferation of the microorganisms. The overall current generations were
unexpectedly low for all of the systems, but the MnOx M300 anodes which were
significantly less expensive than the graphite (as well as being significantly more
sustainable)103 still generated higher currents from microbial activity.
The uncoated M100 had the lowest current generation but did respond to the higher
organic loading rates. The manganese (IV) oxide coated M100 was consistently better
in terms of the current generation, indicating that the coating was having an impact on
the current generation when operated with a potentiostat. The reason for the higher
current will not likely have been due to an increase in resistivity, as the opposite should
have occurred. Manganese (IV) oxide deposition would have increased the resistivity
of the M100 so if there has been an increase in current, it will likely have been due to
the microbial activity, assuming that no changes occurred to the cathodes (the impact
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the microbial taxa had is discussed in section 3.3.9). The current generation from the
manganese (IV) oxide coated M100 was both higher and lower than that of the SGL
at different time points. The lower current generations of the M100 MnOx compared
to the M300 MnOx were expected as the M300 variant is approximately three times
the mass and should, in theory, have three times the surface area and higher surface
area anodes tend to increase the current generation of MECs due to the potential for
increased biofilm which can oxidize more substrate.
3.3.5 Electrical energy recovery
The electrical energy recoveries for all of the MECs were very low due to the low
hydrogen recovery and relatively high energy input, determined by using the Butler
Volmer equations detailed in the Appendix (Section 8.1). As the energy input would
have been high (due to a set voltage of 0.4 V between the anode and the reference)
the potential efficiencies would have been very low, even with high recoveries of
hydrogen gas. At 1 V (set between the anode and cathode) the maximum energy
recovery efficiency is 123%, assuming maximum hydrogen recovery.47 The
efficiencies and their relative rankings are shown in Table 3-5. The ranking of MEC 1
in first is due to the significantly lower current generation compared to MEC 3, meaning
that MEC 3. Despite MEC 3 having approximately 7 times more hydrogen than MEC
1, the overall hE is still lower as MEC 3 should have recovered more hydrogen relative
to the generated current. All of the MECs therefore could have been operated at a
lower voltage and would likely have generated the same volume of hydrogen gas.
Table 3-5: Electrical energy recoveries for the MECs

MEC
1
2

Material
SGL 4.6
SGL 4.6

hE (%)
0.110

0.042

Ranking
1st
3rd

3
4
5
6

M300 MnOx
M300 MnOx
M100
M100

0.080
0.015
0.000
0.000

2nd
5th
=6th
=6th

7
8

M100 MnOx 0.000
M100 MnOx 0.022

=6th
4th
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3.3.6 Coulombic efficiency
The coulombic efficiencies (CE) for all MECs were less than 0.1% which, due to the
effective wastewater treatment observed, is assumed to be due to leaks in the gas
collection tube and the reactors themselves. Rankings have been applied to more
clearly differentiate the systems performances in this metric, but it is evident that major
losses were occurring in all of the systems. It is also likely that hydrogenotrophic
microorganisms have proliferated on the cathodes, resulting in the consumption of
evolved hydrogen gas which has been reported in multiple MECs of different
scales.67,115,119 Changes to the architecture to collect more gas and a reduction of the
internal resistance of the system would improve hydrogen recovery and therefore, the
coulombic efficiency.120
Table 3-6: Comparison and rankings of coulombic efficiencies of the 8 MECs.

MEC
1
2
3
4*
5*
6*
7*
8*

Material
SGL 4.6
SGL 4.6
M300 MnOx
M300 MnOx
M100
M100
M100 MnOx
M100 MnOx

NH2 (mM)
0.027
0.051
0.186
0.019
0.000
0.000
0.000
0.023

CE (%)
5.01E-02
1.28E-01
6.50E-02
3.45E-01
0
0
0
2.46E-01

Ranking
4th
3rd
5th
1st
=6th
=6th
=6th
2nd

Samples labelled with * could not be evaluated due to problems with the gas chromatograph.

3.3.7 Substrate efficiency
The total recovered hydrogen is very low when compared to the theoretical
recoverable amount from all MEC (greater than 99.9% losses - Table 3-7).
Table 3-7: Substrate efficiencies for the MECs

MEC 1

MEC 2

MEC 3

MEC 4

MEC 5

MEC 6

MEC 7

MEC 8

Average removal
(%)
Removed (g)
H2
theoretical
(mM)
H2 actual (mM)

84.17

84.47

83.63

83.84

82.63

82.78

85.00

83.32

8.25
0.52

8.28
0.52

8.20
0.51

8.22
0.51

8.10
0.51

8.11
0.51

8.33
0.52

8.16
0.51

0.03

0.05

0.19

0.02

0.00

0.00

0.00

0.02

SE (%)

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01
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This was observed for all materials, including the SGL 4.6 graphite felt control.67 As
has been stated in the previous wastewater treatment analysis section (Section 3.3.2),
the overall COD removal was very high which should have resulted in a greater
production of hydrogen (there were a theoretical 0.51-0.52 moles of hydrogen
available). Based on the lower SE of the systems, a fundamental failing of the systems
is apparent, likely brought about the leakages, hydrogenotrophic microorganisms and
an architectural problem with the gas collection vessel.
3.3.8 Microbiology - SEM

A

B

C

D

Figure
3-5:
SEM
images
of
GFD
felt
anodes
after
three
months
of
operation
SEM magnification at 100x (A), 500x (B), 1000x (C) and 2000x(D). Circles show areas of dense biofilm.

The SGL GFD 4.6 had good coverage of biofilm (Figure 3-5) with vast areas of whole
fibres being completely coated by biofilm. The biofilms appeared relatively
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homogenous, though individual cells at the level of magnification analysed was not
possible. As this is the ‘control’ material (confirmed as a material that has been
functional as an MEC anode)67 it was important to confirm the presence of a biofilm,
to allow for comparison to the recycled carbon fibre materials.

A

B

C

D

Figure 3-6: SEM images of M Carbiso M100 carbon fibre anodes after 4 months of operation.
SEM magnification at 100x (A), 500x (B), 1000x (C) and 2000x(D). Circles show areas of dense biofilm

The uncoated M100 (Figure 3-6) had little visible biofilm when compared to the
graphite felt anode. There appeared to be small patches or “clusters” where a biofilm
had developed, but not to the level of the manganese (IV) oxide coated anodes or the
graphite. This correlated with the lower current densities recorded, as well as the lower
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level of wastewater treatment and hydrogen gas production during the mid-point and
end of the experiment (See section: 3.3.4).
When comparing the uncoated M100 (Figure 3-6) to the coated M100 (Figure 3-7),
there appears to have been a significant difference in the formation of biofilms. At all
levels of magnification, a relatively homogenous coating of biofilm is visible (the
granular/rougher surface texture). Crucially, the manganese (IV) oxide coating (the
smoother areas of the fibres) is still visible on the fibres, suggesting that the coating
was stable during the MECs operation, surviving both the voltage application and the
conditions of the wastewater.

A

B

C

D

Figure 3-7: SEM Images of MnOx coated ELG M100.
SEM magnification at 100x (A), 500x (B), 1000x (C) and 2000x(D). Circles show areas of dense biofilm.
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The addition of manganese (IV) oxide to the M300 material (Figure 3-8) appeared to
have also positively influenced the growth of biofilms – the biofilms look similar to those
visualised on the M100 anodes that were coated with manganese (IV) oxide (Figure
3-7). It was not expected that the overall thickness/appearance of the biofilm would
have overly different between the MnOx M100 and the MnOx M300 as they are both
the same material but with different thicknesses.

A

B

C

D

Figure 3-8: SEM of Manganese oxide coated M Carbiso M300 fibres
SEM magnification at 100x (A), 500x (B), 1000x (C) and 2000x(D). Circles show areas of dense biofilm.
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3.3.9 Microbiology - DNA Analysis
Higher abundances of exoelectrogenic bacteria have been shown to correlate
positively with better performances of MFCs and MECs.46 As MECs are operated
under anaerobic conditions, the species of microorganisms that are enriched tend to
be obligate anaerobes including; Geobacter spp. (in particular, Geobacter
sulfurreducens) which are known exoelectrogenic microorganisms found in
wastewater sources and have been studied extensively for their performance in both
MFCs and MECs.47,121–124 Pseudomonas spp. and Shewanella spp. are other
examples of known exoelectrogenic microorganisms that have been identified in the
biofilms of anodes used in MECs, generating high current generations under certain
conditions (Shewanella spp. requiring low oxygen conditions for example).46,125
Therefore, of particular interest were any differences in the abundances of known
exoelectrogens between the different anodic biofilms.
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Figure 3-9: Stacked bar plot comparing genus relative abundance that was over 1% on the anodes of the
different MECs.

The DADA script was able to identify the microorganisms to genus level, believed to
be due to the shorter amplicon lengths (approximately 270 bp). An overview of the
different genera with a relative abundance of over 1% are shown in Figure 3-9. It is
clear that there were differences in abundance between certain genera between the
different MECs, namely Geobacter and Arcobacter. The possible significance of these
two differences was then investigated further, but of note, from this figure alone was
very difficult to ascertain differences in sulfate reducing bacteria or other lower
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abundance exoelectrogens (N.B a list of all abundance values for genera above 1%
in the MECs is available in the Appendix Table 8-2).
Geobacter genus abundance was negatively affected by the presence of manganese
(IV) oxide, demonstrated by the higher abundance of the genera identified in the
biofilms of the uncoated M100 anodes relative to the manganese (IV) oxide coated
M100 anodes (Table 3-8).
Table 3-8: Percentage abundance for Geobacter, Arcobacter and all SRB genera

Anode
Material
Average
normalized
current (mA
m-2)
Gas Volume
(mL)
Geobacter
(%)
Arcobacter
(%)
Shewanella
(%)
SRB (%)

MEC 1
MEC 2
MEC 3
Graphite Graphite M300
MnOx
19.31
92.73
172.95

MEC 4
M300
MnOx
95.09

MEC 5
M100

MEC 6
M100
24.35

MEC 7
M100
MnOx
44.69

MEC 8
M100
MnOx
81.47

31.88

4

8

15

11

4

7

11

12

0.15

7.73

2.75

2.01

1.56

2.81

0.16

0.40

0.35

0.18

1.19

2.92

0.34

0.29

3.51

1.56

<0.01
0.26

<0.01
2.80

0.30
2.48

0.07
1.34

<0.01
5.10

0.00
5.05

0.04
1.43

0.03
3.04

This did not seem to be detrimental to the performance, as the manganese (IV) oxide
coated M100 performed better than the plain, despite the lower abundance of
Geobacter genus. This was surprising as higher abundances of Geobacter spp. tend
to positively correlate with better performances in BES when in a mixed culture (not
with a monoculture of Geobacter).108 MEC 2 (using a graphite anode) had the highest
abundance of Geobacter genus (7.73%) believed to be attributed to the lower
resistivity of the graphite felt, compared to the recycled carbon fibre materials. This
was not replicated in MEC1, which also used the graphite felt anode but demonstrated
a very low abundance for the same genus. As a similar trend for the sulfate reducing
bacteria (SRB) genera (e.g. Desulfovibro) was observed for MEC 1 it’s possible that a
leak allowing oxygen into the system occurred. This would be a justification for lower
abundances of both SRB and Geobacter genus as they are obligate anaerobes
(obligate anaerobes being taxa that only grow in the absence of oxygen).126
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There was not a clear correlation between a higher abundance of Geobacter and
current generation in this experiment (Figure 3-10), most notably for MEC 2 which had
the highest abundance of Geobacter (7.73%) but was not the best performing MEC in
terms of current generation or hydrogen recovery (Figure 3-10).

Figure 3-10: Geobacter abundance against gas production (A) and current generation (B)

Shewanella genus are documented as being manganese (IV) reducers in oxygen
limiting environments, also being able to produce forms of the Mn (IV) depending on
the conditions in which they are growing.127 This genus was very low in abundance
compared to the other exoelectrogenic genera identified in all MECs (Table 3-8).
However, they were up to 2 orders of magnitude higher in the MECs that had
manganese oxide coatings, suggesting that the presence of manganese (IV) was
having a significant impact on their relative abundance. Based on finding in literature,
it would seem that this difference is directly due to the presence of manganese (IV)
oxide (based on their known interactions with Mn (IV)).127
Sulfate reducing bacteria (SRB) genera were found on all anodes in the MECs but are
in higher abundance on the plain M100 compared to the manganese (IV) coated
materials. The M300 MnOx also had a relatively low abundance of SRB compared to
the plain M100. SRB are obligate anaerobes that reduce sulfates to hydrogen
sulphide, a dangerous gas that is toxic to humans and can corrode steel and
concrete.128,129 In MECs, SRB can consume hydrogen as part of their metabolic
pathway, reducing the overall performance of an MEC, particularly if SRB are able to
colonise the cathode (the site of hydrogen evolution).67 It has been reported that
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manganese (IV) oxide is not reduced by SRB so it is possible that the presence of
manganese (IV) oxide on the anodes was dissuading the proliferation of the SRB in
the biofilms.130 As higher quantities of gas were produced by the MECs that had
manganese (IV) oxide coatings and these MECs also had lower SRB abundances,
there is a strong indication that the reduction of SRB is due to the manganese (IV)
oxide, which has improved performance. Furthermore, as SRB can cause many
problems in other stages of the wastewater treatment industry (particularly in
sewers)131 there could be value in using these kinds of materials further upstream in
the wastewater treatment process, to reduce the proliferation of these taxa and reduce
the damage they can cause to wastewater treatment assets, not to mention reduce
odours and the risk to public health.
Arcobacter genus microorganisms are known manganese (IV) reducers and were
found to be more prevalent on the manganese (IV) oxide coated materials compared
to the plain M100 or the graphite felt (Table 3-8).132 Arcobacter can use manganese
(IV) oxide as their terminal electron acceptor, explaining the higher abundances of this
genera in the manganese (IV) coated MECs (2,4,7 and 8). Arcobacter is documented
as having exoelectrogenic species (e.g. Arcobacter butzleri) so it’s possible that their
increased proliferation due to the manganese (IV) oxide has had a positive impact on
performance, particularly regarding current generation.133

Figure 3-11: Arcobacter genus abundance against hydrogen production (A) and current generation (B)

However, similarly to the Geobacter, there is not a strict positive correlation between
highest current or hydrogen gas production against higher abundances of Arcobacter
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(Figure 3-11). This supports the concept that no single exoelectrogenic microbial taxa
is preferable, but instead, the syntropy between the different species plays an
important role.
All of the biofilms had very diverse (and equally diverse) communities (Table 3-9), both
supported by strong values for Simpsons index of diversity (1 = highest diversity) and
Shannon’s diversity index (higher is more diverse). Therefore, the different materials
did not have a significant impact on the overall diversity of the biofilms and any
differences in performance will not have been brought about by overall diversity
differences, as there were none.
Table 3-9: Simpsons and Shannon’s diversity indices

Indices

MEC 1

Simpsons 0.997
index of
Diversity
Shannons 1.500
Diversity

MEC 2

MEC 3

MEC 4

MEC 5

MEC 6

MEC 7

MEC 8

0.997

0.998

0.997

0.995

0.996

0.996

0.997

1.548

1.610

1.569

1.447

1.495

1.468

1.678

The manganese (IV) oxide coated materials have a lower abundance of Geobacter
genus than the non-coated materials, but they also have higher abundances of the
Arcobacter and Shewanella, so the overall diversity of exoelectrogens could be higher
on these anode materials was having a positive impact on performance.46 The
performances of the systems will also have been enhanced by the reduced
abundances of SRB genera which can be detrimental to the performance of an MEC.

3.4 What does this mean for the successful deployment of MECs?
The current generation for all systems was lower than expected (when compared to
normalised literature values of similarly sized MECs).121,134 Despite this, given that the
SGL graphite felts have been used for pilot and smaller lab-scale systems, the lower
currents reported here are more likely to be due to the setup and higher resistances
of the system.67 Furthermore, lab-scale systems tend to be fed with a higher strength
and less complex feed (sodium acetate dosed media as a synthetic wastewater where
the concentration of the sodium acetate far exceeds the concentration of the organic
compounds found in secondary wastewater).59,135,136 This means that it is fair to make
comparisons between these systems and infer that the recycled carbon fibre
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electrodes can function comparably to the graphite felts, particularly with the coatings
of manganese (IV) oxide. Particular emphasis should be placed on the current
generations that responded to increases to the organic loading rate, as the recycled
carbon fibre anodes (in particular the M300 MnOx) were able to sustain higher currents
after the higher dosage of COD, in some cases higher than the currents generated by
the graphite felt. The M300 MnOx materials have outperformed the graphite felt as
anode materials and have done so at a significantly reduced cost. This is encouraging
and warrants further investigation in more realistic wastewater treatment conditions
and ideally, at a larger scale.
Other than for MEC anodes, the knowledge that the presence of manganese (IV) oxide
has reduced the abundance of SRB could have other applications outside of MEC
technology, giving rise to the potential of architectural innovation. This would need to
be confirmed with the materials being used in isolation of a voltage application, but
this could have value for wastewater treatment companies to reduce concrete damage
from hydrogen sulphide and reducing the risk of harm to the public, as well as any
unpleasant odours.

