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Preface
The work presented in this PhD thesis was carried out in the period February
2018 to June 2021, at the Technical University of Denmark (DTU), Department
of Environmental Engineering, under supervision by Stefan A. Trapp and
associate Professor Yifeng Zhang, and co-supervison by Ulrich Gosewinkel,
Aarhus University.
The thesis is organized in two parts: the first part puts into context the findings
of the PhD in an introductive review; the second part consists of the papers
listed below. These will be referred to in the text by their paper number written
with the Roman numerals I-V.
I Haxthausen, K. A. v., Lu, X., Zhang, Y., Gosewinkel, U., Petersen, D. G.,
Marzocchi, U., Brock, A. L., Trapp, S. (2021). Novel method to
immobilize phosphate in lakes using sediment microbial fuel cells. Water
Research, 198, 117108. https://doi.org/10.1016/j.watres.2021.117108

II Haxthausen, K. A. v., Lu, X., Zhang, Y., Gosewinkel, U., Brock, A. L.,
Trapp, S. (2021). In situ performance of steel electrodes as sediment
microbial fuel cells. Submitted.

III Lu, X., Haxthausen, K. A. v., Brock, A. L., Trapp, S. (2021). Turnover of
lake sediments treated with sediment microbial fuel cells: a long-term
study in a eutrophic lake. Submitted.

IV Haxthausen, K. A. v., Brock, A. L., Trapp, S. (2019). A novel injectable
electrode for remediation of petroleum pollution with microbial fuel cells.
Manuscript.
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Summary
Eutrophication of lakes is ubiquitous, as 30-40 % of the world’s lakes are eutrophic, and conditions continuously deteriorating. Eutrophication is a condition of overfertilization, where all requirements for rapid growth of algae are
met, resulting in algal blooms. This causes a self-sustained, vicious cycle
where poor ecological conditions are maintained until nutrients are lost from
the lake over many years. Lake restoration seeks to break this vicious cycle.
Inadequate availability of any single nutrient in will limit algal growth, typically phosphorus is targeted. The scope of this PhD thesis was to develop, test
and optimize sediment microbial fuel cells (SMFC) as a novel method for lake
restoration. The thesis spans the two main topics of SMFCs and lake restoration
techniques. Lake restoration techniques are reviewed, providing understanding
of the underlying mechanisms. SMFCs are approached from an engineering
perspective and a focus on lake remediation. The specific objectives were to
test a low-cost electrode material for its durability, practicality, and performance. Performance was assessed as the ability to limit phosphorus release
from sediments, inhibit methane release, and the added benefits of degrading
pollutants, and generating electricity.
Proof of concept was shown in laboratory reactors (1 L), the effect of upscaling
to 200 L in natural environment was studied in outdoor mesocosms, and then
tested at pilot scale in a eutrophic freshwater lake. Pilot installations were the
largest in the world of their kind and were operated for 2 years. Stainless steel
was selected for testing as electrode material due to its low cost, durability,
and availability. Pairs of electrodes were embedded in the sediment (this is
called the anode) and suspended in the overlying water (this is called the cathode). The two electrodes were connected across an external resistor with electrical wires. Microbes in the sediment use the anode pair as electron acceptor,
enabling respiration in the anoxic sediment. Electrons travel from the sediment
via the electrical connector to the overlying cathode where oxygen in the water
is the terminal electron acceptor completing the circuit.
As an added benefit, degradation of pollutants using SMFC was tested in marine harbour sediments, but no conclusive results obtained. Laboratory reactors
were operated for more than 200 days using petroleum as sole carbon source,
confirming oil degradation by SMFCs. A removal rate of 0.9 g petroleum m -3
d-1 reactor volume was estimated from measured electrical output. This was
done by assumption of the chemical reaction occurring, from this the number
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of electrons transferred from oil to water was known and could be correlated
to the measured flow of electrons (current) through the external circuit.
Stainless steel electrodes were operated in freshwater lake environments for
more than 4 years with minimal damage to the material. The electrode is the
main material cost in such systems. However, AISI316 stainless steel similar
to what was used in this thesis was at the time of writing available at bulk cost
of 0.091 € m-2, corresponding to 910 € acre-1, significantly lower than other
common materials. Cathodes at large scale could be moved horizontally and
vertically with minor impact to performance. Pilot scale SMFCs generated
0.383 mW m-2 sustained and 27.4 mW m -2 peak output.
The system was limited by the cathode surface area, meaning multi-layer cathodes should be tested in the future if electrical power production is the goal.
The cathode should be placed at a depth that ensures high dissolved oxygen
concentrations to avoid the system to be limited. However, too high electricity
generation was found counterproductive for remediation purposes because this
would increase sediment turnover rate, releasing pollutants stored in the sediments. P binding was not found to require high turnover of sediment organic
matter. The turnover can be controlled by changing the external resistance.
High resistance limits the electrical performance, low resistance increases sediment turnover and risks destabilizing the system. To achieve reduced concentrations of phosphate in the water column, anodes must be placed in the sediment surface since a few millimetres of sediment may contain and release
enough P to sustain eutrophication.
Phosphate was measured in the water column near the sediment, in systems
with and without electrodes. Phosphate concentrations were successfully reduced by up to 95 % in 2-chamber laboratory reactors, and by up to 98 % in
the pilot installation. In the pilot experiment, phosphate concentrations above
electrodes were lower in all measurements, compared to controls. Sediment
redox potentials increased from -400 mV vs standard hydrogen electrode
(SHE) to -175 mV vs SHE, corresponding to a move from a methanogenetic
domain to sulphur reducing.
Analysis of the microbial community indicated enhanced sulphur cycling
where electrodes oxidize sulphide which the bacteria again reduce to obtain
energy. It was hypothesised that SMFC promote higher redox potentials by
facilitating oxidation of sulphur and iron species, inhibiting H2S formation and
Fe scavenging by FeS formation, thus allowing for P binding. A lower relative
abundance of methanogens on electrodes compared to controls suggests
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suppression or outcompeting of methanogens.Quantification of methane production was done on the basis of a CH 4:CO2 ratio to allow comparability between systems. Methane emission was reduced by up to 99 % and maintained
inhibition for several months in laboratory systems with electrodes. In the pilot
installations no gas samples could be collected, and no CO 2:CH4 ratios were
obtained.
Aeration is the current restoration technique that most closely resembles the
proposed SMFC technique. Aeration has previously failed to reduce P release
in several separate investigations. SMFCs as a remediation tool was found to
offer several benefits over conventional methods: SMFCs offers continuous
effect, while other techniques require continuous or repeated treatment.
SMFCs can be controlled in real-time by altering the external resistor and can
be easily monitored by measuring the produced electrical output.
If implemented at large scale it is expected that the electrode fields will help
maintain low phosphate concentrations in the water for decades with minimal
intervention, and after some time, benthic plants are expected to return, thus
maintaining the balance hence forth.
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Dansk sammenfatning
Eutrofiering af søer er et verdensomspændende problem hvor 30-40% af
verdenen søer er eutrofe, og situationen forværres stadigt. Eutrofiering er en
tilstand hvor alle vækstbetingelser for alger er mødt, og resulterer i
algeopblomstringer. Dette starter onde cyklusser, der fastholder dårlig
vandkvalitet i søer indtil næringsstoffer langsomt udvaskes over mange år,
eller der sker indgriben. Sørestaurering har til formål at bryde den onde cyklus.
Mangel på et næringsstof vil hæmme algevækst, typisk er reducering af
tilgængeligheden af fosfor, målet da det er det næringsstof der typisk er
tilgængeligt i laveste koncentration relativt til behovet. Målet med denne Ph.d.
var at udvikle, teste og optimere sediment-mikrobielle brændselsceller som en
metode til sørestaurering. Afhandlingen dækker over de to hovedområder
sediment mikrobielle brændselsceller (SMFC) og sørestaurerings teknikker.
Sørestaurerings teknikker gennemgås for at danne overblik og give forståelse
for de underliggende mekanismer, for at en ny teknik kan udvikles. SMFCs
tilgås med fokus på sørestaurering og praktiske overvejelser. De specifikke mål
med projektet var at teste omkostningseffektive elektrodematerialer, deres
holdbarhed, anvendelighed og ydeevne. Ydeevne blev vurderet på basis af
systemets evne til at hæmme fosforfrigivelse fra sedimenter, hæmme metan
udledning, og de øvrige fordele, nedbrydning af forurenede stoffer og
generering af elektricitet.