3.5 Summary
The main focus of this stage of the project was to ascertain whether the recycled
carbon fibre anodes would work in any capacity as anodes in MECs, compared to a
known material that has worked successfully in MECs. To that end, the recycled
carbon fibre anodes (both with MnOx and plain) have worked as MEC anodes. The
overall difference between the systems in terms of performance was not very large,
as all MECs were able to achieve total average removal rates between 83.23-84.62%.
However, when the flow rate was increased, more significant differences in
wastewater treatment efficacy were observed (8.3% between the best and worse
materials, MnOx coated M300 and plain M100 respectively). It was during the
increased organic loading rates that increased hydrogen gas production was also
observed, but due to malfunctioning equipment and problems with gas collections,
differences between the MECs were not significant.
The potential for hydrogen production estimated from the COD removal was over 99%
greater when compared to the measured recovered hydrogen. The lack of hydrogen
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recovery in all systems has contributed to the poor energy recovery and coulombic
efficiency calculations as well. The low hydrogen recovery was likely caused by four
main factors: Leakages, use of the Entek membrane, collection method and the
depletion of the NaCl catholyte. As the conditions applied to all cells were all identical,
the conclusion is supported that the hydrogen production from the cells with the
manganese (IV) oxide coated M300 anode is higher than with the graphite felt
benchmark material. Cell 8 (M100 MnOx anode) also produced hydrogen gas in the
first round of sampling, where both the graphite materials (Cells 1 and 2) and uncoated
M100 materials (5 and 6) failed to produce any detectable hydrogen gas (it was
unfortunate that the confirmation of the differences in recoveries of gas from the other
cells could not be achieved due to the faults encountered mid testing of the gas by
gas chromatography during the second round of testing). The statistical analysis of
variance using Anova, demonstrated that the differences in performance (COD
removal and gas production) was not significantly different between MECs or the
difference anode materials in the conditions used in the experiments described.
All of the materials sustained biofilms, but it was clear that the plain M100 material
was lacking in coverage, compared to the other three materials. The graphite materials
compared to the recycled carbon fibre materials coated in manganese (IV) oxide (both
M100 and M300) had comparable levels of biofilm covered (based on the SEM
images). The explanation for the differences in current generation and hydrogen
production could be due to the impact that the manganese (IV) oxide has had on the
abundance of certain genera of microorganisms. The highest abundance of Geobacter
was detected on the graphite and uncoated M100 anodes, normally insinuating lower
performance.46 Instead, other exoelectrogenic bacteria were detected in higher
abundances on the manganese (IV) oxide coated anodes, including Arcobacter and
Shewanella genera. The manganese (IV) oxide has also reduced the presence of
sulfate reducing bacteria (SRB) – where normally lower abundances of SRB
correlated with improved performance, due to the reduction of hydrogen consumption
by the SRB.
It is possible, that there are indeed not significant differences between the materials
in terms of performance, with particular reference to the graphite felt and the three
recycled carbon fibre-based anodes. Though an improvement in performance over the
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graphite would be desired, it would not be essential to consider larger pilot-scale
deployment of an industrially scaled MEC. What is significant, is the difference in cost,
between the graphite felt and the recycled carbon fibre materials (£88 m-2 for the
graphite felt tested here and £1.84 or £5.52 for the plain M100 and plain M300 – costs
of manganese were not calculated at this stage) – which is the main barrier to
deploying the technology at scale.79 Acceptable performances were achieved by the
Cotterill et al. pilot using the graphite felt,67 with major savings to the operating costs
of a wastewater treatment plant possible, where the limiting factor halting deployment
was the capital cost of the system (likewise with the Heidrich et al pilot).73 If
comparable performances can be achieved with the waste derived carbon fibre
anodes, a major step to the deployment of an MEC at an industrial scale will have
been made. The results generated from this stage of the project required reaffirming
at a larger scale, as this will give a clear indication of whether the functional recycle
carbon fibre materials are suitable for a more realistic MEC architecture. Therefore, a
small-scale pilot test was required.
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4 Putting innovation to the test: scale up with mini pilots
4.1 Demonstrating innovation by successfully running a pilot reactor
Innovation for an MEC would be defined as the successful deployment of the
technology for an industrial application,77 and for the case of wastewater treatment,
this would require that deployment at a much larger scale than any other previous
examples.67,76,83,137 Therefore, there was a need to show that these systems can work
at larger-scale but with lower costs.79
Originally, the use of platinum on for cathode (via doping) was a major barrier to
deployment, as the platinum would be corroded over time and is a very expensive
material.55,138 However, the use of stainless steel or nickel cathodes (which have
demonstrated comparable hydrogen productions) means that this component of the
MEC is no longer the cost limiting factor.55,139 The use of a proton exchange
membrane (PEM) is another very costly component of the MEC,140 but examples
lacking a membrane or using inexpensive non-selective lead-ion battery separators
(Entek) have demonstrated product recovery and the capacity of MECs to provide
wastewater treatment.76,119 Even with the use of inexpensive cathode and membrane
components, the MEC is still too expensive to deploy at larger-scales and this is
caused by the price of virgin graphite or carbon felts. This results in the anode (and its
current collector) comprising up to 90% of the total cost of an MEC.79 Thanks to the
sheer amount of cost saving that has been achieved by the use of the inexpensive
cathode and membrane, the anode is now the cost limiting component that requires
reduction.
The carbon felts used in the Heidrich pilot (Olmec) worked well as anodes, but had a
high cost (£285.9 m-2). A large cost reduction was achieved in the Cotterill pilot, where
the use of graphite felt (SGL Carbon) reduced the abode cost to £88 m-2 but even this
cost saving would not be enough to make the MEC cost-competitive (from a capital
cost perspective) compared to standard wastewater treatment assets such as
activated sludge plants (ASP).67 Assuming the performance in the Heidrich pilot is
maintained, a 90% reduction in the combined cost of the anode and the current
collector would be required to make the MEC cost-competitive with an ASP.79
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The recycled carbon fibre anodes do offer the potential to drastically lower the cost as
they are over 98% and 93% less expensive than the Olmec and SGL materials. It was
confirmed that the recycled carbon fibre anodes were able to maintain a biofilm and
work to treat wastewater, but the hydrogen recoveries (and therefore the efficiencies)
were very low (N.B. this was for all of the MECs, including those that used SGL
graphite felt which has been confirmed as a functional anode for hydrogen gas
production in an MEC).67 The experiments in Chapter 3 were also at a very smallscale (compared to other pilot studies) and with non-optimised architectures for
product recovery in an MEC (e.g. large electrode spacing between the anode/cathode
and high chance of leakage from the reactor chambers)44,141 that would not be
appropriate for the requirements of a wastewater treatment asset. Therefore it is clear
that the nature of the architectures and operation will require alteration to attain
improved confirmation as to whether these recycled carbon fibre anodes have the
potential to deliver on innovation for MECs.
To confirm whether there are significant differences in performance between the
recycled carbon fibre materials and the graphite felt, a second round of tests was
required. As it is also the aim of this project to confirm whether larger-scale systems
are financially viable, larger-scale MECs were desired. It was decided that the next
phase of the project should be conducted with larger dimension MECs and at a
wastewater treatment plant..
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4.2 Pilot reactor setup and operation
4.2.1 Reactor architecture and construction
Similar designs to the Heidrich and Cotterill et al pilots were used, as they were simple
to design and manufacture (Figure 4-1 and Figure 4-2).67,73 Furthermore, they allowed
for a rapid method to compare the different anode materials, which have been
identified as the key barrier to large scale MEC application.

Figure 4-1: Reactor CAD design

1) Side view of reactor chamber with input and output holes (A). 2) Raised side view of the reactor
chambers showing the grooves to which the module cassettes connect to. 3) Top view of the reactor
with the walls (B), anode area (C) and module slots (D).

The MECs had a volume larger than 10 litres, but taking into account the headspace
and space taken up by the components of the modules, the working volume was 8 L.
Table 4-1 shows the important dimensions of the mini-pilot MECs.
Table 4-1: Dimensions of the MEC reactors

Total anodic Total
area (m2)
cathodic
area (m2)

Working
Volume (L)

Anodic surface area to Cathodic surface area to
volume ratio (m2 m-3)
volume ratio (m2 m-3)

0.61

8.03

75.57

0.24
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30.26

Figure 4-2: Module assembly

The modules were assembled as follows: The cathode was constructed (A) and placed in the module
with the tab protruding through the top of the cassette. This was then sealed in place on both sides with
the Entek separator using glue (B). The anode material of choice was then placed on both sides of the
cassette (C). The current collector was then to fixed both sides of the cassette and bolted in place (D).

The anode materials tested and their respective MEC number is detailed in Table 4-2.
Table 4-2: MEC codes and anode material details

MEC code
Anode
material
Description

MEC 1
M-Carbiso of 300 g m-2
(M300) coated with
manganese (IV) oxide

MEC 2
MEC 3
MEC 4
M-Carbiso of 100 g M-Carbiso of 300 SGL GFD 4.6 felt
m-2 (M100) coated g m-2 (M300)
with
manganese
(IV) oxide

Anode
material
code

M300 MnOx

M100 MnOx
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M300 Plain

SGL 4.6

The MECs were then placed on a steel bench close to the pumps and wastewater
reservoir (Figure 4-3).

Figure 4-3: Photo of the four MECs in the Portakabin
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4.2.2 Operation
The MECs were fed with real wastewater at a constant HRT of 5 hours. The
wastewater was primary effluent (before treatment in an activated sludge pool). There
was no ferric chloride dosing in the water used in this experiment. Pumps were used
to move the water from the separating channels at the wastewater treatment plant to
a reservoir in the portacabin (where the pilots were operated). Four peristaltic pumps
(520S, Watson Marlowe) were used to feed the MECs (Figure 4-4).

Figure 4-4: Process flow schematic for the Pilot MECs

A power supply (Tenma) was used to power two MECs at the same time (which power
supply had two sets of channels). A voltage supply of 1 V was used.
4.2.3 Parameters measured
Gas volumes were measured using a 100 mL borosilicate glass syringe (error of 4%)
and the concentration of hydrogen gas was determined using a GC (Micro GC,
Agilent), using the same calibration curve used for the hydrogen gas analysis in
Chapter 3.
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Wastewater treatment was monitored by using HACH COD and nutrient cuvettes: 01000 mg L-1 COD (LCI400), COD 15-150 mg L-1 (LCK314), phosphates (TNT 845),
nitrates (LCK 339), nitrites (LCK341), sulfates (LCK153) and sulfides (LCK653). Total
suspended solids (TSS) were also measured by filtering influent/effluent through glass
fibre filters using a pump and then using an oven to evaporate the moisture (allowing
for the weighing of the solids). TSS can cause harm to rivers if released and require a
minimum of a 50% reduction in concentration before effluent is released to the
environment.142
Current was measured using a data logger (Pico-logger, Picotech) to measure the
voltage drop across a known sense resistor, which was soldered into the wires that
supplied voltage from the power supply to the cathodes of the MECs. Originally, a 1ohm resistor was used, but this was too high for the MECs, so this was changed after
10 days to a 0.1-ohm resistor. A schematic of the setup is shown in Figure 4-5.

Figure 4-5: Electrical connection schematic for each MEC

71

From day 36, temperature was recorded with a Picotech temperature data logger with
miniature 0.25 mm diameter mineral insulated thermocouples with a pot seal (TC
Direct). One was dipped into the reservoir of wastewater and then one into each MEC
reactor. pH was spot-checked using a HACH-Lange multi-meter (HQ40D) and a
PHC20101 pH probe (HACH-Lange).
4.2.4 Microbiology
3 replicates from each anode (a total of 60 samples from each MEC) were acquired
and frozen at -80°C in preparation for DNA extraction using the techniques described
in Chapter 3 (soil DNA FASTprep extraction kit (MP Biomedical)). SEM samples were
also prepared using the same techniques described in Chapter 3 in this Innovation
Report.

4.3 Pilot reactor results
After 90 days of operation, the MECs were decommissioned and data collected up to
this point was used to assess the performance. Comparative T-tests and one way
Anova tests were used to determine whether the differences in performance was
significant. Therefore, the hypothesies were:
H0 = there will be no difference in performance* between the MECs that are using
different anode materials.
H1 = there will be a difference in the performance* of the MECs which will be dependent
on the anode material used.
*Performance = hydrogen gas production, wastewater treatment performance and
current density.
4.3.1 Wastewater treatment performance
Total COD removal rates
The average chemical oxygen demand (COD) removal rates from the MECs were not
high enough to meet the urban wastewater treatment directive limit of 125 mg L-1 or
the 75% removal amount (Table 4-3).14
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Table 4-3: Percentage removal of COD from the MECs

COD removal value
Anode material code

MEC 1
MEC 2
M300
M100
MnOx
MnOx
Total average %
24.55
24.63
Average from onset of gas %
27.90
N/A*
Peak %
43.53
49.29
*MEC 2 has N/A-value due to the lack of gas production

MEC 3
M300
Plain
27.40
31.42
51.46

MEC 4
SGL 4.6
13.05
15.37
33.89

The best performing MEC in this regard was MEC 3 (27%), which used the uncoated
M300 as an anode and the worst average was MEC 4, using the graphite felt anode
(13%). MECs with HRTs of 5 hours have been capable of treating secondary
wastewater to higher standards than those recorded in this Innovation Report using
the same graphite felt (SGL, GFD 4.6) as an anode, suggesting that the architecture,
size and other components of the MECs were not optimal for wastewater treatment
performance.67 However, when comparing the anodes in this experiment, it is clear
that the recycled carbon fibre anodes have a performance advantage over the graphite
felt.
However, the MECs did show continual improvement in the % of COD removal from
the start point of the trial, until day 56 (Figure 4-6). The highest (COD) removal rate
(both in terms of % and mg COD removed) was for MEC 3 at day 56, achieving a 51%
removal (317 mg COD removed from 616 mg). MEC 3 achieved this using the least
expensive material (Plain M300), with MECs 2 and 1 close behind, in terms of removal
(49 and 43% respectively). The progressive increase in the % of COD removal
suggests that the biofilms on the anodes of the MECs were growing which was
resulting in an improvement to wastewater treatment, attributed to the increased
oxidation of organic matter by the microorganisms (this is supported by the increases
in current, which are discussed in Section 4.3.6).119
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Figure 4-6: COD % removal over time

Following day 56, unseasonably cooler temperatures and heavy rainfall persisted for
over a week (days 63-70, to the point where “storm conditions” were declared at the
wastewater treatment plant) resulted in a drop in COD removal %. The lower ambient
temperatures of the input wastewater were brought about by the increased rainfall, but
this appeared to have no impact on the internal temperatures of the MECs. Lower
temperatures can negatively impact the microbiological activity of MECs reducing the
rate of substrate oxidation,143 as well as the lower concentration of substrate may have
resulted in community death reducing the quantity microorganisms on the
anodes.82,116 Colder temperatures reducing COD removal has been reported in the
literature.144 Following the cooler period, the % removal did begin to increase again
(days 78-90). The worst performing MEC in terms of peak COD % removal was MEC
4 with 33% removal (graphite felt). Overall, the average % COD removal was better
for all of the recycled carbon fibre anode materials compared to the graphite anode
MEC (Table 4-3). An explanation for this could be an improved fibre spacing between
the carbon fibres in the recycled carbon fibre mats, relative to the graphite felt. The
graphite felt was a lot more dense and appeared to be more compressed by the
current collectors whereas the recycled carbon fibre anodes had less mass per unit
area resulting in less compression, which could have enabled better coverage by
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biofilm, meaning an improved surface area to volume ratio which is beneficial to MEC
performance.115,145
MEC 3 had the best quality average effluent (total and after the onset of gas
production) as well as removal, with MEC 4 being the worst (Table 4-4). The average
removal for MEC 3 was 107 mg L-1, almost double MEC 4 (57 mg L-1).
Table 4-4: COD removals and concentrations in effluents

Measurement
Anode material code

MEC 1
M300
MnOx
Average output concentration (mg L-1 as COD) 278.67
Average removal (mg L-1 as COD)
99.08
Average removal from the onset of gas 111.70
production (mg L-1 as COD)
Average output from the onset of gas 265.00
production (mg L-1 as COD)
*MEC 2 has N- value due to the lack of gas production

75

MEC 2
M100
MnOx
280.63
96.17
N*

MEC 3
M300
Plain
261.30
107.32
122.99

MEC 4
SGL 4.6

N*

250.01

279.54

299.04
57.25
65.12

Figure 4-7 shows how there was little difference in COD removal performance
between the different MECs that used different forms of the recycled carbon fibre
anodes, as the black, red and green points are relatively well clustered up over one
another. This indicates that the manganese (IV) oxide is having less impact (or
arguably a negative impact) at these larger-scales compared to the wastewater
treatment performance differences in the previous experiment and chapter (section
3.3.2). The method of voltage supply (applied voltage from a power supply instead of
a fixed voltage on the anode) is having a different impact on the microbial community
compared to the use of the potentiostat to power the MECs in Chapter 3. The
increased resistance from the manganese (IV) oxide could be affecting the rate of
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Figure 4-7: COD concentration from each MEC effluent compared to the average COD input.

MEC 4 has the most instances where the effluent had the highest COD concentration
11 times out of 24 readings (MEC 3 had one effluent that was worst by comparison Table 4-5).
Table 4-5: Number of best and worst COD readings for the MECs

Times Best
Times Worst

MEC 1
4
5

MEC 2
7
7

MEC 3
11
1
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MEC 4
2
13

The T-test produced P-values which suggested the COD removal (in terms of mg L-1)
from MECs 1 and 3 were significantly better than MEC 4 (P-value ≤0.05). MEC 2 had
a P-value of >0.05 meaning the performance difference in terms of COD removal was
not significant and this is likely due to its smaller availability of surface area which has
resulted in this microbial oxidation of organic compounds and therefore, worse
wastewater treatment. Percentage COD removal did have significant differences, with
all three MECs producing calculated P-values of; ≤0.05 (Table 8-4 in the appendix).
When comparing the P value from the one way Anova tests, it supports the first T-test
result; that the anode material did not have a significant impact on COD removal, as
the P-value was 0.386 (Equation 4-1). Similarly, the one way Anova also indicates that
the variance between the different removal rates for the different MECs is not
significant, with a P-value of 0.281 (Equation 4-2).
Equation 4-1: COD concentration Anova - F(3,92) = 1.024, p = 0.386
Equation 4-2: COD removal Anova – F(3,92) = 1.293, p = 0.281
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4.3.2 TSS Removal
A minimum removal of 50% of total suspended solids (TSS) is required for discharged
effluents. All of the MECs achieved this but there were some significant differences in
their TSS removals (Table 4-6). The reduction of the TSS would have been brought
about by microbial oxidation of the solids (resulting in hydrolysis of the solids) at the
site of the anodes, solid build-up on the fibres and settling of the solids in the reactors,
which has been confirmed in a pilot study.69 The design of the reactor is very important
for reducing TSS in effluents. Different mass particles (i.e. the TSS) have a different
settling times (i.e. the heavier the particle are the faster it settles), therefore the flow
of wastewater, the length and width of the reactor will have to be designed to ensure
that any wastewater it treats has the time to settle/be treated before it leaves the
reactor.146 This will need to be considered for any future MECs.
Table 4-6: TSS removal performances for MECs

Anode material code
Total removed (mg)

MEC 1*
M300
MnOx
975

MEC 2
M100
MnOx
1055

MEC 3
M300 Plain

MEC 4
SGL 4.6

1530

985

Average removal (mg)
54.17
58.61
85.00
54.72
Average percentage removal (%)
56.18
61.47
88.24
57.94
Peak percentage removal (%)
90.00
88.89
100.00
84.62
*MEC 1 had a pump issue which introduced a high dose of sludge mid-operation (day 54).

In terms of percentage and mass removal of TSS, MEC 3 is again the best performing
MEC, with MEC 1 being the worst (affected by pump issue on day 54 where highly
concentrated sludge was pumped into the MEC). MEC 4 performed poorly compared
to the MEC 3, moving 30% less suspended solids. As MEC 3 performed better than
MEC 1 (and they both used the same material bar the introduction of manganese (IV)
oxide) the difference in TSS removal between the graphite felt and the M300 recycled
carbon fibre materials will not have been brought about by increased settling of solids
on the anodes. If this was the case, then the TSS removal rates for MEC 1 and 3 would
have been smaller and the TSS removal rates for MEC 1 and 4 would have been
greater (they were almost the same - Table 4-6). This suggests that the microbial
action of TSS removal was best on the plain M300 anode material in MEC 3, with the
manganese (IV) oxide harming performance.
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Figure 4-8: Percentage of TSS removed from effluents from MECs

Figure 4-8 demonstrates that MEC 3 had the lowest percentage of TSS remaining
following treatment (the green points have the most instances where they have the
highest TSS % removal). The single reading with a negative value (below 0% - day
54) for MEC 1 was the reading that suffered from a pump issue and expelled a high
quantity of solids into the reactor.
Despite the largely improved removal of TSS removal by MEC 3 compared to MEC 4,
the difference is not considered to be a significant improvement when using an R
squared test (P-value >0.05) and is the same for MECs 1 and 2. However, in terms of
percentage removal of TSS from wastewater, MEC 3 does perform significantly better
(P-value of <0.002 when a value of 0.05 would already considered significant - Table
8-4 in the appendix).
4.3.3 Nutrient Removal
Low nutrient removal was reported throughout but nitrite, sulfate and organic acid
removal were consistently recorded (Table 4-7). Sulfide was relatively unchanged,
with nitrate and phosphorous increasing. Nitrate increases were expected due to the
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oxidation of nitrite to nitrate by Nitrobacter and Nitrosomonas genus, which although
has been confirmed by 16S sequencing of anode samples from this trial, these genera
of bacteria were identified in the MECs in Chapter 3 and are common taxa identified
in wastewater treatment environments.147
Table 4-7: Average nutrient removal from each MEC (negative values indicate an increase in concentration)

Anode
MEC 1
MEC 2
MEC 3
MEC 4

M300
MnOx
M100
MnOx
M300
Plain
SGL 4.6

Nitrate
(mg L-1)
-0.40

Nitrite
(mg L-1)
0.20

Phosphorous
(mg L-1)
-0.17

Sulfide
(mg L-1)
0.13

Sulfate
(mg L-1)
48.18

Organic acids
(mg L-1)
43.16

-0.51

0.21

-0.16

-0.08

54.72

41.51

-0.87

0.24

-0.21

-0.08

57.01

39.02

-0.87

0.23

-0.20

-0.12

50.30

38.55

Sulfates would have been reduced to hydrogen sulfide by sulfate reducing bacteria
(SRB), which like the Nitrobacter and Nitrosomonas, are common taxa in wastewater
treatment environments,130,131 also explaining the sulphide increases in some of the
MEC effluents (Table 4-7 and Table 4-8).
Table 4-8: Average percentage nutrient removal from each MEC (negative values indicate an increase in
concentration)

MEC 1
MEC 2
MEC 3
MEC 4

Anode

Nitrate % Nitrite % Phosphorous % Sulfide % Sulfate %

M100
MnOx
M300 Plain
SGL 4.6
M300
MnOx

-140.98

44.67

-7.12

0.93

58.70

Organic
acids %
21.89

-158.79
-178.44
-156.48

45.05
40.63
38.54

-8.66
-10.96
-7.44

-5.56
-7.41
-13.32

60.05
63.29
62.86

19.05
19.34
17.13

The only MEC that had a decrease in sulfide (which was less than 1%) was MEC 1 –
using the MnOx coated M300 anode. 16S sequencing demonstrated a reduced
relative abundance of SRB presence of manganese (IV) oxide in the smaller MECs
(Section 3.3.9), which could explain why MEC 1 has the lowest sulfate removal and
best sulfide removal, as the SRB should be in lower abundances. Low phosphorous
removal (and all nutrient removal for that matter) is common in MECs and was
recorded in this trial, strengthening the need for further downstream treatment if MECs
are to be deployed at scale, potentially a BES specifically tailored to phosphate
removal.42,67
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4.3.4 pH changes
There was not a significant change in pH for any of the effluents when compared to
the input pH for each MEC reactor (Table 4-9).
Table 4-9: pH changes for the MECs

MEC Code
Anode material code
Average pH in
Average pH out
Spread
Average pH change

MEC 1
M300 MnOx
7.63
7.72

MEC 2
M100 MnOx
7.65
7.79

MEC 3
M300 Plain
7.68
7.67

MEC 4
SGL 4.6
7.69
7.74

7.65 ± 0.44
-0.09

7.78 ± 0.51
-0.14

7.69 ± 0.27
0.01

7.63 ± 0.42
0.05

Minimum pH out
Peak pH out
Range
Minimum pH in

7.21
8.08
0.87
7.21

7.27
8.28
1.01
7.27

7.42
7.96
0.54
7.42

7.21
8.05
0.84
7.37

Maximum pH in

7.94

7.87

7.91

7.89

The variation in pH of the effluents from the same MEC was relatively low, with only
MEC 2 showing a pH range of over 1 (7.78 ± 0.51). MEC 3 had the narrowest range;
0.54 (7.69 ± 0.27). The difference in the average pH change was small for all MECs.
However, the cumulative pH changes for MECs 1, 2 and 4 were all negative, with MEC
3 being positive. The pH ranges were well within the 6.5-8.5 range where most
microorganisms (specifically those in wastewater treatment plants) thrive.148 The lack
of variability in pH is promising as maintaining the anodic pH will be beneficial to the
performance of the MECs, although any future pilots of this size should make efforts
to monitor the pH of the catholyte to determine the difference between the two
environments and ensure that the higher concentration of H+ ions is higher in the
cathode chamber, to stimulate the evolution of H2.144
4.3.5 Hydrogen gas production
Start-up
Within a relatively short time, gas was produced in measurable quantities from MEC
3 (used recycled plain carbon fibre as the anode – ELG M300) – after 13 days of
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operation. The days on which different modules began producing gas is detailed in
Table 4-10.
Table 4-10: Initial gas production detection for each module

Module
Anode material 1
2
3
4
5
M300 MnOx
1
87
93*
N
90
18
M100
MnOx
2
N
N
N
N
N
MEC
M300
Plain
3
13
77
13
28
38
SGL
4.6
4
42
56
87
38
N
*Gas was collected and measured in the GC on the final day, but the GC suffered a fault postmeasurement – gas volumes from day 93 are not included in the subsequent performance analysis
but the fact that hydrogen gas was detected is still mentioned here.

MEC 1, which used anodes made from M300 coated with Mn (IV) oxide, looked to be
very promising, with its 5th module starting up on the 18th day with confirmed hydrogen
gas. This module continued to produce high purity hydrogen until the end of the trial.
However, all of the other modules failed to produce any significant quantities of gas
until the end of the experiment (modules 1, 2 and 4 specifically) with module 3 failing
to produce any gas. MEC 2 used the same materials as MEC 1, just with a thinner
electrode (M100 material instead of M300 – therefore 100 g m-2 instead of 300 g m-2).
The MEC never entered into a period of gas production. The least expensive and most
sustainable anode material (plain ELG M300) used in MEC 3 was the first to ‘start-up’
in terms of gas production and was also the first and only MEC that had all of its
modules producing hydrogen gas. MEC 4 had the longest start-up period (38 days
until gas was produced) but was able to produce gas from 4 different modules.
Faster start-up times are desired for MECs so that product is recovered as quickly as
possible to cover the costs of running the technology, but also to initiate wastewater
treatment performance. The plain M300 had the combination of lower resistance
(relative to the MnOx coated M300/M100) and larger surface area (relative to the SGL
due to the lack of compression by the current collector) are the two most likely causes
of the faster start-up time.94 The improvement over the graphite felt is particularly
promising given the greatly reduced cost the M300 has over the graphite felt.
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Hydrogen Gas Volume
The concentrations of hydrogen gas produced by the top two best performing MECs
(MEC 1 and 3) had relatively high average hydrogen gas concentrations. The variation
for MEC 3 was higher than that of MEC 1, as it had more modules that produced gas
which went through periods of high and low performance. MEC 4 had a comparatively
low hydrogen gas concentration; only 44% compared to 87% for MEC 1 and 78% for
MEC 3 (Table 4-11).
Table 4-11: Hydrogen gas concentrations

Anode material code

Average %
St dev %
Peak %
Min %
Moles of hydrogen
(M)

MEC 1

MEC 2

MEC 3

MEC 4

M300
MnOx

M100
MnOx

M300
(plain)

Graphite
Felt

87.94
10.52
100.00
54.09
0.50

0.00
0.00
0.00
0.00
0.00

78.12
20.28
100.00
17.98
1.67

44.34
21.06
80.30
10.61
0.10
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The total volume of hydrogen gas produced differed greatly between the different
reactors, where both MEC 1 and 3 produced significantly more hydrogen gas than
MEC 4 (Table 4-12).
Table 4-12: Hydrogen produced from start-up; actual and normalised

MEC Anode
material
code
1
M300
MnOx
2
M100
MnOx
3
M300
Plain
4
Graphite
felt

Total
volume of
H2 (L 77 d-1)
12.21

Average daily
volume of H2
(L d-1)
0.16

Normalized volume
of H2 to 1 m3 reactor
(L 77 d-1)
1526.52

Normalized daily
volume of H2to 1
m3 reactor (L d-1)
19.82

0.00

0.00

0.00

0.00

41.13

0.53

5141.19

66.77

2.25

0.03

281.05

3.65

Using a T-test, the difference in the hydrogen gas produced by MECs 1 and 3 was
determined as being statistically significant (both with a P-value <0.001), indicating a
high degree of confidence in the performance improvement of the recycled carbon
fibre materials (both plain and coated with manganese (IV) oxide). The difference in
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Figure 4-9: Cumulative gas production by each MEC over time
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Figure 4-9 demonstrates the large improvement of hydrogen gas production that MEC
3 had over MEC 4 but also MEC 1. The rate of hydrogen gas production between day
40 and 50 also appeared highest for MEC 3, with a slowdown from day 50. The one
way Anova test also supported the results of the T test that there was a significant
difference in hydrogen gas production brought about by the different anode materials
(Equation 4-3).
Equation 4-3: Hydrogen gas Anova F(3,96) = 44.39, p = <0.001
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Figure 4-10: Hydrogen produced over time in relation to the temperature from each MEC (internal MEC and
of the wastewater before treatment)

Temperature is reported to have a positive impact on hydrogen production from MECs,
similar to its impact on COD removal (discussed in section 4.3.1).143 MEC 1 had a
strong positive correlation (Pearson values for all variables are listed in section 8.2.3
in the appendix) between hydrogen production (R=0.91), which is visible in Figure 4-10
– MEC 1, where increases and decreases in hydrogen production mimic the changing
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internal MEC and wastewater temperatures. MEC 2 produced no hydrogen so there
was no correlation. Though there will have been multiple factors that can be linked to
the production of hydrogen for MEC 1, it is suggested that this MEC was temperature
dependent. The increase in hydrogen production in the final days of the experiment
was due to modules 1, 2 and 4 starting up which did coincide with some spikes in
temperature. The increased resistance of the electrodes due to the manganese (IV)
oxide may be the reason for the need for higher temperatures for MEC 1.
MEC 3 had a very low (arguably non-existent) positive correlation between
temperature H2 production. This was due to MEC 3’s ability to continue producing
hydrogen gas during cooler periods, but also because the rate of H2 production did not
continue to increase with increasing temperature (post day 49, before the storm
conditions from day 63-70). As the temperatures reached a maximum of 25ºC, the
biofilms would not have been suffering from death from heat shock (30ºC has been
reported as an optimum temperature for BES performance).143 Following day 49, the
overall production of gas fell significantly for all MECs, dropping by 47% in MEC 3,
before the storm conditions, so the reductions in performance are likely not linked to
temperature. As the catholyte was not replaced at any time, it’s possible that the NaCl
solution was diluted and required replacement. Also, as the anodes used MEC 3 were
lacking in manganese (IV) oxide there may have been a greater abundance of sulfate
reducers which would have reduced the recovery of hydrogen, which the nutrient
outputs with regards to sulfide and sulfate do support (discussed previously in section
4.3.3).67
The overall gas production in MEC 4 was very low compared to MECs 1 and 3.
Temperature increases appear to have stimulated increases in gas production, which
is supported by an R-Value of 0.83. The lower resistivity of the graphite compared to
the recycled carbon fibre electrodes would be expected to result in better
performance,117,141 but this assumes that the nature of the porosity and spacing
between fibres is the same between the graphite and recycled carbon fibres. It is very
unlikely that this is the case with the graphite felt used in MEC 4 and the recycled
carbon fibre anodes used in MECs 1-3, supported by the higher density of the graphite
(460 g m-2) compared to the recycled carbon fibre materials (similar thickness but with
100-300 g m-2).
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4.3.6 Current generation
The current generations changed over time, with the different MECs producing
different responses to the uncontrolled variables of temperature and COD input.
Following the changing of the 1-ohm resistor with a 0.1-ohm resistor (Day 10), MEC 1
and 3 produced constant increases of their current generation. MEC 2 and 4 appear
to have produced constant decreases during the same period (Figure 4-11).
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Figure 4-11: Current generation over time produced by the MECs over time

A: the initial period where a 1-ohm resistor was used to measure the current generation. B: the period
from which the 1-ohm resistor was swapped out for a 0.1-ohm resistor due to the relatively low
resistance of the MECs relative to the resistor.

It is expected that current generations would increase over time, as similarly to the
smaller-scale MEC current increases (section 3.3.4) current increases in MECs should
be due to an increase in electron donation from exoelectrogenic microorganisms
which are oxidising substrates in the wastewater, so it bodes well for the recycled
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carbon fibre that this was observed (in particular for MEC 1 and 3).46 As MECs 1 and
3 are the thickest of the recycled carbon fibre materials (both M300) and have a less
compacted structure relative to the graphite felt, it’s possible that the increased current
generation was due to an increased number of obligate anaerobes (many of which are
exoelectrogenic such as Geobacter and Shewanella) relative to the thinner MnOx
coated M100 and graphite felt.117 The explanation for the higher current of the M300
MnOx compared to the M100 MnOx in the latter stages of the trial will likely have been
due to the increased surface area which in turn, would have more biofilm colonisation,
resulting in more oxidation of wastewater substrates (and therefore a higher current).
Why this wasn’t the case earlier on in the trial is not clear, as it would be expected that
the M300 MnOx would always have a higher current than a thinner version of the same
anode. It is likely due to the microbial communities developing in different ways, with
the thicker variant eventually producing more current/
MEC 3 had the second-highest current generation, constantly higher than MEC 1. In
the more industrially appropriate running conditions in this trial, the addition of
manganese (IV) oxide has resulted in a reduction in the overall current generation,
which is explainable by the increased resistance which would be brought about by the
coating (Current = Voltage / Resistance).94 During the 90 days of operation, current
generation, hydrogen production and COD removal has been negatively affected by
the addition of manganese (IV) oxide, but due to the lower resistance, the overall
running cost of the system will have been lower (investigated in section 5.3), which
may be advantageous in the longer term.
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Figure 4-12: Normalised current generation for each MEC in relation to temperature

The temperature inside each of the MECs oscillated over the course of a day, with the
current generations oscillating in a similar fashion (i.e. increasing temperature usually
resulted in increased currents). The MECs being on average 5-8°C hotter than the
input wastewater. The overall internal temperature of the MECs continued to increase
over time. MECs 1 and 3 current generations had strong positive correlations with
temperature (R-Values of; 0.67 and 0.71 respectively – see tables in section 8.2.3 in
the appendix). MEC 4 had no correlation (R = -0.01) which is expected as the current
generation was very high (highest overall) and did not seem to change with
temperature. MEC 2 a weak positive correlation (R = 0.19) which from Figure 4-12 is
expected, as the current did not change with temperature.
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4.3.7 Efficiency calculations
The overall efficiencies of the MECs were very low for all subtypes of efficiency
(energy recovery, coulombic and substrate efficiencies). However, MEC 3 (Plain
M300) was consistently the best and MEC 4 (graphite felt) was consistently the worst).
Energy recovery efficiency was low for all of the systems, which in part was due to the
use of 1 V to power the MEC. At 1 V, assuming no losses, the maximum theoretical
energy efficiency recovery of 123%.47 MEC 3 was still the best in terms of efficiency
with 8%. The graphite felt MEC (MEC 4) had an efficiency <0.001%, which can be
explained by the very high current generation and very low hydrogen gas recovery
(Table 4-13). Due to the constant current increases and hydrogen productions
observed, it’s likely that the voltages used to run the systems (in particular for MECs
1 and 3) could have been reduced to improve upon the hE. The production of H2 would
probably not have been reduced meaning the overall hE would have been improved.
However, even with reductions to the input power, changes to the architecture and
method of H2 recovery will be required to improve the hE.
Table 4-13: Electrical energy efficiency values for the MECs

MEC
1
Anode Material
M300
MnOx
Electrical energy recovery for the whole MEC % 5.00
(hEmec)
Peak electrical energy recovery for the whole
MEC %
12.00
Highest average
electrical energy recovery for a module of an
MEC % (hEmod)
11.00
Highest peak electrical energy recovery for a
module %
28.53
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MEC 2

MEC 3

MEC 4

M100
MnOx
0.00

M300
(plain)
7.89

Graphite
Felt
0.00

0.00

20.00

1.87

0.00

13.00

1.73

0.00

37.50

6.12

Figure 4-13 shows how the hEmec changed over time, where the peak efficiency (over
20% for MEC 3) was around day 50, the time point at which hydrogen gas was highest
and subsequently decreased. With regards to MEC 3, it was not temperature that
affected the hE, which was also the same for hydrogen production. It’s likely that the
proliferation of hydrogenotrophic taxa began to impact the performance, reducing H2
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Figure 4-13: Electrical Energy efficiency of each MEC over time - temperature also shown