Konceptet blev vist at virke i laboratoriereaktorer (1 L), effekten af opskalering til 200 L i naturligt miljø blev undersøgt i udendørs mesokosmos
forsøg, og endeligt blev systemet testet i pilotforsøg i en eutrofieret
ferskvandssø. Pilotinstallationerne var de største i verdenen af deres art, og
blev drevet i 2 år. Rustfri stål blev valgt som elektrodemateriale på grund af
dets lave pris, tilgængelighed og anvendelighed. Elektrodepar blev hhv.
nedsænket i sedimentet (denne elektrode kaldes anoden) og hængt i
vandkolonnen (denne elektrode kaldes katoden). Elektroderne blev forbundet
igennem en elektrisk modstand via ledninger. Naturligt forekommende
mikroorganismer i sedimentet er i stand til at bruge elektrode parret som
elektron modtager, dette tillader respiration i det anoksiske sediment.
Elektroner bevæger sig fra sedimentet via den elektriske forbindelse til katoden
hvor oxygen i vandet er den endelige elektronacceptor hvilket slutter
kredsløbet. Rustfri stålelektroder virkede i et ferskvandsmiljø i mere end 4 år
med ubetydelige skader på materialet.
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Elektroderne er den primære omkostning ved denne type systemer. Rustfri stål
(type AISI316) som brugt i dette studie, var i skrivende stund tilgængeligt med
mængderabat til 0.68 DKK m-2, svarende til 6767 DKK ha-2, hvilket er
væsentligt billigere end andre almindeligt anvendte elektrode materialer.
I stor skala kunne katoder flyttes horisontalt og vertikalt med kun mindre tab
af systemets elektriske ydeevne. Pilot skala SMFC’er genererede 0.383 mW m2
vedvarende og 27.4 mW m-2 top ydelse.
Systemet viste sig at være begrænset af katodens overfladeareal, og søger man
at optimere elektrisk ydeevne, kan katoden med rette udføres med flere lag for
at øge overfladearealet. Katoder bør placeres i en dybde, der sikrer høj
koncentration af opløst ilt for at undgå begrænsning af systemet.
En for høj elektrisk virkningsgrad viste sig at være uproduktiv for
restaureringsformål, da den resulterende øgede omsætning af sedimentet
medfører øget risicko for frigivelse af forurening der er bundet i sedimentet.
Omsætning af sedimentet kan kontrolleres ved at ændre den eksterne modstand
imellem anode og katode, hvor stigende modstand sænker omsætningen af
sediment. En for lav modstand kan øge omsætningen af sediment med risiko
for at destabilisere systemet, hvilket kan forsage kollaps af ydeevnen.
For at opnå reduceret koncentration af fosfat i vandkolonnen, bør anoder
placeres i sedimentets overflade, da selv få millimeter sediment indeholder nok
fosfat til at fastholde søen i en eutrof tilstand. Fosfat blev målt i vandkolonnen
umiddelbart over sedimentet i systemer med og uden elektroder.
Fosfatkoncentrationen blev succesfuldt nedbragt med op til 95% i
laboratorieforsøg og op til 98% i pilotskala forsøget. Det bemærkes, at fosfat
koncentrationer over SMFC’er i pilotforsøget i alle målinger var lavere end
målinger i kontroller.
Sedimentets redox potentiale blev øget fra -400 mV målt imod standard
hydrogen elektrode (SHE) til -175 mV imod SHE, tilsvarende en ændring fra
det metan dannende domæne til svovlreducerende domæne.
Analyse af de mikrobielle samfund indikerede øget svovl omsætning, hvor
elektroder oxiderede sulfid, som bakterier der efter reducerer som energikilde.
Hypotesen var at SMFC fremmer højere redox potentialer ved at facilitere
oxidation af svovl og jern, hæmmer dannelse af H 2S og dertil koblet binding
af jern og derved tillod øget fosfor binding.
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En lavere relativ forekomst af metan producerende mikrober blev observeret
på elektroder i sammenligning med kontroller. Dette antyder, at SMFC
hæmmer metan-producerende organismer, eller at disse udkonkurreres.
Kvantificering af metanproduktion blev foretaget på basis af forholdet
CH4:CO2, hvilket tillader sammenliging mellem systemer. Metan frigivelse
blev reduceret med op til 99 % sammenlignet med kontroller, hvilket blev
fastholdt i flere måneder i laboratoriesystemer med SMFC. Der blev ikke
fundet brugbare i mesokosmos eller pilotforsøgene grundet tekniske
udfordringer.
Nedbrydning af forurenende stoffer i marine havnesedimenter blev forsøgt,
men ingen konklusive resultater blev fundet. Laboratoriereaktorer blev drevet
i over 200 dage med råolie som eneste karbon kilde. Her bekræftede forsøgene
olie nedbrydning faciliteret af SMFC. En nedbrydningsrate af petroleum på 0.9
g petroleum m-3 d-1 reaktor volumen blev estimeret ud fra måling elektrisk
omsætning.