Coulombic efficiencies (CE) were low (<0.01-4.92%). MEC 3 was the best (4.9%)
(Table 4-14). MEC 4 had less than 0.01% for the average CEmec and just over 1% for
the highest average from a module. The low coulombic efficiencies indicate that of the
hydrogen gas being produced, the vast majority was being lost, supporting the notion
that hydrogenotrophic taxa had proliferated, triggering the reduction in efficiency from
day 50.73,76,143 Leakages are also very likely due to the small nature of hydrogen
molecules. As there was a sudden increase in the amount of hydrogen gas produced
for MEC 3, it is possible that the build-up of gas resulted in some rupturing of the glue
that was used to fix the Entek membranes of the modules as well as to the tubing and
connections for the gas bags.
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Table 4-14: Coulombic efficiency values for the MECs

MEC
1
Anode Material
M300
MnOx
Total Coulombic efficiency for whole MEC % 3.20
(CEmec)
Peak Coulombic efficiency for the whole MEC % 6.50
Highest average coulombic efficiency for a 12.90
single module % (CEmod)
Highest peak coulombic efficiency for a single 19.30
module %

MEC 2

MEC 3

MEC 4

M100
MnOx
0.00

M300
(plain)
4.92

Graphite
Felt
<0.01

0.00
0.00

10.78
7.00

1.01
0.69

0.00

20.25

3.92

The substrate efficiency (SE) was highest for MEC 3 (Table 4-15), three times greater
than MEC 1 (12% and 4% respectively), marginally higher than the coulombic
efficiency. The low substrate efficiencies suggest that the oxidisation of the substrates
is resulting in the production of other products (likely methane, hydrogen sulfide, etc.)
by non-exoelectrogenic microorganisms, resulting in less H2 production and recovery.
This will be improvable with different architectures.
Table 4-15: Substrate efficiency values for the MECs

Anode Material
Substrate Efficiency for
the whole MEC % (SEmec)
Substrate Efficiency for
best module (SEmod)

MEC 1
MEC 2
MEC 3
MEC 4
M300 MnOx M100 MnOx M300 (plain) Graphite Felt
4.08
0
12.12
0.01
18.90

0

20.09

5.04

MEC 3 has the highest total efficiency (hE+s), followed by MEC 1. MEC 4 has below
0.01% (Table 4-16).
Table 4-16: Total energy efficiency for the MECs

Anode Material

MEC 1
M300 MnOx

Total energy Efficiency % 2.08
(hE+s)

MEC 2
M100 MnOx

MEC 3
M300 (plain)

MEC 4
Graphite Felt

0.00

4.62

<0.01

The very overall efficiencies are expected due to the low substrate and energy
recovery efficiencies calculated previously. The losses in the system are very high
across all MECs, suggesting that issues with architecture, losses (from multiple
sources) and high energy input (1 V from power supply) are making the system very
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inefficient. The architectures used here have been suitable to demonstrate and learn
about the differences in performance between the different anodes, but larger-scale
deployment the method of gas collection and operation requires refinement.

4.4 SEM images
All of the MECs have evidence of biofilm on the majority of their anodes (Figure 4-14).
Due to a lack of a critical point dryer, the drying process has caused the biofilm to fall
off in places but is still visible.

Figure 4-14: SEM of all MECs at 1000x magnification

A: MEC 1 – MnOx M300. B: MEC 2: MnOx M100. C: MEC 3 – Plain M300. D: Graphite felt.

Only module 2 from MEC 4 appears to have no biofilm coverage (Table 4-17). The
coverage appears to be good on all of the other modules, with no significant
difference’s observable between the different anode materials (SEM images at 1000x
magnification of every module are in the appendix in section 8.3).
Table 4-17: Presence and amount of biofilm under SEM for each module

Module
MEC 1
MEC 2
MEC 3
MEC 4

MnOx M300
MnOx M100
Plain M300
Graphite felt

1
Yes
Yes
Yes
Yes

2
Yes
Yes
Yes
No

3
Yes
Yes
Yes
Yes
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4
Yes
Yes
Yes
Yes

5
Yes
Yes
Yes
Yes

4.5 Innovation for MECs may lie with the use of recycled carbon fibre
electrodes
From a purely functional perspective (i.e. did the materials allow for the production of
hydrogen gas and wastewater treatment), three out of the four materials are suitable
for use in an MEC – Mn (IV) oxide coated M300, Plain M300 and the SGL 4.6 graphite
felt (already confirmed).67 The Mn (IV) oxide coated M100 failed to produce any gas,
therefore, it does not appear to be suitable for use in an MEC. This is likely due to its
lack of surface area compared to the other three materials, meaning less biofilm was
able to form over the surface of the anode to carry out the treatment of wastewater
and sequestering of electrons (as well as proton production and subsequent reduction)
to facilitate the hydrogen evolution reaction at the site of the cathode. Although less
expensive than the MnOx M300, it failed to produce hydrogen and therefore cannot
deliver the innovation required for industrial MEC deployment.
Taking this a step further, the question is: out of these materials, which of these
present the greatest opportunity for successful deployment. If the number of functional
modules is the determining factor, the choice is between the plain M300 and the SGL
4.6 graphite felt. However, if instead, it is the wastewater treatment performance and
hydrogen gas production, the SGL loses to the plain and Mn (IV) oxide coated M300
anodes (and significantly worse overall).
The resistance increase provided by the presence of the manganese (IV) oxide is
likely hampering the initial start-up performance of the MEC and therefore any benefit
(observed from its use in Chapter 3 for the lab-scale experiments) has been lost when
a power supply is used to apply a voltage instead of the voltage fixation by a
potentiostat. Therefore, it would appear that the coating of manganese (IV) oxide on
an anode for use in an MEC is unnecessary when considering the performance
capabilities of the plain M300, which is cheaper and less environmentally taxing to
produce, as there is no need for the coatings which uses the following chemicals;
manganese (II) acetate, hydrochloric acid and hydrogen peroxide, as well as water
and energy (heat and electrical). However, towards the end of the experiment, the
performance of MEC 1 that used the M300 Mn (IV) oxide appeared to improve in terms
of hydrogen production, as more modules began to produce high purity hydrogen gas,
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triggered by the increase in biofilm brought about by the higher temperatures of the
wastewater in the MEC.
The statistical significance values support the claim that the recycled carbon fibre is
superior to the graphite felt used in this study (for wastewater treatment and hydrogen
recovery – see Table 8-4 for P-values generated from R squared T-tests). Other
known materials could also be compared (carbon felts, graphite plates and
brushes)44,59,76 but to date, there are no materials that are as cost-competitive as the
recycled carbon fibre anodes developed and used in the mini scale pilots.
Despite the results suggesting that the recycled carbon fibre is overwhelmingly
superior to the graphite felt, the overall efficiency (energy recovery, coulombic,
substrate and total) was still very low, even for the best performing system. It has been
addressed that a large factor was the high voltage applied (1 V) which limited the
maximum efficiency to 123%, therefore a lowering of this is required. If the hydrogen
recovery is identical (in terms of moles) then the efficiency will improve. There would
also have been losses, both leakages and from hydrogenotrophic microorganisms.
Leakages will be reducible with different materials and better sealing of the systems,
and more frequent gas recovery from the bags. The hydrogenotrophic microorganisms
will be more difficult to control, as the membrane has been confirmed as being
permeable to them.67 More frequent replacing of the catholyte with sterile liquid may
improve the performance (and would be required for industrial application) but this will
increase the complexity of the system and potentially the capital cost. A bactericidal
coating (metal oxides such as magnesium)149 on the cathode could help to prevent
hydrogenotrophs but it’s long term efficacy and impact on hydrogen evolution will need
to be considered. It was noted in Chapter 3, that anodes that had manganese (IV)
oxide coatings had a lower abundance of sulfate reducing bacteria (SRB) which are
known hydrogenotrophs. It is possible that this could help limit the proliferation of the
SRB on the anode and therefore, decrease the likelihood of SRB contamination on
the cathode.

4.6 Summary
Following the results of the upscaled MEC reactors, the use of the recycled carbon
fibre as an anode has the potential to be disruptively innovative. The plain ELG
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materials (M300) is significantly cheaper than the graphite felt per unit area. A life cycle
analysis (LCA) of the use of the Carbiso M™ material is also far less damaging to the
environment when compared to virgin carbon materials.103 Naturally, this LCA does
not use the graphite felt as a comparison, but the graphitisation process of carbon
materials is very energy intensive and as it is a virgin material, its use compared to the
recycled carbon fibre based anodes used in the upscaled MECs will have a greater
environmental impact.80
Finally, there is the benefit of price – both of the materials that outperformed the
graphite felt were significantly less expensive than the graphite. As it is cost that is the
main barrier to deploying this technology, this is likely to be the most significant
argument for an innovative step. This suggests that now it is only the current collector
that needs addressing in terms of the capital cost of an MEC.
Throughout this report (and the project), there has been a great deal of focus on the
cost of the anode and the need to reduce this cost. It is with the reduction of this cost
that will allow for the deployment of any type of large-scale BES for wastewater
treatment. However, there are multiple components to an MEC that also have
significant capital costs, all of which, will require review. A detailed analysis of the cost
to build an MEC using the recycled carbon fibre will help provide a snapshot into the
potential future of the MEC and how it compares to activated sludge pools. A
comparison of the capital and operational costs over a defined period (e.g. 20-50
years) will give a true insight of how far the technology is from successful deployment.
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5 Cost-benefit analysis of the use of the anodic materials
5.1 The importance of CapEx and OpEx relative to innovation
To deploy the MECs (and deliver on innovation), the technology must be affordable
enough to deploy at large scales.79 It has been shown that the recycled materials work
very well in the larger-scale reactors, producing hydrogen gas and also treating
wastewater by reducing the chemical oxygen demand of the effluent, as well as other
nutrient concentrations. However, this must be price competitive with the other existing
assets that are used for treating wastewater for the delivery of innovation.78 If these
products are to be disruptively innovative to the wastewater treatment industry, capital
expenditure (CapEx) and operation expenditure (OpEx) must be comparable to that
of an activated sludge pool (ASP). This will be critical if MECs are to deliver on their
potential of a more sustainable method of wastewater treatment, which the industry
(and indeed the world) is in need of.3,150
To compare the total expenditure (TotEx) for the lifetime of a potential MEC to replace
an ASP a size was selected for both assets. The size was based on a population
equivalent of 50,000, meaning the asset would be able to treat the wastewater
produced by a population of 50,000 people.151 As ASPs have been used for decades
for wastewater treatment, Severn Trent Water was able to provide the CapEx, OpEx
and TotEx estimations for an ASP designed for a PE of 50,000, to which the proposed
equivalently sized MEC could be compared.

5.2 Capital cost comparisons – CapEx
The capital expenditure (CapEx) is the total price of the system, including materials,
overheads and labour.152 The CapEx costs can be subdivided into civil and mechanical
and engineering costs. The civil costs are defined as the expenditure to build the
components that will last for the entirety of the assets life and do not require
replacement. An example of this would be the channels of an activated sludge pool
that are made from concrete. The mechanical and engineering costs (M&E) are
defined as the components that do require replacing at different times. Using the
activated sludge pool as an example again, the blowers used to aerate the wastewater
are one such example, which require replacing every 10 years.153 For the initial CapEx,
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the M&E is included but the main requirement of these costs is for the total
expenditure, which is detailed later.
5.2.1 Capital costs compared to other MECs
CapEx was first determined for all of the MECs used in Chapter 4 in multiple
configurations for a population equivalent of 50,000. This included;
CapEx 1: The mini-pilot 10 L reactor MECs using the actual costs to build them (no
economy of scale with bulk orders). This meant multiplying the total cost of the MEC
by the number required to serve a PE of 50,000, which in this case was over 333 K
MEC reactors.
CapEx 2: The mini-pilot 10 L reactor MECs using estimated economy of scales and
lean manufacturing processes (prices for all components found online). As they were
the same dimensions as in CapEx 1, 333 K MECs would be required.
CapEx 3: The predicted minimum reactor size costs (1000 L reactors), using the less
expensive components from CapEx 2 and assuming the performance would scale
from the smaller reactors (this is unlikely based on the comparison of increasing scales
by Cotterill et al.).67
CapEx 4: Using the same reactor size costs in CapEx 3 (1000 L reactors) but instead
exchanging the current collectors proposed in CapEx 3 with the cost of those
described in the Heidrich pilot.76,79 This CapEx also assumes scalable performance
from the MECs used in Chapter 4.
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Assumptions had to be made for the CapEx and OpEx calculations throughout. These
are detailed in Table 5-1.
Table 5-1: List of assumptions for cost benefit analysis (CapEx, OpEx and TotEx).

Assumption
Reason
CaPex Labour costs are the same (in terms of A more effective method of determining the
proportional percentage) for MECs and ASP
costs was not possible, so the assumed labour
costs of 15%1 of the total CapEx were applied to
the MEC.
Operational labour costs for both MECs and An assumption is made that the labour costs to
ASPs are the same
operate an ASP are the same as an MEC.
Labour costs for capital expenditure are only for Complexity and difficulty to determine for the
the civils component.
MECs, therefore the initial 15% costs are the
only labour costs assumed in this analysis.
Energy input and cost per unit of energy will not Energy costs may (and most likely will) change
change over time
over time. There is also the potential to reduce
the units of energy used to operate the assets.
This will not be taken into account for the OpEx
and TotEx calculations.

The prices for each of the CapEx scenarios are detailed in Table 5-2.
Table 5-2: CapEx comparisons for the different materials excluding labour (values in millions of £)

Material

CapEx 1

CapEx 2:

CapEx 3

CapEx 4

M300 MnOx
M100 MnOx
M300
Graphite

158.62
157.56
129.63
171.32

27.31
26.56
24.02
40.78

4.86
4.67
4.02
8.29

4.46
4.27
3.62
7.89

Immediately, it is clear that scenarios 1 and 2 are significantly higher than CapEx 3
and 4, but crucially, significantly higher than the CapEx for the ASP (£3.2 million).
Therefore CapEx 1 and 2 would not be appropriate for industrial application and
cannot be considered, highlighting the need for an economy of scale for MEC
technology.79 CapEx 3 and 4 are significantly closer to the £3.2 million ASP CapEx.
The CapEx 4 scenario was selected for further development (operational and total
expenditure) as it had the lowest overall cost and was the closest to the £3.2 million

1

15% assumption from conversations with Capital delivery and Treatment Process team members at
Severn Trent
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cost of the ASP. Furthermore, only MnOx M300 and M300 anode material MECs were
selected from this scenario for two principal reasons:
1. They produced the most hydrogen gas and had the best quality effluents.
Furthermore, the M100 MnOx failed to produce any hydrogen gas so it would
not result in a functional MEC.
2. The graphite felt MEC is more than double the cost of the plain M300 MEC and
close to double the cost of the M300 MnOx MEC.
Using the 15% of capital cost assumption as labour, the additional costs were
determined as being £0.64 million and £0.75 million for the M300 and M300 MnOx
MECs respectively. The MnOx M300 MEC is more expensive due to the blanket 15%
assumption, which will be discounted (there is no justification for the asset to have a
more expensive labour capital cost component), therefore the £0.64 million cost will
be used for all total capital costs going forward. The finalised capital costs for the M300
and M300 MnOx are; £4.3 million and £5 million respectively.
The anode cost has had a very large impact on the overall cost of the system, with the
plain M300 costing £5.52 per m2 and the graphite felt costing £88, this is over a 93%
saving (and over 98% when compared to the Olmec used in the Heidrich et al.
pilot)76,79. The cost of manganese (IV) oxide deposition was determined to be £8.40
per m2 of anode (see appendix section 8.4.1 for details), which would result in a total
cost of £13.9 for a m2 MnOx M300 anode, which is still significantly less expensive
than the graphite felt anode.
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Though not used for further cost comparisons, if the example MEC used by Aiken et
al. replaced the Olmec carbon felt with the M300 recycled carbon fibre, an estimated
£31 million pound saving is possible (£42.3 million – £11.2 million = £31.1 million),
changing the breakdown of the costs dramatically (Figure 5-1).

A

B

Figure 5-1: Cost percentage breakdown for the Heidrich pilot determined by Aiken with the Olmec (A) and
M300 (B)anodes.
N.B. ‘Other’ encompasses: hydrogen tanks, piping/tubing, membranes and cassettes of the modules.

5.3 Operating cost comparisons – OpEx
By using the data current data and known voltage application from the experiments
described in Chapter 4, the amount of power in (kWh) was determined for the plain
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M300 and MnOx M300. This also took into account the general running costs (e.g. use
of pumps, general maintenance, staff costs) which was based on the running costs of
an ASP without the use of the blowers which was provided by Severn Trent Water.
Included in the OpEx costs was the savings from the energy recovery from the use of
hydrogen in a hydrogen fuel cell as well as the extra costs of replacing the catholyte.
The detail of how this was determined is in the appendix in section 8.4.2, with the final
costs detailed in Table 5-3.
Table 5-3: Final OpEx cost savings

Device

OpEx (£)

% Saving vs ASP

ASP

520,000.00

N/A

MEC M300 MnOx

342,641.31

34.11

MEC Plain M300

350,627.48

32.57

The energy cost savings (including the recovery of hydrogen gas) are £169 K and
£177 K for MEC M300 and MEC M300 MnOx, respectively. Using the CapEx’s
determined previously and the relevant OpEx, the total expenditure scenarios were
then determined.

5.4 Total life cycle cost comparison – TotEx
The total expenditure (TotEx) is the combination of CapEx and OpEx throughout a
predetermined period of time. Usually, the TotEx is in years to represent the lifetime
of the asset, which for wastewater assets can be between 25-50 years. As was alluded
to in section 5.2, the mechanical and engineering costs (M&E) can become a
significant cost for the TotEx of the asset, as they may need replacing multiple times
throughout the life time of the asset.153
An accurate TotEx for an MEC (to the level of existing wastewater treatment assets)
has not yet been determined (there are no MECs that have been used for 5 years or
more), so four different scenarios were developed and compared to the known TotEx
for an activated sludge pool. The TotEx scenarios were as follows:
TotEx ASP: Costs of the ASP are provided by Severn Trent and include the civils,
M&E and operational expenditures for the duration of 50 years.154
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TotEx 1: Costs of MECs assuming that all components excluding the tank are
replaced every five years. This includes; current collectors, anodes, module casing,
membrane and fittings.
TotEx 2: Costs of MECs assuming that all components excluding the tank are
replaced every 10 years. The components replaced are the same as those in TotEx
1.
TotEx 3: Costs of MECs assuming that the current collectors and the plastic casing of
the modules do not need replacing. All other components do, excluding the tank. The
stainless-steel current collectors were excluded as stainless steel 316 grade can have
up to a 50 yearlife time in water and wastewater conditions, so in theory, this should
not require replacing at the same rate as the other components.155
TotEx 4: Using costs of TotEx 3 with an overall 25% increase to the cost. This takes
into account any oversights or increasing costs of materials, labour, etc.
The TotEx 50 (50 years) are listed in Table 5-4.
Table 5-4: TotEx 50 list comparison

TotEx list

MEC MnOx M300 (millions £)

MEC M300 (millions £)

TotEx 1
TotEx 2
TotEx 3
TotEx 4

56.4
37.4
29.7
37.1

48.4
33.6
25.9
32.4

Compared to the TotEx of the ASP (£32.40 million – value from Capital Delivery team
at Severn Trent)154 the 3rd and 4th scenarios look promising for the MECs. Assuming
the model is reliable, both MECs cost less than the ASP over 50 years. However, if a
stress test is applied (a 25% increase in cost - scenario 4) only an MEC using plain
M300 has a TotEx that is equal to the ASP. The MnOx M300 MEC is over £4 million
more. Figure 5-2 shows how the TotEx’s compare over 50 years for an MEC using
plain M300 as the anode.

103

Figure 5-2: TotEx comparisons of the ASP and MEC scenarios

5.5 Improvements required
Further cost savings from the operation of the MEC will be very beneficial. The MECs
tested in Chapter 4 used 1 V from the power supply, severely limiting their efficiency.
This means that a lower applied voltage would have treated the wastewater to the
same standard as well as producing the same quantity of hydrogen gas, which would
have resulted in some potentially large financial savings.
The other issue to address is the recovery of hydrogen gas as this would have lowered
the operational costs due to the value of the gas. Coulombic efficiency calculations
(Section 4.3.7) indicated that losses were likely occurring (e.g. from leakage and
hydrogenotrophic microorganisms). Architectural improvements to recovery hydrogen
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will improve the OpEx and potentially, operational changes to reduce microbial
proliferation on the catholyte.
What has not been considered in the cost-benefit analysis is the wastewater treatment
performance of the MECs that requires significant improvement. If it is assumed that
the MECs would require a secondary treatment stage, an extra TotEx for another asset
would be required. Alternatively, alterations to the operation and architecture of the
MECs used in Chapter 4 would be required to improve the wastewater treatment
efficacy, which could impact the cost of building and running the MEC.

5.6 Summary: potential innovation lies with the use of recycled carbon
fibre as the anode – but not alone
The only way to deploy an MEC at scale will be when it becomes cost-competitive to
do so when compared the standard options deployed at STWs (i.e. ASPs, trickling
filters) . Compared to the larger and smaller-scale systems in the literature that have
used virgin graphite and carbon materials of varying compositions for the anode, the
recycled carbon fibres assessed in this cost-benefit analysis are significantly less
expensive.79
The cost saving achieved by using the recycled carbon fibre is so large that, assuming
comparable performance, there is a strong argument against using the virgin materials
in any larger-scale MEC for wastewater treatment. Only one graphite type material
was tested in the larger-scale MECs in Chapter 4 (as it was known to work as an
anode and was significantly cheaper than many other known graphite/carbon felts) so
other materials tested in the literature could still outperform the recycled carbon fibres.
However, the recycled carbon fibre materials performed significantly better and were
96% less expensive. At scale up, this resulted in a CapEx material saving of over £3.6
million (a 50% saving) compared to an MEC using graphite.
Arguably, compared to other MEC pilots, the use of recycled carbon fibre could be
disruptively innovative, as the cost-saving is so large. The TotEx calculations suggest
also that the deployment of MECs is a possibility with the recycled carbon fibre (being
both disruptively and radically innovative).
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Despite the cost savings possible from the use of the recycled carbon fibre and the
advantages (both in terms of price, sustainability and operational costs), the MECs all
showed poor wastewater treatment relative to activated sludge pools, which is the
main parameter that requires improvement from the MECs deployed in this project.
Better removal has been reported in the literature (with the same type of the graphite
felt used in the Chapter 4 MECs– SGL GFD 4.6)67 suggesting that it is architecture
(and potentially scale) that was effecting the COD removal of the MECs and not the
use of recycled carbon fibre.
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6 Conclusion
6.1 Overall significance of all results
Wastewater treatment requires large overhauls to its practices if the is to become more
environmentally and economically sustainable. The technology exists to process
wastewater effectively to protect populations from pathogens and the environment
from damage, yet much of the world’s wastewater is released to the environment
untreated and many people are forced to use dirty (and dangerous) water for drinking
and hygiene. The cost of wastewater treatment is not only harming the environment
actively, due to the burning of fossil fuels to power the assets, but it’s capital and
operational costs are beyond affordability for developing nations.
Numerous potential technologies are being investigated and developed to improve on
the sustainability of the wastewater treatment industry. Working with the ISLE group
in Italy, a UK based water and wastewater technology consultancy group, the main
gained knowledge from where the numbers of potential wastewater sludge destruction
technologies, which could reduce the cost of wastewater treatment, by processing
sludge more efficiently and by producing products with higher value. There are
examples of pyrolysis and gasification pilots with technology readiness levels (TRL) of
7-9, that are becoming increasingly more efficient. Their main failure, however, is that
these technologies are trying to deal with the problem by-product of wastewater
treatment (sludge production) instead of trying to solve the fundamental problem of
sludge production in the first place. These technologies also do not reduce the energy
demands of secondary wastewater treatment, namely from activated sludge pools.
The technology that is stopping wastewater treatment from becoming sustainable is
the very energy intensive (albeit effective) activated sludge pool. This asset must be
significantly improved in terms of energy use due to the nature of how it works
(constant aeration of wastewater) there is only so much that can be gained from
iterative improvements to the efficiency of operation of the blowers of an ASP. A
dramatic overhaul or alternative solution is required, especially if large scale
wastewater treatment is to be deployed in regions with poor wastewater treatment
infrastructure.
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MECs have the potential to solve this problem but improvements to multiple aspects
of the technology are required. Arguably, the work in this innovation report will
encourage larger-scale experimentation and deployment of pilot-scale MECs as major
cost savings have been achieved while performing better than a tried and tested
graphite felt used in a larger-scale pilot MEC.
By first assessing what the major barrier to deployment is (capital costs attributed to
the anode) materials have been investigated and developed as potential MEC (and
MFC) anodes to replace virgin graphite or carbon felts. Initial experiments have shown
that the materials are functional as electrodes in electrochemical systems (batteries,
fuel cells, electrolysis cells) demonstrated by their ability to produce currents and
facilitate electrochemical reactions on their anode surface. Lab-scale experiments,
though being inefficient in terms of energy recovery, demonstrated that biofilms could
be sustained on the recycled carbon fibre anodes and that hydrogen gas was
producible. 16S sequencing suggested that the recycled carbon fibres resulted in
small changes to the abundance of certain genera of microorganisms. A reduction of
Geobacter abundance due to the presence of manganese (IV) oxide(or a relative
abundance of them when it’s not present) does not seem to have resulted in negative
performance and appears to have stimulated the growth of different types of
exoelectrogenic bacteria, namely Arcobacter genus. There has also been a reduction
in sulfate reducing bacteria in manganese (IV) oxide coated anode biofilms,
suggesting that the oxide has either; directly dissuaded the growth of SRB or has
encouraged the growth of different microorganisms which are competitors with SRB.
Scale up yielded very promising results for the recycled carbon fibre anodes,
producing significantly more hydrogen gas than an MEC using graphite felt.
Furthermore, the MEC using the plain M300 performed best and also treated the
wastewater significantly better than the MEC using graphite felt. In terms of costbenefit, the predicted total expenditure of an MEC using the recycled carbon fibre was
not only significantly less expensive than an MEC using graphite felt but was also cost
comparable to an activated sludge pool. Despite the potential limitations of the cost
benefit analysis, the savings attributed to the use of recycled carbon fibre as an anode
have potentially enabled for much larger MECs to be constructed at pilot-scale to
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prove to water companies that MECs can replace the less efficient and unsustainable
assets used today, which would be an example of disruptive and radical innovation.
Despite the positive results of this research, there are issues that need to be
addressed, namely performance and operational costs. Lowering the voltage used to
run the MECs would dramatically increase the energy recovery and coulombic
efficiencies, as less energy would be used to run the system for theoretically, the same
hydrogen recovery. The substrate efficiency requires improvement and when
combined with the low energy recovery and coulombic efficiency, indicates that losses
of hydrogen to hydrogenotrophic bacteria (reported in multiple small and larger-scale
MECs) and losses from leakages require significant reductions. The MECs must be
able to treat wastewater to a higher standard than what was possible from the
upscaled variants described in Chapter 4.
The larger-scale cost comparisons and estimations bode well for the future of MECs,
showing the use of the recycled carbon fibre anode has been very significant in
reducing the cost and therefore, bringing the technology closer to deployment. Based
on the findings described in this Innovation Report, the cost reductions have the
potential to be an essential component of any future MEC. The electrodes used here
are carbon-based and therefore; conductive (while being derived from a waste
material). This results in a very inexpensive and environmentally sustainable anode
which, in terms of price, no other example of a carbon-based electrode that is
commercially available can be found. This renders other anode materials inferior from
a cost and sustainability perspective and in terms of performance, the results are
promising. This adds further weight to claim that the use of the recycled carbon fibres
as anodes in MECs would result in innovation as using other carbon-based materials
make the technology unviable due to cost.
Despite the positive outcomes of cost reduction that have been demonstrated by this
innovation report, the technology is still not ready for deployment and does require
additional work to confirm the technology’s potential and also to iterate and determine
the ideal architecture and optimal non-anodic components. Based on the findings from
this Innovation Report and literature examples, the new cost limiting component of the
MEC is now the current collector.
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A summary of the how the initial aims of the project that were outlined in the
introduction of this report have been addressed and how they contribute to science
and industry.
Table 6-1: Research aims and contributions to science and industry

Aim
Contribution to Science
Contribution to Industry
Identify a suitable
1. Encourage
focus
of
1. A use for a waste material that
anode
materials
academia on other material
would otherwise be disposed
that is inexpensive
components
of
of in landfill. This in turn, will
– achieved via the
electrochemical systems
valorize the material.
use of recycled
that require cost reduction
2. The diversion of any materials
carbon fibres
or trying to improve upon
from landfill will reduce the
the embodied climate
operational costs of the
change potential of the
producer of the waste carbon
material
i.e.
current
fibres.
collectors, membranes etc.
2. Inexpensive nature of
material should encourage
more research into the area
for larger scale applications
due to the significantly
reduced costs.
Demonstrate
1. Different anode materials
1. For the water industry, the
inexpensive
resulted in biofilms having
production
of
hydrogen
material
is
different
relative
sulphide
from
sulphate
functional in an
abundances of different
reducing bacteria is hazardous
MEC – achieved via
genus of microorganisms
to human health and results in
the use of recycled
(including
electrogenic
the damaging of assets. The
carbon fibres and
genera).
use of manganese oxide
successful
2. Manganese
oxide
appears to stem their
electrodeposition
electrodepositions
proliferation – this could be a
of
manganese
appeared to negatively
simple and cost effective
oxide.
influence the proliferation
method of reducing hydrogen
of
sulphate
reducing
sulphide production, resulting
bacteria – a phenomenon
in a net capital and
that should be further
operational saving.
explored as there are
potential
real
world
applications for this.
Upscaling of the
1. MECs will benefit from
1. Demonstration that large
MEC – achieved
further
research
and
capital cost savings of MECs
investigation at lab, bench
are possible with the use of
top and pilot trial before
recycled carbon fibre anodes.
they are deployed as
2. Demonstration that hydrogen
wastewater
treatment
gas recovery is possible from
assets. Therefore, the
sewage using MECs and that
successful demonstration
the least expensive version of
of recycled carbon fibres
MEC
had
the
best
(which remove the anode
performance in that regard
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as the major cost barrier of
the
technology)
will
encourage researchers to
investigate other elements
of MECs that must be
addressed for deployment
(i.e.
architecture,
membrane use, sewage
feed, voltage supply etc.).

Cost
benefit
analysis of the
upscaled MECs

1. Improved appreciation and
understanding
of
the
importance of cost benefit
analysis
and
the
importance for scientific
discoveries
to
have
economic
and
social
benefits to society.

(there is growing increase in
interest for hydrogen gas
production from sewage
treatment technologies by the
water industry.
3. Demonstration that the best
performing MEC was not
impacted
negatively
by
changing
temperature,
indicating that hydrogen
production and COD removal
is possible during warmer and
colder periods.
1. Potential of MECs to cost
competitive with existing
wastewater treatment assets
that are currently employed
on sewage treatment works.
2. Demonstration of operational
cost savings due to the lower
energy usage of an MEC
compared to an ASP (as well
as the lower operational
carbon emissions of the MEC
over the ASP).

6.2 Suggested future work to move closer to the deployment of MECs
To get MECs closer to deployment, the following four areas would appear to be key
areas for investigation:
1. Attempts to address the issue of solids retention within the reactor and to
confirm whether scale is having an impact on this (i.e. does increasing the
scale/changing the dimensions of the reactor change the settling time). It is
possible that a desludging mechanism will be required or a longer HRT.
2. Any further reductions to capital costs for the current collector and confirming
the reactor vessel (tank).
3. Improvements to wastewater treatment performance.
4. A life cycle assessment of the MEC, including its construction and operation,
relative to an activated sludge pool. This will be important to confirm whether
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an MEC does result in a positive environmental impact relative to an activated
sludge pool.
With more understanding of these four areas, there will be a strong argument to
build the systems at m3 scales and demonstrate the cost of doing so (capital and
operational costs).

6.3 The importance of sustainable business practices
The need to continue to develop environmentally sustainable business practices for
all industries is now vital if the effects of climate change are to be prevented. Humans
depend on the environment for the economy as well as health and well-being, so it is
in the interest of humanity to take measures to prevent man-made climate change and
the associated negative impacts this has. The water industry has a relatively low global
impact in terms of carbon emissions (compared to transport, aviation or animal
agriculture) but within more developed economies, the potential carbon savings can
be quite substantial. The reason the wastewater treatment industry has a low global
impact is in part due to a lack of developed wastewater treatment infrastructure. Many
developing economies cannot afford the running costs associated with wastewater
treatment, resulting in untreated wastewater discharges to the environment. If a
method of treating wastewater is developed at a significantly lower cost (either due to
lower input costs or the benefit of an output of value) more wastewater will be treated
globally, protecting natural water sources from untreated discharges. Sustainable
business practices do not just revolve around improving the environment at the
expense of economic or social sustainability. Instead, they should encompass all
three, and should not have a negative impact on the economy or societal well-being.
These challenges for all industries, not just the water sector, must continue to be
investigated if humans, and indeed all other species, are to continue to thrive and
enjoy a good standard of living.

112

7 Reference List
1.

Severn

Trent

Water.

Facts

&

figures.

(2019).

at

<https://www.stwater.co.uk/news/facts-and-figures/>
2.

Environment Agency. Environment Agency tells water companies to clean up
their

act

and

protect

the

environment

from

pollution.

(2019).

at

<https://www.gov.uk/government/news/environment-agency-tells-watercompanies-to-clean-up-their-act-and-protect-the-environment-from-pollution>
3.

Watts, N., Amann, M., Ayeb-Karlsson, S., Belesova, K., Bouley, T., Boykoff, M.,
Byass, P., Cai, W., Campbell-Lendrum, D., Chambers, J., Cox, P. M., Daly, M.,
Dasandi, N., Davies, M., Depledge, M., Depoux, A., Dominguez-Salas, P.,
Drummond, P., Ekins, P., Flahault, A., Frumkin, H., Georgeson, L., Ghanei, M.,
Grace, D., Graham, H., Grojsman, R., Haines, A., Hamilton, I., Hartinger, S.,
Johnson, A., Kelman, I., Kiesewetter, G., Kniveton, D., Liang, L., Lott, M., Lowe,
R., Mace, G., Odhiambo Sewe, M., Maslin, M., Mikhaylov, S., Milner, J., Latifi,
A. M., Moradi-Lakeh, M., Morrissey, K., Murray, K., Neville, T., Nilsson, M.,
Oreszczyn, T., Owfi, F., Pencheon, D., Pye, S., Rabbaniha, M., Robinson, E.,
Rocklöv, J., Schütte, S., Shumake-Guillemot, J., Steinbach, R., Tabatabaei, M.,
Wheeler, N., Wilkinson, P., Gong, P., Montgomery, H. & Costello, A. The Lancet
Countdown on health and climate change: from 25 years of inaction to a global
transformation for public health. The Lancet 391, 581–630 (2017).

4.

United

Nations.

Sustianable

development

goal

7.

(2019).

at

<https://sustainabledevelopment.un.org/sdg7>
5.

Kooten, G. C. van. Climate Change, Climate Science and Economics Prospects
for an Alternative Energy Future. Dordrecht ; New York : Springer, c2013. 1,
(2013).

6.

Blackburn, W. R. The Sustainability Handbook: The Complete Management
Guide to Achieving Social, Economic and Environmental Responsibility. The
Journal

of

Corporate

Citizenship

(2007).

at

<http://search.proquest.com/docview/211906464?accountid=10297%5Cnhttp:/
/sfx.cranfield.ac.uk/cranfield?url_ver=Z39.882004&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&genre=unknown&sid=ProQ:Pro
Q:abiglobal&atitle=The+Sustainability+Handbook:+The+Complete+Manage>

113

7.

Water,

U.

World

Water

Development

Report

2017.

(2017).

at

<www.unwater.org>
8.

Chunara, R., Andrews, J. R. & Brownstein, J. S. Social and news media enable
estimation of epidemiological patterns early in the 2010 Haitian cholera
outbreak. American Journal of Tropical Medicine and Hygiene 86, 39–45 (2012).

9.

Mogens Henze, Poul Harremoes, Jes la Cour Jansen, E. A. Wastewater
Treatment: Biological and Chemical Processes. (2002).

10.

de-Bashan, L. E. & Bashan, Y. Recent advances in removing phosphorus from
wastewater and its future use as fertilizer (1997–2003). Water Research 38,
4222–4246 (2004).

11.