Iltning er den af de nuværende typer, af restaureringsmetoder der mest
sammenlignelig med SMFC. Iltning har dog i flere undersøgelser vist sig ikke
at reducere fosforfrigivelse fra sø-sedimenter. Som restaureringsværktøj blev
SMFC vurderet til at have adskillige fordele over konventionelle metoder:
SMFC tilbyder kontinuerlig effekt, hvor andre metoder kræver kontinuerlig
eller gentagen behandling. SMFC’er kan styres ved at ændre den eksterne
modstand, og systemets effekt kan nemt overvåges gennem den producerede
elektriske effekt. Derudover kræver SMFC væsentlig lavere løbende udgifter,
da vedligehold er minimalt, og da der ikke forbruges kemikalier.
Implementeres SMFC i stor skala, forventes det at elektrodernes
tilstedeværelse vil medføre vedvarende lave fosfat koncentrationer i vandet i
årtier med minimalt behov for vedligehold. På længere sigt forventes det at
eutrofiering hæmmes og den øgede sigtdybde medfører at bundlevende planter
kunne vende tilbage, og søens balance kan genoprettes.
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1 Introduction
Lakes are used for transport, abstraction of drinking water, irrigation, industry,
recreational purposes, habitats for wildlife and as a source of fish for consumption. Hence, lakes are under constant pressure from resource extraction and
pollution. Eutrophication, which means enrichment with nutrients (Weber,
1907), is one of the most important symptoms of surface water pollution (Zamparas and Zacharias 2014; Zhang et al. 2020). An estimated 30-40 % of world
lakes are eutrophic (Yang et al. 2008), and the quality of lakes is continuously
deteriorating (Jenny et al. 2020).
Eutrophication is the condition where all requirements for plant growth are
satisfied, causing proliferation of microalgae. A typical molar composition of
algae of C106H263O110N16P is widely accepted (Harremoës et al. 1990; Li et al.
2019). Absence of a bioavailable form of any nutrient limits growth, and that
nutrient is said to be limiting. While carbon, hydrogen and oxygen are ubiquitous in the environment, nitrogen and phosphorus may be limiting if the nitrogen:phosphorus ratio is respectively, less or more than 16 mol mol -1 (Mohlin
et al. 2012).
Only 40% of all European surface waters are in good ecological status (European environment agency, 2018), and more than 50 % of lakes requires P-decrease to meet requirements set out in the EU water framework directive (Zamparas and Zacharias 2014).
In Denmark there are an estimated 120 000 lakes (larger than 0.1 ha, Wilhjelmudvalget, 2001), corresponding to 58 000 ha or 1.4 % of the country’s surface
area. Most of these lakes are eutrophic, with 60 % of anthropogenic P originating from farming. Less than 15 % of Danish lakes have water clear enough to
allow for diverse benthic macrophytes (Wilhjelmudvalget 2001). In Denmark
lake water is not used for drinking water, and maintenance of good ecological
status is driven by waterfront house pricing, by ecological, recreational, and
political motivations. Another motivator is preservation of biodiversity, since
lakes are home to 33 % of Danish species of plants and animals (Wilhjelmudvalget 2001), including oligotrophic freshwater species which have become rare throughout Denmark (Sand-Jensen et al. 2008).
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The load of nitrogen and phosphorus on the biosphere from anthropogenic
sources is increasing, and so are algal blooms (Glibert, 2017). This causes a
shift in fish species composition, and damages biodiversity (Azevedo et al.
2013), which threatens food supply. An estimated 1.35 million tons of fish are
caught in the world’s 25 largest lakes, with more than 90 % of that catch happening in Africa (Jenny et al. 2020).
Eutrophication of freshwater reduces recreational value (BERNET CATCH
2006), increases production of greenhouse gases (Beaulieu et al. 2019) and
threatens drinking water supply of millions (Carpenter et al. 1998; European
Commission 2002), as lakes contain about 90 % of the liquid freshwater on the
worlds surface (UNEP 2011). At first glance a silly unit, but made relevant
since the majority of freshwater is stored as ice and very few yet mine ice for
freshwater.
In most lakes, ortho-phosphate (P) is the limiting factor for eutrophication
(Stumm and Morgan 1996; Carpenter et al. 1998; Søndergaard et al. 2020),
making it the focus for freshwater eutrophication (UNEP 2016). Finally, the
degree of eutrophication in Danish lakes was found to correlate with P concentrations (parameter: Secchi depth, Søndergaard et al. 1999).