Brentrup, F., Küsters, J., Kuhlmann, H. & Lammel, J. Application of the Life
Cycle Assessment methodology to agricultural production: an example of sugar
beet production with different forms of nitrogen fertilisers. European Journal of
Agronomy 14, 221–233 (2001).

12.

DEFRA. Managing Abstraction and the Water Environment. (2013). at
<https://consult.defra.gov.uk/water/abstractionreform/supporting_documents/abstractreformconsultmanage20131217.pdf>

13.

Tchobanoglous, G., Stensel, H. D., Tsuchihashi, R., Burton, F., Abu-Orf, M.,
Bowden, G. & Pfrang, W. Wastewater Engineering: Treatment and Resource
Recovery - Metcalf & Eddy. (McGraw Hill Education, 2014).

14.

UK Government - Secretary of State of the Environment. The Urban Waste
Water Treatment (England and Wales) Regulations 1994. (1994). at
<http://www.legislation.gov.uk/uksi/1994/2841/made/data.pdf>

15.

Kumar, M., Daverey, A., Gu, J. D. & Lin, J. G. Anammox Processes. in Current
Developments in Biotechnology and Bioengineering: Biological Treatment of
Industrial Effluents 387–407 (2016). doi:10.1016/B978-0-444-63665-2.00015-1

16.

Rahaman, M. S., Mavinic, D. S., Meikleham, A. & Ellis, N. Modeling phosphorus
removal and recovery from anaerobic digester supernatant through struvite
crystallization in a fluidized bed reactor. Water Research 51, 1–10 (2014).

17.

Capodaglio, A. G. & Olsson, G. Energy issues in sustainable urban wastewater
management: Use, demand reduction and recovery in the urban water cycle.
Sustainability (Switzerland) 12, (2020).

18.

Severn Trent Water. Personal Communication with STW representative
114

regarding activated sludge pool energy use. (2019).
19.

Zhang, W., Alvarez-Gaitan, J. P., Dastyar, W., Saint, C. P., Zhao, M. & Short,
M. D. Value-added products derived from waste activated sludge: A biorefinery
perspective. Water (Switzerland) 10, 1–20 (2018).

20.

Zhao, J., Gui, L., Wang, Q., Liu, Y., Wang, D., Ni, B. J., Li, X., Xu, R., Zeng, G.
& Yang, Q. Aged refuse enhances anaerobic digestion of waste activated
sludge. Water Research 123, 724–733 (2017).

21.

Parliamentry Office of Science and Technology. Energy and Sewage. 7, 2005–
2008 (2007).

22.

OVO Energy. OVO Energy - Average energy consumption UK. (2019).

23.

Chen, S. & Chen, B. Net energy production and emissions mitigation of domestic
wastewater treatment system: A comparison of different biogas-sludge use
alternatives. Bioresource Technology 144, 296–303 (2013).

24.

McCarty, P. L., Bae, J. & Kim, J. Domestic wastewater treatment as a net energy
producer - can this be achieved? Environmental science & technology 45, 7100–
6 (2011).

25.

Sato, T., Qadir, M., Yamamoto, S., Endo, T. & Zahoor, A. Global, regional, and
country level need for data on wastewater generation, treatment, and use.
Agricultural Water Management 130, 1–13 (2013).

26.

Çelen, I. & Türker, M. Recovery of Ammonia as Struvite from Anaerobic Digester
Effluents. Environmental Technology 22, 1263–1272 (2001).

27.

Cao, Y. & Pawłowski, A. Sewage sludge-to-energy approaches based on
anaerobic digestion and pyrolysis: Brief overview and energy efficiency
assessment. Renewable and Sustainable Energy Reviews 16, 1657–1665
(2012).

28.

Larsen, T. A., Udert, K. M. & Lienert, J. Source Separation and Decentralization
for Wastewater Management. (2013). doi:10.2166/9781780401072

29.

Oladejo, J., Shi, K., Luo, X., Yang, G. & Wu, T. A review of sludge-to-energy
recovery methods. Energies 12, 1–38 (2019).

30.

Basu, P. & Basu, P. Gasification Theory and Modeling of Gasifiers. Biomass
Gasification and Pyrolysis 117–165 (2010). doi:10.1016/B978-0-12-3749888.00005-2

31.

Enertecgreen.

Enertecgreen

-

The

115

Green

Machine.

(2015).

at

<http://www.enertecgreen.com>
32.

PYREG. Pyreg - Website. (2019). at <https://www.pyreg.de>

33.

Seghezzo, L., Zeeman, G., van Lier, J. B., Hamelers, H. V. M. & Lettinga, G. A
review: The anaerobic treatment of sewage in UASB and EGSB reactors.
Bioresource Technology 65, 175–190 (1998).

34.

Zhang, Z.-P., Tay, J.-H., Show, K.-Y., Yan, R., Tee Liang, D., Lee, D.-J. & Jiang,
W.-J. Biohydrogen production in a granular activated carbon anaerobic fluidized
bed reactor. International Journal of Hydrogen Energy 32, 185–191 (2007).

35.

Bergamo, C. M., Di Monaco, R., Ratusznei, S. M., Rodrigues, J. A. D., Zaiat, M.
& Foresti, E. Effects of temperature at different organic loading levels on the
performance of a fluidized-bed anaerobic sequencing batch bioreactor.
Chemical Engineering and Processing: Process Intensification 48, 789–796
(2009).

36.

Blasi, A., Fiorenza, G., Freda, C. & Calabrò, V. Steam reforming of biofuels for
the production of hydrogen-rich gas. Membranes for Clean and Renewable
Power Applications 145–181 (2014). doi:10.1533/9780857098658.3.145

37.

The MBR Site. Assessing the suitability of an MBR over other technologies.
(2019). at <https://www.thembrsite.com/assessing-the-suitability-of-membranebioreactor-over-other-technologies/>

38.

Ellis, J. T., Hengge, N. N., Sims, R. C. & Miller, C. D. Acetone, butanol, and
ethanol production from wastewater algae. Bioresource Technology 111, 491–
495 (2012).

39.

Wang, L., Min, M., Li, Y., Chen, P., Chen, Y., Liu, Y., Wang, Y. & Ruan, R.
Cultivation of Green Algae Chlorella sp. in Different Wastewaters from Municipal
Wastewater Treatment Plant. Applied Biochemistry and Biotechnology 162,
1174–1186 (2010).

40.

Shilton, A. N., Powell, N. & Guieysse, B. Plant based phosphorus recovery from
wastewater via algae and macrophytes. Current Opinion in Biotechnology 23,
884–889 (2012).

41.

Rabaey, K., Bützer, S., Brown, S., Keller, J. & Rozendal, R. A. High Current
Generation Coupled to Caustic Production Using a Lamellar Bioelectrochemical
System. 44, 4315–4321 (2010).

42.

Cusick, R. D. & Logan, B. E. Phosphate recovery as struvite within a single
116

chamber microbial electrolysis cell. Bioresource Technology 107, 110–115
(2012).
43.

Zamora, P., Georgieva, T., Ter Heijne, A., Sleutels, T. H. J. A., Jeremiasse, A.
W., Saakes, M., Buisman, C. J. N. & Kuntke, P. Ammonia recovery from urine
in a scaled-up Microbial Electrolysis Cell. Journal of Power Sources 356, 491–
499 (2017).

44.

Call, D. & Logan, B. E. Hydrogen production in a single chamber microbial
electrolysis cell lacking a membrane. Environmental Science and Technology
42, 3401–3406 (2008).

45.

CAFCP. California fuel cell partnership - price of hydrogen. (2015). at
<https://cafcp.org>

46.

Logan, B. E. Exoelectrogenic bacteria that power microbial fuel cells. Nature
Reviews Microbiology 7, 375–381 (2009).

47.

Logan, B. E., Call, D., Cheng, S., Hamelers, H. V. M., Sleutels, T. H. J. a.,
Jeremiasse, A. W. & Rozendal, R. a. Microbial electrolysis Cells for High Yield
Hydrogen Gas Production from Organic Matter. Environmental science &
technology 42, 8630–8640 (2008).

48.

Wagner, R. C., Regan, J. M., Oh, S. E., Zuo, Y. & Logan, B. E. Hydrogen and
methane production from swine wastewater using microbial electrolysis cells.
Water Research 43, 1480–1488 (2009).

49.

Rozendal, R. A., Hamelers, H. V. M., Euverink, G. J. W., Metz, S. J. & Buisman,
C. J. N. Principle and perspectives of hydrogen production through biocatalyzed
electrolysis. International Journal of Hydrogen Energy 31, 1632–1640 (2006).

50.

Tartakovsky, B., Manuel, M. F., Wang, H. & Guiot, S. R. High rate membraneless microbial electrolysis cell for continuous hydrogen production. International
Journal of Hydrogen Energy 34, 672–677 (2009).

51.

Nitta, N., Wu, F., Lee, J. T. & Yushin, G. Li-ion battery materials : present and
future. Biochemical Pharmacology 18, 252–264 (2015).

52.

Barrera, P. Graphite Outlook 2019: Will Supply Increase? Graphite Investing
News (2018). at <https://investingnews.com/daily/resource-investing/batterymetals-investing/graphite-investing/graphite-outlook/>

53.

Baudler, A., Schmidt, I., Langner, M., Greiner, A. & Schröder, U. Does it have to
be carbon? Metal anodes in microbial fuel cells and related bioelectrochemical
117

systems. Energy and Environmental Science 8, 2048–2055 (2015).
54.

Pletcher, D. Bioelectrosynthesis – Electrolysis and Electrodialysis. (2008).

55.

Selembo, P. A., Merrill, M. D. & Logan, B. E. The use of stainless steel and
nickel alloys as low-cost cathodes in microbial electrolysis cells. Journal of
Power Sources 190, 271–278 (2009).

56.

Daud, S. M. ariam, Kim, B. H. ong, Ghasemi, M. & Daud, W. R. amli W.
Separators used in microbial electrochemical technologies: Current status and
future prospects. Bioresource technology 195, 170–179 (2015).

57.

Entek. Entek Membranes. (2019).

58.

Hu, H., Fan, Y. & Liu, H. Hydrogen production in single-chamber tubular
microbial electrolysis cells using non-precious-metal catalysts. International
Journal of Hydrogen Energy 34, 8535–8542 (2009).

59.

Call, D. F. & Logan, B. E. A method for high throughput bioelectrochemical
research based on small scale microbial electrolysis cells. Biosensors &
bioelectronics 26, 4526–31 (2011).

60.

Ribot-Llobet, E., Nam, J.-Y., Tokash, J. C., Guisasola, A. & Logan, B. E.
Assessment of four different cathode materials at different initial pHs using
unbuffered catholytes in microbial electrolysis cells. International Journal of
Hydrogen Energy 38, 2951–2956 (2013).

61.

Selembo, P. A., Merrill, M. D. & Logan, B. E. Hydrogen production with nickel
powder cathode catalysts in microbial electrolysis cells. International Journal of
Hydrogen Energy 35, 428–437 (2010).

62.

Zhang, X., Pant, D., Zhang, F., Liu, J., He, W. & Logan, B. E. Long-Term
Performance of Chemically and Physically Modified Activated Carbons in Air
Cathodes of Microbial Fuel Cells. ChemElectroChem 1, 1859–1866 (2014).

63.

Bullion

by

post.

Platinum

Price.

(2019).

at

<https://www.bullionbypost.co.uk/platinum-price/platinum-price-per-kilo/>
64.

Sakysteel.

Stainless

Steel

Pricing.

Alibaba.com

(2019).

at

<https://www.alibaba.com/product-detail/430-304-304L-316L-201310s_60351358521.html?spm=a2700.7724857.normalList.30.4cf06032P7bQ
mY>
65.

Index

Mundi.

Nickel

Pricing.

(2019).

at

<https://www.indexmundi.com/commodities/?commodity=nickel&months=12&c
118

urrency=gbp>
66.

Ningxia Baiyun Carbon Co., L. Activated Carbon pricing. Alibaba.com (2019).

67.

Cotterill, S. E., Dolfing, J., Jones, C., Curtis, T. P. & Heidrich, E. S. Low
Temperature Domestic Wastewater Treatment in a Microbial Electrolysis Cell
with 1 m 2 Anodes: Towards System Scale-Up. Fuel Cells 17, 584–592 (2017).

68.

Su, M., Wei, L., Qiu, Z., Wang, G. & Shen, J. Hydrogen production in single
chamber microbial electrolysis cells with stainless steel fiber felt cathodes.
Journal of Power Sources 301, 29–34 (2016).

69.

Dong, Y., Qu, Y., He, W., Du, Y., Liu, J., Han, X. & Feng, Y. A 90-liter stackable
baffled microbial fuel cell for brewery wastewater treatment based on energy
self-sufficient mode. Bioresource Technology 195, 66–72 (2015).

70.

Krieg, T., Madjarov, J., Rosa, L. F. M., Enzmann, F., Harnisch, F., Holtmann, D.
& Rabaey, K. in Bioelectrosynthesis (eds. Harnisch, F. & Holtmann, D.) 231–
271 (Springer International Publishing, 2019). doi:10.1007/10_2017_40

71.

Escapa, A., San-Martín, M. I., Mateos, R. & Morán, A. Scaling-up of
membraneless microbial electrolysis cells (MECs) for domestic wastewater
treatment: Bottlenecks and limitations. Bioresource technology 180, 72–8
(2015).

72.

Cusick, R. D., Bryan, B., Parker, D. S., Merrill, M. D., Mehanna, M., Kiely, P. D.,
Liu, G. & Logan, B. E. Performance of a pilot-scale continuous flow microbial
electrolysis cell fed winery wastewater. Applied Microbiology and Biotechnology
89, 2053–2063 (2011).

73.

Heidrich, E. S., Dolfing, J., Scott, K., Edwards, S. R., Jones, C. & Curtis, T. P.
Production of hydrogen from domestic wastewater in a pilot-scale microbial
electrolysis cell. Applied Microbiology and Biotechnology 97, 6979–6989 (2013).

74.

Deng, Q., Li, X., Zuo, J., Ling, A. & Logan, B. E. Power generation using an
activated carbon fiber felt cathode in an upflow microbial fuel cell. Journal of
Power Sources 195, 1130–1135 (2010).

75.

A novel tubular microbial electrolysis cell for high rate hydrogen production.
Journal of Power Sources 356, 484–490 (2017).

76.

Heidrich, E. S., Edwards, S. R., Dolfing, J., Cotterill, S. E. & Curtis, T. P.
Performance of a pilot scale microbial electrolysis cell fed on domestic
wastewater at ambient temperatures for a 12month period. Bioresource
119

Technology 173, 87–95 (2014).
77.

Birkinshaw, J., Bouquet, C. & Barsoux, J. The 5 Myths of Innovation. MITSloan
Management Review 1–14 (2010). doi:10.1093/itnow/bwm040

78.

Christensen, C., Johnson, C. W. & Horn, M. B. Disrupting Class, Expanded
Edition: How Disruptive Innovation Will Change the Way the World Learns.
Christensen, C., Johnson, C. W., & Horn, M. B. (2010). Disrupting Class,
Expanded Edition: How Disruptive Innovation Will Change the Way the World
Learns. *()Preencher, 273. https://doi.org/10.1036/0071592067*()Preencher
273 (2010). doi:10.1036/0071592067

79.

Aiken, D. C., Curtis, T. P. & Heidrich, E. S. Avenues to the financial viability of
microbial electrolysis cells [MEC] for domestic wastewater treatment and
hydrogen production. International Journal of Hydrogen Energy 44, 2426–2434
(2019).

80.

Marsh, H., Rodríguez-Reinoso, F., Marsh, H. & Rodríguez-Reinoso, F.
Production and Reference Material. Activated Carbon 454–508 (2006).
doi:10.1016/B978-008044463-5/50023-6

81.

Gupta, A., Dhakate, S. R., Pal, P., Dey, A., Iyer, P. K. & Singh, D. K. Effect of
graphitization temperature on structure and electrical conductivity of polyacrylonitrile based carbon fibers. Diamond and Related Materials 78, 31–38
(2017).

82.

Escapa, A., Gil-Carrera, L., García, V. & Morán, A. Performance of a continuous
flow microbial electrolysis cell (MEC) fed with domestic wastewater. Bioresource
Technology 117, 55–62 (2012).

83.

Baeza, J. A., Martínez-Miró, À., Guerrero, J., Ruiz, Y. & Guisasola, A.
Bioelectrochemical hydrogen production from urban wastewater on a pilot scale.
Journal of Power Sources 356, 500–509 (2017).

84.

Santoro, C., Arbizzani, C., Erable, B. & Ieropoulos, I. Microbial fuel cells: From
fundamentals to applications. A review. Journal of Power Sources 356, 225–244
(2017).

85.

Sonawane, J. M., Yadav, A., Ghosh, P. C. & Adeloju, S. B. Recent advances in
the development and utilization of modern anode materials for high performance
microbial fuel cells. Biosensors and Bioelectronics 90, 558–576 (2017).

86.

Terry, L., Mena, C., Williams, A., Jenney, N. & Whitehead, P. Fruit and vegetable
120

resource maps. Wrap 1–94 (2011).
87.

Roca, E. & Herva, D. M. Handbook of Life Cycle Assessment (LCA) of Textiles
and Clothing. Handbook of Life Cycle Assessment (LCA) of Textiles and
Clothing (Elsevier, 2015). doi:10.1016/B978-0-08-100169-1.00003-4

88.

Meng, F., McKechnie, J. & Pickering, S. J. An assessment of financial viability
of recycled carbon fibre in automotive applications. Composites Part A: Applied
Science and Manufacturing 109, 207–220 (2018).

89.

Mark, H. Carbon fibre: the wonder material with a dirty secret. The Guardian
(2017).

at

<https://www.theguardian.com/sustainable-

business/2017/mar/22/carbon-fibre-wonder-material-dirty-secret>
90.

Green Alliance. Getting it right from the start Developing a circular economy for
novel

materials.

(2017).

at

<https://www.green-

alliance.org.uk/resources/Novel_Materials.pdf>
91.

Howarth, J., Mareddy, S. S. R. & Mativenga, P. T. Energy intensity and
environmental analysis of mechanical recycling of carbon fibre composite.
Journal of Cleaner Production 81, 46–50 (2014).

92.

Phansroy, N., Aso, Y., Sasaki, S., Aoki, T. & Ohara, H. Immobilization of the iron
on the surface of non-woven carbon fiber for use in a microbial fuel cell.
Materials for Renewable and Sustainable Energy 5, 1–7 (2016).

93.

Lv, Z., Xie, D., Yue, X., Feng, C. & Wei, C. Ruthenium oxide-coated carbon felt
electrode: A highly active anode for microbial fuel cell applications. Journal of
Power Sources 210, 26–31 (2012).

94.

Zhang, C., Liang, P., Jiang, Y. & Huang, X. Enhanced power generation of
microbial fuel cell using manganese dioxide-coated anode in flow-through
mode. Journal of Power Sources 273, (2015).

95.

Alibaba

(China)

Co.,

L.

Manganese

(II)

acetate

price.

(2019).

at

<https://www.alibaba.com/product-detail/98-Manganous-Acetate-ManganeseIIFor_60373885731.html?spm=a2700.7724857.normalList.1.57ee6db0TkGRKq
&s=p>
96.

Elgrishi, N., Rountree, K. J., McCarthy, B. D., Rountree, E. S., Eisenhart, T. T.
& Dempsey, J. L. A Practical Beginner’s Guide to Cyclic Voltammetry. Journal
of Chemical Education 95, 197–206 (2018).
121

97.

Zoski, C. G. Handbook of Electrochemistry. (Elsevier Science & Technology,
2006).

at

<https://ebookcentral.proquest.com/lib/warw/detail.action?docID=285805#>
98.

Pandurangachar, M., Kumara Swamy, B. E., Chandrashekar, B. N., Gilbert, O.,
Reddy, S. & Sherigara, B. S. Electrochemical investigations of potassium
ferricyanide and dopamine by 1-butyl-4-methylpyridinium tetrafluoro borate
modified carbon paste electrode: A cyclic voltammetric study. International
Journal of Electrochemical Science 5, 1187–1202 (2010).

99.

Zerfaß, C., Chen, J. & Soyer, O. S. Engineering microbial communities using
thermodynamic principles and electrical interfaces. Current Opinion in
Biotechnology 50, 121–127 (2018).

100. Ghaemi, M., Amrollahi, R., Ataherian, F. & Kassaee, M. Z. New advances on
bipolar rechargeable alkaline manganese dioxide-zinc batteries. Journal of
Power Sources 117, 233–241 (2003).
101. Fu, L., Tang, K., Song, K., Van Aken, P. A., Yu, Y. & Maier, J. Nitrogen doped
porous carbon fibres as anode materials for sodium ion batteries with excellent
rate performance. Nanoscale 6, 1384–1389 (2014).
102. Choi, Y. K., Chung, K. Il, Kim, W. S., Sung, Y. E. & Park, S. M. Suppressive
effect of Li2CO3on initial irreversibility at carbon anode in Li-ion batteries.
Journal of Power Sources 104, 132–139 (2002).
103. ELG Carbon Fibre Ltd. LCA benefits of rCF. Composite Recycling & LCA (2017).
at <http://www.elgcf.com/assets/documents/ELGCF-Presentation-CompositeRecycling-LCA-March2017.pdf>
104. Charnley, F., Lemon, M. & Evans, S. Exploring the process of whole system
design. Design Studies 32, 156–179 (2011).
105. Thackeray, M. M., Johnson, C. S., Vaughey, J. T., Li, N. & Hackney, S. A.
Advances in manganese-oxide ‘ composite ’ electrodes for lithium-ion batteries.
2257–2267 (2005). doi:10.1039/b417616m
106. Wei, W., Cui, X. & Ivey, D. G. Chem Soc Rev Manganese oxide-based materials
as

electrochemical

supercapacitor

electrodes.

1697–1721

(2011).

doi:10.1039/c0cs00127a
107. Feng, Y., Yang, Q., Wang, X. & Logan, B. E. Treatment of carbon fiber brush
anodes for improving power generation in air-cathode microbial fuel cells.
122

Journal of Power Sources 195, 1841–1844 (2010).
108. Kiely, P. D., Cusick, R., Call, D. F., Selembo, P. A., Regan, J. M. & Logan, B. E.
Anode microbial communities produced by changing from microbial fuel cell to
microbial electrolysis cell operation using two different wastewaters.
Bioresource Technology 102, 388–394 (2011).
109. SIMPSON, E. H. Measurement of Diversity. Nature 163, 688 (1949).
110. Hunter, P. R. & Gaston, M. A. Numerical index of the discriminatory ability of
typing systems: An application of Simpson’s index of diversity. Journal of Clinical
Microbiology 26, 2465–2466 (1988).
111. Spellerberg, I. F. & Fedor, P. J. A tribute to Claude-Shannon (1916-2001) and a
plea for more rigorous use of species richness, species diversity and the
‘Shannon-Wiener’ Index. Global Ecology and Biogeography 12, 177–179
(2003).
112. Nagendra, H. Opposite trends in response for the Shannon and Simpson indices
of landscape diversity. Applied Geography 22, 175–186 (2002).
113. Lovley, D. R. Bug juice: harvesting electricity with microorganisms. Nature
Reviews Microbiology 4, 497–508 (2006).
114. Kim, J. R., Premier, G. C., Hawkes, F. R., Rodríguez, J., Dinsdale, R. M. &
Guwy, A. J. Modular tubular microbial fuel cells for energy recovery during
sucrose wastewater treatment at low organic loading rate. Bioresource
Technology 101, 1190–1198 (2010).
115. Hu, H., Fan, Y. & Liu, H. Hydrogen production using single-chamber membranefree microbial electrolysis cells. Water research 42, 4172–8 (2008).
116. Pant, D., Van Bogaert, G., Diels, L. & Vanbroekhoven, K. A review of the
substrates used in microbial fuel cells (MFCs) for sustainable energy production.
Bioresource technology 101, 1533–43 (2010).
117. Ahn, Y. & Logan, B. E. Altering Anode Thickness To Improve Power Production
in Microbial Fuel Cells with Different Electrode Distances. Energy & Fuels 27,
271–276 (2013).
118. Choi, S. & Chae, J. Optimal biofilm formation and power generation in a microsized microbial fuel cell (MFC). Sensors and Actuators, A: Physical 195, 206–
212 (2013).
119. Moreno, R., San-Martín, M. I., Escapa, A. & Morán, A. Domestic wastewater
123

treatment in parallel with methane production in a microbial electrolysis cell.
Renewable Energy 93, 442–448 (2016).
120. Du, Z., Li, H. & Gu, T. A state of the art review on microbial fuel cells: A promising
technology for wastewater treatment and bioenergy. Biotechnology advances
25, 464–82 (2007).
121. Call, D. F., Wagner, R. C. & Logan, B. E. Hydrogen Production by Geobacter
Species and a Mixed Consortium in a Microbial Electrolysis Cell. Applied and
Environmental Microbiology 75, 7579–7587 (2009).
122. Bond, D. R. & Lovley, D. R. Electricity Production by Geobacter sulfurreducens
Attached to Electrodes Electricity Production by Geobacter sulfurreducens
Attached to Electrodes. Applied and Environmental Microbiology 69, 1548–1555
(2003).
123. Speers, A. M., Reguera, G., Beyenal, H. & Babauta, J. in Biofilms in
Bioelectrochemical Systems 37–60 (John Wiley & Sons, Inc, 2015).
doi:10.1002/9781119097426.ch2
124. Aklujkar, M., Coppi, M. V., Leang, C., Kim, B. C., Chavan, M. a., Perpetua, L.
a., Giloteaux, L., Liu, a. & Holmes, D. E. Proteins involved in electron transfer
to Fe(III) and Mn(IV) oxides by Geobacter sulfurreducens and Geobacter
uraniireducens. Microbiology 159, 515–535 (2013).
125. Fan, Y., Xu, S., Schaller, R., Jiao, J., Chaplen, F. & Liu, H. Nanoparticle
decorated anodes for enhanced current generation in microbial electrochemical
cells. Biosensors and Bioelectronics 26, 1908–1912 (2011).
126. Coleman, J. P. & Smith, C. J. Microbial classification. xPharm: The
Comprehensive Pharmacology Reference 1–4 (2007). doi:10.1016/B978008055232-3.60223-5
127. Wright, M. H., Farooqui, S. M., White, A. R. & Greene, A. C. Production of
manganese oxide nanoparticles by Shewanella species. Applied and
Environmental Microbiology 82, 5402–5409 (2016).
128. Chaker, V. Corrosion, Underground. Encyclopedia of Materials: Science and
Technology 1713–1715 (2001). doi:10.1016/b0-08-043152-6/00308-9
129. Lv, M., Du, M., Li, X., Yue, Y. & Chen, X. Mechanism of microbiologically
influenced corrosion of X65 steel in seawater containing sulfate-reducing
bacteria and iron-oxidizing bacteria. Journal of Materials Research and
124

Technology 1–13 (2019). doi:10.1016/j.jmrt.2019.07.016
130. Spring, S., Sorokin, D. Y., Verbarg, S., Rohde, M., Woyke, T. & Kyrpides, N. C.
Sulfate-Reducing Bacteria That Produce Exopolymers Thrive in the Calcifying
Zone of a Hypersaline Cyanobacterial Mat . Frontiers in Microbiology 10, 862
(2019).
131. Hao, O. J. in Handbook of Water and Wastewater Microbiology 459–469
(Academic

Press,

2003).

at

<https://www.sciencedirect.com/science/article/pii/B9780124701007500297>
132. Vandieken, V., Pester, M., Finke, N., Hyun, J. H., Friedrich, M. W., Loy, A. &
Thamdrup, B. Three manganese oxide-rich marine sediments harbor similar
communities of acetate-oxidizing manganese-reducing bacteria. ISME Journal
6, 2078–2090 (2012).
133. Pereira-Medrano, A. G., Knighton, M., Fowler, G. J. S., Ler, Z. Y., Pham, T. K.,
Ow, S. Y., Free, A., Ward, B. & Wright, P. C. Quantitative proteomic analysis of
the exoelectrogenic bacterium Arcobacter butzleri ED-1 reveals increased
abundance of a flagellin protein under anaerobic growth on an insoluble
electrode. Journal of Proteomics 78, 197–210 (2013).
134. Lee, H.-S. S. & Rittmann, B. E. Significance of biological hydrogen oxidation in
a continuous single-chamber microbial electrolysis cell. Environmental science
technology 44, 948–954 (2010).
135. Nam, J. Y. & Logan, B. E. Optimization of catholyte concentration and anolyte
pHs in two chamber microbial electrolysis cells. International Journal of
Hydrogen Energy 37, 18622–18628 (2012).
136. Lu, L., Hou, D., Wang, X., Jassby, D. & Ren, Z. J. Active H 2 Harvesting Prevents
Methanogenesis in Microbial Electrolysis Cells. Environmental Science &
Technology Letters 3, 286–290 (2016).
137. Gil-Carrera, L., Escapa, A., Carracedo, B., Morán, A. & Gómez, X. Performance
of a semi-pilot tubular microbial electrolysis cell (MEC) under several hydraulic
retention times and applied voltages. Bioresource Technology 146, 63–69
(2013).
138. Cai, W., Liu, W., Han, J. & Wang, A. Enhanced hydrogen production in microbial
electrolysis cell with 3D self-assembly nickel foam-graphene cathode.
Biosensors & bioelectronics 80, 118–22 (2016).
125

139. Zhang, Y., Merrill, M. D. & Logan, B. E. The use and optimization of stainless
steel mesh cathodes in microbial electrolysis cells. International Journal of
Hydrogen Energy 35, 12020–12028 (2010).
140. Choi, S., Kim, J. R., Cha, J., Kim, Y., Premier, G. C. & Kim, C. Enhanced power
production of a membrane electrode assembly microbial fuel cell (MFC) using a
cost effective poly [2,5-benzimidazole] (ABPBI) impregnated non-woven fabric
filter. Bioresource technology 128, 14–21 (2013).
141. Wang, X., Cheng, S., Feng, Y., Merrill, M. D., Saito, T. & Logan, B. E. Use of
carbon mesh anodes and the effect of different pretreatment methods on power
production in microbial fuel cells. Environmental Science and Technology 43,
6870–6874 (2009).
142. DEFRA. UK Implementation of the EC Urban Waste Water Treatment Directive.
Water

Services

20

(2002).

at

<http://www.defra.gov.uk/publications/files/pb6655-uk-sewage-treatment020424.pdf>
143. Kyazze, G., Popov, A., Dinsdale, R., Esteves, S., Hawkes, F., Premier, G. &
Guwy, A. Influence of catholyte pH and temperature on hydrogen production
from acetate using a two chamber concentric tubular microbial electrolysis cell.
International Journal of Hydrogen Energy 35, 7716–7722 (2010).
144. Jadhav, G. S. & Ghangrekar, M. M. Performance of microbial fuel cell subjected
to variation in pH, temperature, external load and substrate concentration.
Bioresource Technology 100, 717–723 (2009).
145. Liu, H. & Logan, B. E. Electricity generation using an air-cathode single chamber
microbial fuel cell in the presence and absence of a proton exchange
membrane. Environmental science & technology 38, 4040–4046 (2004).
146. Mihelcic, J. R. & Zimmerman, J. B. Environmental Engineering. (John Wiley &
Sons, Inc, 2010).
147. Brandt, M. J., Johnson, K. M., Elphinston, A. J. & Ratnayaka, D. D. Specialized
and Advanced Water Treatment Processes. Twort’s Water Supply (2017).
doi:10.1016/b978-0-08-100025-0.00010-7
148. Rosso, L., Lobry, J. R., Bajard, S. & Flandrois, J. P. Convenient model to
describe the combined effects of temperature and pH on microbial growth.
Applied and Environmental Microbiology 61, 610–616 (1995).
126

149. Stoimenov, P. K., Klinger, R. L., Marchin, G. L. & Klabunde, K. J. Metal Oxide
Nanoparticles as Bactericidal Agents. Langmuir 18, 6679–6686 (2002).
150. Tol, R. S. J. The Economic Impacts of Climate Change. Review of
Environmental Economics and Policy 12, 4–25 (2018).
151. Ofwat. Water 2020: Appendix 2 Moving beyond waste - further evidence and
analysis. (2016). doi:10.1016/j.celrep.2017.09.058
152. Lin, H., Chen, J., Wang, F., Ding, L. & Hong, H. Feasibility evaluation of
submerged

anaerobic

membrane

bioreactor

for

municipal

secondary

wastewater treatment. Desalination 280, 120–126 (2011).
153. Severn Trent Water. Personal Communication with Severn Trent Water
Strategic Planning Analyst. (2018).
154. Kissack, C. & Severn Trent. High Level cost determination for ASP. (2019).
155. Avesta Sheffield Technical. in (1999).
156. Ruscic, B., Pinzon, R. E., Morton, M. L., von Laszevski, G., Bittner, S. J., Nijsure,
S. G., Amin, K. A., Minkoff, M. & Wagner, A. F. Introduction to Active
Thermochemical Tables: Several “Key” Enthalpies of Formation Revisited. The
Journal of Physical Chemistry A 108, 9979–9997 (2004).
157. Ruscic, B. & Bross, B. H. Active Thermochemical Tables (ATcT) values based
on ver. 1.122 of the Thermochemical Network (2016). ATCT (2016). at
<https://atct.anl.gov/Thermochemical Data/version 1.122/index.php>
158. Gaffney, J. S. & Marley, N. A. General Chemistry for Engineers. (Elsevier, 2018).
doi:10.1016/b978-0-12-810425-5.09986-0
159. Easy

Chemicals

Trade.

Hydrogen

Peroxide

costs.

(2012).

at

<https://www.easychemtrade.co.uk/shop/products/hydrogen-peroxide-49-5025l.htm>
160. Easy Chemicals Trade. Hydrochloric acid cost Easy Chemicals Trade. (2012).

127

8 Appendices
8.1 Submission 3 Data
8.1.1 Wastewater Data from lab scale MECs
Table 8-1: Wastewater input data

Wastewater
input date
17/06/2018

0

COD concentration
input (mg L-1)
565

Reactor cycles
per day
1

5

Total COD
input (mg)
28.25

22/06/2018

5

409

2.4

5

245.4

27/06/2018

10

387

2.4

5

232.2

02/07/2018

15

300

2.4

2

72

04/07/2018

17

335

2.4

5

201

09/07/2018

22

332

2.4

4

159.36

13/07/2018

26

329

2.4

3

118.44

16/07/2018

29

408

2.4

2

97.92

18/07/2018

31

386

2.4

2

92.64

20/07/2018

33

339

2.4

3

122.04

23/07/2018

36

441

4.8

2

211.68

25/07/2018

38

432

4.8

2

207.36

27/07/2018

40

485

4.8

3

349.2

30/07/2018

43

423

4.8

2

203.04

01/08/2018

45

326

4.8

5

391.2

06/08/2018

50

330

4.8

4

316.8

10/08/2018

54

329

4.8

3

236.88

13/08/2018

57

418

4.8

4

401.28

17/08/2018

61

269

4.8

4

258.24

21/08/2018

65

290

4.8

3

208.8

24/08/2018

68

210

4.8

4

201.6

28/08/2018

72

381

4.8

3

274.32

31/08/2018

75

339

4.8

3

244.08

03/09/2018

78

447

4.8

4

429.12

07/09/2018

82

643

4.8

4

617.28

11/09/2018

86

387

4.8

4

371.52

15/09/2018

90

362

4.8

3

260.64

18/09/2018

93

416

4.8

3

299.52

21/09/2018

96

405

4.8

4

388.8

Day

128

Days

25/09/2018

100

434

4.8

7

729.12

02/10/2018

107

406

4.8

4

389.76

06/10/2018

111

398

12

4

955.2

10/10/2018

115

367

4.8

6

528.48

Total COD mg

9843.17

Total COD g

9.84317

8.1.2 Efficiency calculations
Energy recovery efficiency
The electrical energy input (in Joules) is calculated as:
Equation 8-1: 𝑾𝑬 = 𝑰𝑬𝑷𝑺 ∆ − 𝑰𝟐 𝑹𝒆𝒙 ∆𝒕

This equation relates the energy input WE to the current (I in Ampere), the average
voltage applied to the system (EPS in Volt) and the time lapsed (Dt in seconds).
Additionally, it assumes that the current is measured over an external resistor (Rex, in
Ohm) which requires additional input of power, but as this is for measurement purpose
and not consumed by the actual electrochemical system itself it is subtracted for
common power balance calculations. In the present experiment, a potentiostat was
used which reports the current without applying an additional, external resistor.
Therefore, the 𝐼 " 𝑅#$ ∆𝑡 portion of the equation was not required, and the following
equation was used:
Equation 8-2: 𝑾𝑬 = 𝑰𝑬𝑷𝑬 ∆

The determination of EPE required extra consideration, as a 3-electrode system was
used for potentiostatic control (i.e. set potential between working and counter
electrode), and the total applied voltage for electrochemical reaction (i.e. between
working and counter electrode) was not recorded by the potentiostat. Thus,
representative counter electrodes were assessed separately by determining their
current-voltage relationship (I-V-curve) in the same electrolyte as used for the MEC
experiments (i.e. 100 mM NaCl).
The output of energy from an MEC (Wout) in the form of hydrogen is here determined
as energy that can be released from reacting the hydrogen in turn with oxygen (e.g.
atmospheric) to water, such as it would be possible to do in a fuel cell. The energy that
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can be released from this reaction is calculated by multiplying the moles of hydrogen
produced in the MEC (NH2 in (mol H2)) by the standard higher heating value of
hydrogen-oxidation with oxygen (285.83 kJ mol-1 H2), with liquid H2O as reaction
product, which is equivalent to the standard reaction enthalpy of the reaction of 1 mol
H2 with 0.5 mol O2 to 1 mol H2O, under standard conditions (i.e. 1 bar pressure, 25 °C
temperature)156,157. The formula for the energy calculation is shown in Equation 8-3:
Equation 8-3: 𝑾𝒐𝒖𝒕 = 𝟐𝟖𝟓. 𝟖𝟑 ∆𝑵𝑯𝟐

With the Wout and the WE determined, the efficiency of the energy recovery, ηE (as a
percentage), can be calculated, as shown in Equation 8-4:
Equation 8-4: 𝜼𝑬 =

𝑾𝒐𝒖𝒕
𝑾𝑬

𝒙 𝟏𝟎𝟎

Coulombic efficiency
The amount of hydrogen recovered, compared to the theoretically recoverable amount
from the total current that passed through the MEC, is referred to as the coulombic
efficiency. Equation 2-5 is used to calculate from the current the amount NCE (in mol
H2) of hydrogen that could have been produced from the current.
Equation 8-5: 𝑵𝑪𝑬 =

𝑰𝜟𝒕
𝟐𝑭

I (in Ampere) is the current recorded from the potentiostat, Δt (in seconds) the time
lapsed. Note that the current (in Ampere, A) is defined as the number of charged (in
Coulomb, C) per second (s), thus 1 A = 1 C*s. From the charge transferred, the
number of electrons transferred can be inferred by division by the Faraday constant
(F = 96,485 coulombs/mol electrons). The factor 2 in equation 2-5 relates to the fact
that 2 mols of electrons are required for the formation of 1 mol H2.
The Coulombic efficiency CE (unitless) is calculated by dividing the NCE by the moles
of hydrogen collected (NH2 in mol H2).

Equation 8-6: 𝑪𝑬 =
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𝑵𝑪𝑬
𝑵𝑯𝟐

Substrate efficiency: hydrogen production related to COD removal
The substrate efficiency is here defined as the quantity of hydrogen (in moles)
recovered from COD-removal. COD is a measure of oxygen required for the oxidation
of a complex substrate mixture such as wastewater. Oxygen, O2, can take up 4
electrons for the reduction of water. With a molecular weight of 32 g mol-1, a COD of
1 g consumes 0.03125 mol O2 equivalent to delivering 0.125 mol electrons. The
production of 1 mol hydrogen (H2) from protons (H+) requires 2 mol electrons, thus 1
g COD allows at maximum the formation of 0.0625 mol H2. This means the reduction
of COD can be determined upon treatment, by subtracting the output COD from the
input COD and therefore, the theoretically recoverable H2 from COD (NS in mol) is
determined via Equation 2-7.
Equation 8-7: 𝑵𝒔 = 𝟎. 𝟎𝟔𝟐𝟓 ∆𝑪𝑶𝑫

The substrate efficiency (SE, %) is then calculated from the actual recovered (NH2 in
moles) and estimated H2 with:
Equation 8-8: 𝑺𝑬 =

𝑵𝑯𝟐
𝑵𝑺

Determining the total voltage applied across the whole system using a
potentiostat
The voltage applied across the whole system has to be estimated from the fixed +0.4
V vs. Ag/AgCl set potential, applied by the potentiostat. As the potentiostat did not
report the voltage it set between the working and counter electrode to maintain the
desired potential between the working and reference electrode, the performance of
the counter electrode itself was analysed in terms of current-voltage relationship (I-Vcurve). Experiments were carried out with representative steel counter electrodes in
the intended catholyte (0.1 M NaCl) as electrolyte.
1. A potentiodynamic scan for the steel electrode (potential set against Ag/AgCl
reference electrode) to infer the voltage dependent kinetics of the hydrogen
production reaction. The potentiodynamic scan was carried out from 0 to -1.2
V vs. Ag/AgCl at a scan rate of 0.05 mV/s.
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2. The I-V-curve from step 1 was fitted with an exponential (Butler-Volmer)
nonlinear least square (nls) function in R. Since hydrogen production was the
desired reaction, the focus was on the region where this reaction is expected
(theoretical standard potential of hydrogen formation at pH 7 is -0.413 V vs
SHE, but since the product concentration (H2) is low in ambient air, the
corrected potential was -0.228 V). The output of the fitting were variables for
the Butler-Volmer equation, namely the anodic coefficient ac (related to the
cathodic coefficient cc by ac + cc = 1) and exchange current coefficient.
The Butler-Volmer equation is as follows:
𝜶𝜶 𝒛𝑭𝜼

𝜶𝒄 𝒛𝑭𝜼

𝑹𝑻

𝑹𝑻

Equation 8-9: 𝒋 = 𝒋𝒐 ∙ E𝒆𝒙𝒑 G

H − 𝒆𝒙𝒑 G−

HI

3. For the MEC experiment, the currents recorded at set anode potential (vs.
Ag/AgCl) had to at all times be equivalent to the cathodic current, thus the
voltage necessarily had to adjust to the required potential (vs. Ag/AgCl) for a
certain cathodic reaction rate. To estimate the cathodic voltages during MEC
operation, the Butler-Volmer equation with fitted parameters was used to
calculate cathodic voltages from the MEC currents. The cathodic, predicted
voltages were then averaged for the entire duration of the experiment.
4. With the anodic voltage (vs. Ag/AgCl) being set and constant, and the
cathodic voltage predicted, the average total voltage difference (working to
counter electrode) during MEC operation was calculated according to
Equation 6-1.
Equation 8-10: 𝑬𝑷𝑬 = 𝑬𝑷 + 𝑬𝑬

EPE is defined as the total applied voltage across the whole system. EP is the known
voltage applied from the potentiostat against the reference (400 mV vs. Ag/AgCl). EE
is the estimated average cathodic voltage (vs. Ag/AgCl).
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8.1.3 DNA Data
Table 8-2: Average genus abundances for each MEC identified by 16S when a genus was over 1% for a
sample (%)

MEC number
1
2
Genus below 1 in all 36.01
30.56
MECs %
Vitellibacter
3.82
0.69
UBA6140
2.08
0.43
Bryobacter
1.87
0.69
Brevundimonas
1.30
0.93
Pseudorhodoplanes
1.18
0.66
Nitrosomonas
0.70
0.21
Paludibaculum
0.27
0.47
Leucobacter
0.24
0.33
Ferritrophicum
0.20
1.87
Ellin6067
0.20
0.56
Sulfurimonas
0.14
1.29
Azoarcus
0.04
0.68
ADurb.Bin063-1
2.41
0.80
OLB8
2.01
0.29
Ignavibacterium
1.27
1.19
Oligotropha
1.03
0.71
Dechlorosoma
0.20
1.13
Desulfobacter
0.06
0.73
Desulfomicrobium
0.05
0.50
Beggiatoa
0.00
0.00
Lacunisphaera
1.21
0.86
Zoogloea
0.72
0.47
WCHB1-32
0.31
0.86
Arcobacter
0.35
0.18
Lentimicrobium
0.29
0.72
Sulfuritalea
0.29
3.25
Thiobacillus
0.25
1.14
Geothrix
0.01
1.94
Pseudoxanthomonas
1.46
1.58
Geobacter
0.15
7.73
Dechloromonas
BD1-7_clade

0.68
3.17

1.02
1.32

3
39.17

4
34.83

5
34.59

6
33.31

7
35.71

8
36.85

0.20
0.84
0.27
0.85
0.63
1.17
0.61
1.48
0.57
0.32
0.39
0.90
0.63
0.53
0.28
0.93
0.24
0.63
0.59
0.00
1.05
1.36
1.79
1.19
1.11
0.39
0.92
1.17
0.93
2.75

0.54
0.83
0.62
0.50
0.75
0.46
0.54
0.46
0.47
1.29
0.16
0.59
1.35
1.24
0.35
1.50
0.57
0.29
0.32
0.00
1.04
0.63
0.56
2.92
0.48
1.07
0.79
2.40
1.47
2.01

0.27
0.05
0.24
0.10
0.21
0.99
0.46
0.78
0.15
0.42
0.79
0.05
0.57
0.06
0.38
0.09
0.46
1.46
1.43
0.14
0.18
0.93
1.47
0.34
1.39
0.40
2.40
0.23
2.08
1.56

0.29
0.14
0.26
0.30
0.37
0.93
0.49
0.75
0.53
0.74
0.87
0.31
0.69
0.05
0.36
0.38
1.10
1.09
1.45
0.03
0.22
0.47
1.27
0.29
1.40
1.23
1.70
1.42
1.10
2.81

1.00
0.33
0.62
0.27
0.78
0.79
1.08
0.54
0.09
0.99
0.21
0.34
0.45
0.69
0.70
0.30
0.66
0.54
0.30
1.23
0.63
1.24
0.55
3.51
1.03
1.24
0.65
0.47
0.54
0.16

0.04
0.73
0.37
0.40
0.59
0.80
0.64
0.62
0.41
0.63
0.95
1.09
0.67
0.40
0.40
0.59
0.28
0.98
0.92
2.56
0.91
2.20
0.90
1.56
0.99
0.51
1.03
0.64
0.88
0.40

1.11
1.37

0.94
2.65

1.17
1.05

1.27
1.00

1.34
0.84

2.14
1.20
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Denitratisoma
Dokdonella
Arenimonas
Thermomonas
Pirellula
Simplicispira
Alicycliphilus
Thauera
Flavobacterium

9.45
9.16
4.62
4.30
2.61
1.68
1.67
1.48
1.06

11.31
3.99
3.30
4.61
2.42
2.58
1.99
2.16
1.86

4.72
8.43
2.03
5.08
2.71
1.64
1.82
4.73
2.48

7.31
8.31
2.24
5.32
1.74
2.58
2.98
2.99
1.89

16.94
7.43
3.35
4.90
1.47
2.09
1.96
3.10
1.90

15.60
7.25
2.32
4.48
2.16
2.87
2.14
2.98
1.53

14.67
9.03
1.47
5.48
1.12
1.51
2.51
3.05
1.37

10.78
7.53
1.64
4.83
2.65
2.33
2.55
2.17
1.26

8.2 Submission 4 Data
8.2.1 Hydrogen Data
The moles of hydrogen were calculated using the ideal gas equation PV = nRT. P =
pressure (1 atmosphere), V = volume (L), n = number of moles, R = gas constant
(0.08206 L/atm/mol) and T = temperature (294.15 K).158
Table 8-3: Volumes of hydrogen produced from each module (L)

MEC

1
2
3
4

1
0.10
0
11.77
0.39

2
0.00
0
0.01
0.02

Module
3
0.00
0
13.84
0.10

4
0.79
0
5.26
1.74

5
Total
11.32 12.21
0
0.00
9.46
40.34
0.00
2.25

8.2.2 P-values calculated from T table tests
Table 8-4: P-values for MECs that used recycled carbon fibre as their anode against MEC 4 (used graphite
felt for the anode).

Values of 0.05 or under are considered to be statistically significant. Values over 0.05 are not significant
as they have a confidence value lower than 95%.

MEC 1
MEC 2
MEC 3

Anode
material
M300
MnOx
M100
MnOx
M300
plain

P-value gas P
Value P
Value P
Value P Value P Value %
volume
moles
COD
COD %
TSS
TSS
0.001
0.001
0.05
0.05
1
1
1

1

0.1

0.05

1

0.4

0.001

0.001

0.05

0.02

0.1

0.002
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8.2.3 Correlation coefficient values - Pearson
Table 8-5: Correlation coefficient values between temperature

R-Value
Anode material
Current v Temp
Temp v Moles H2
Temp vs Gas V
Temp vs COD removal

MEC 1
M300 MnOx
0.67
0.75
0.91
0.14

MEC 2
M100 MnOx
0.19
N/A
N/A
0.26

MEC 3
M300 (plain)
0.71
0.12
0.09
0.26

MEC 4
Graphite Felt
-0.01
0.72
0.83
0.15

EE vs Temp

0.37

N/A

-0.12

0.61

Table 8-6: Correlation coefficient values for COD input against performance

R-Value
Anode material
Current COD input
Moles H2 and COD input

MEC 1
M300
MnOx
-0.01

MEC 2
M100 MnOx
0.35

MEC 3
M300
(plain)
0.11

MEC 4
Graphite
Felt
0.40

0.00

N/A

0.00

0.00

Table 8-7: Correlation coefficient values for the current production and recovery of hydrogen.

R-Value
Anode Material
Current Moles
Current Gas V

MEC 1
M300 MnOx
0.82
0.86

MEC 2
M100 MnOx
N/A
N/A
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MEC 3
M300 (plain)
0.62
0.61

MEC 4
Graphite Felt
0.07
0.07

8.3 SEM images
Figure 8-1: SEM images of modules 1-5 of MEC 1 at 1,000 x magnification
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Figure 8-2: SEM images of modules 1-5 of MEC 2 at 1,000 x magnification
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Figure 8-3: SEM images of modules 1-5 of MEC 3 at 1,000 x magnification

1

2

3

4

5
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Figure 8-4: SEM images of modules 1-5 of MEC 4 at 1,000 x magnification

1

2

3

4

5
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1

2

Figure 8-5: Controls of plain M300 (1) and M300 MnOx (2) anodes after SEM fixation protocol

8.4 Submission 5 Data – Cost benefit analysis
8.4.1 Manganese (IV) oxide cost calculations
Hydrogen peroxide159 and hydrochloric acid160 can be acquired in bulk from Easy
Chemicals Trade. The costs of both chemicals for each MEC used in Chapter 4 (10
anodes) is less than £0.70 per MEC.
Manganese acetate purchase savings and use
Manganese (II) acetate can be purchased from Asia – specifically, India and imported
for a significantly lower cost. An estimation of how much this would be per tonne of
manganese acetate is determined in Table 8-8. The price of shipping was estimated,
based on conversations with a shipping company representative, with the cost (£500)
presumed to be higher than the actual cost per tonne of manganese (II) acetate.
Table 8-8: Manganese (II) acetate cost calculation when imported from India

Factor
Tonne Manganese (II) Acetate Cost

Cost (£)
1,190.00

Shipping
UK Duty at 3.5 %
Sub Total
VAT on sub total

500.00
41.65
1,731.65
346.33

Total Cost
Manganese (II) acetate actual cost per kilo

2,077.98
2.08
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Using the value calculated for the cost per kilo following importation, it was possible to
determine the cost for the anodes at the pilot-scale and for 1 m2, which are calculated
in Table 8-9.
Table 8-9: Cost of manganese (II) acetate required for electrodeposition

Scale
Pilot anode
Full module
Full MEC
1 m2

Mass Mn(II)Ac
(Kg)
0.25
0.49
2.45
4.04

Concentration
(M)
0.25
0.25
0.25
0.25

Volume (L)
4.00
8.00
40.00
65.92

Area
(m2)
0.06
0.12
0.61
1.00

covered Cost (£)
0.51
1.02
5.10
8.40

The total cost saving therefore when the pre-treatment chemicals and manganese
acetate costs are taken into account, the total price for the manganese coatings are
£16.25 per m2.
8.4.2 Calculated OpEx costs the for MECs
Table 8-10: prices of the volumes of NaCl t different scales for the upscaled 1 m3 MECs

Scale

Volume per year (m3)

Single Cathode
Single MEC
MECs for 50,000 PE

0.11
3.58
5959.22

Price per
(£ year-1)
0.11
3.55
5920.36

year

Table 8-11: Running costs of the MECs in terms of electricity

Scale (m3)

Material

0.08
0.08
1
1
1,666
1,666

M300 MnOx
M300 plain
M300 MnOx
M300 plain
M300 MnOx
M300 plain

Electrical energy in Energy in cost (£)
(kWh year-1)
3.92
0.44
7.76
0.87
49.00
5.49
97.00
10.86
81,630.01
9,142.56
161,604.18
18,099.67

The value of electrical energy is assumed as: 11.2 pence per kWh (based on the
Severn Trent Water assumptions).18 Therefore the potential value of the hydrogen can
be determined using the calculated moles in Table 4-11 and using the energy value
for hydrogen in section 8.1.2, multiplying the number of kWh by 11.2 pence. Values
are detailed in Table 8-12.
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Table 8-12: Energy recovery value from hydrogen, from increased scales MECs (1 m3)

Scale (m3)

Material

0.08
0.08
1.00
1.00
1,666.00
1,666.00

M300 MnOx
M300 plain
M300 MnOx
M300 plain
M300 MnOx
M300 plain

Electrical energy recovery (kWh Energy value (£) Price to run
year-1)
MEC
after
using H2 (£)
0.18
0.02
0.42
0.60
0.07
0.87
2.26
0.25
5.34
7.46
0.84
10.02
3,764.40
421.61
8720.95
12,433.44
1392.55
16,707.12

8.4.3 TotEx for an ASP for 50,000 PE
The CapEx for an activated sludge pool with a population equivalent of 50 thousand
is approximately £3.2 million. The annual OpEx is £520 thousand. An important
consideration for an activated sludge pool CapEx are the costs of the components that
need routine replacement (the blowers, pumps within the system), which is referred to
as the mechanical and electrical (CapEx M&E) costs. These do not last for as long as
the cost of the ASP chamber (known as the CapEx Civils) and do need routine
replacement every 10 years. For an ASP with a PE of 50,000 the M and E costs for
10 years are £640 thousand. Therefore, it is possible to determine the TotEx for
different numbers of years (Table 8-13).
Table 8-13: TotEx for activated sludge pool

Years
10
20
50

TotEx (millions of £)

£9.04
£14.88
£32.40
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