Historically large quantities of P were emitted after the implementation of
flushing toilets, from detergents, wastewater treatment outlets, industry, and
agriculture. This is illustrated in Figure 1, where P concentrations were measured in Lake Fure, Denmark (Wind 2007; Sand-Jensen et al. 2008). With increasing population throughout the 20 th and 21st centuries, and after the implementation of water flushing toilets and the market-introduction of phosphate
containing detergents, the lakes of Denmark saw increasing P loads until the
mid1970’s. Then strict regulations forced the reduction in P emissions by rerouting flows and by expanding wastewater treatment, which reduced loading
significantly (Figure 1).
Today, anthropogenic P emissions are dominated by diffuse sources contributing 82-84 % (Carpenter et al. 1998; European environment agency 2005),
50-90 % of which coming from agriculture due to loss of 25-75 % of the applied P (Sutton et al. 2012; Sutton et al. 2013).
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Figure 1: Phosphorus loading in Lake Fure, Denmark, in the period 1900-2000, highlighting
key events. Sand-Jensen et al. 2008, by courtesy of the British Ecological Society.

In the USA, agriculture contributes 48 % of total P emitted to surface waters
(Wurtsbaugh et al. 2019). However in Great Bear Lake, Canada and others in
North America and Eastern Europe, domestic waste water contributes 50-99 %
(UNEP 2016). Global fertilizer use is increasing each year by 1-3 % depending
on region. An increase of 2.4 % is expected in the growth of P 2 O5 demand
annually from 2019 on average, corresponding to a doubling in world P 2O5
demand in 3 decades (International fertilizer association 2019; International
fertilizer association 2020). The introduction of P can capture a lake in vicious
cycles, sustaining eutrophication long after external inputs of nutrients are
eliminated (Figure 2).
Natural improvements are delayed by chemical and biological feedback loops
as shown in Figure 2, Paper I, and described further by Søndergaard et al.
1999 and Sand-Jensen et al. 2008. External inputs increase P concentration in
the water, causing algal blooms that shadow the lake bottom, and benthic macrophytes recede. Predatory fish are unable to hunt, and their food source is
disrupted such as fish feeding on benthic invertebrates and bottom-dwelling
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animals are suffocated (Vander Zanden and Vadeboncoeur 2002), so that
planktivorous fish species dominate. This increases predation on zoo plankton
and reduces grazing on algae. Algae proliferate, die, and sink to the bottom,
consuming oxygen when degraded, which leads to oxygen deficit in the bottom, killing fish (Wurtsbaugh et al. 2019).

Figure 2: Vicious cycles of eutrophication. Left: Interlinked processes sustaining eutrophication in a lake. Blue: processes in water, green: processes involving microalgae, gr ey: sediment related processes, yellow: processes involving fauna. Right, dashed line: The order in
which electron acceptors are consumed in the absence of O 2 shown as concentration versus
depth in sediment, and at which potential this occurs (Berner 1981, by courtesy of the society
for sedimentary geology).

In the absence of oxygen, electron acceptors are reduced sequentially; first nitrate, then manganese, iron, and sulphate, and lastly organic material, which is
simultaneously oxidized and reduced forming methane (Figure 2, right) (Stephenson and Stickland 1933; Yan et al. 2017; Algar et al. 2020). Under anoxic
conditions P is released from lake sediments into the water column. Several
theories exist as to the underlying mechanisms, the most accepted explanation
being reductive dissolution of iron oxides, decreasing sediment P binding capacity (Mortimer 1942). This theory has been contested, albeit without providing a suitable alternative explanation (Golterman 2001). The P binding capacity of a sediment is governed mainly by pH, redox, and sediment content of Ca,
Fe, S, and to a lesser extent Mn and Al. In this thesis mainly 2 linked feedbacks
are considered; reduction of Fe 3+ releasing P, and formation of H2S which scavenges Fe2+.
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In this thesis a technique for lake restoration is developed using sediment microbial fuel cells (SMFC) (introduced in section 2.3), facilitating P binding
(section 4.1) and inhibiting CH 4 production (section 4.3). In the lake, electrodes are placed in oxygen rich water and in the oxygen poor sediment. Exoelectrogenic bacteria degrade sediment organic matter (SOM) and utilize the
electrode system as electron acceptor, i.e., by oxidation of the sediment coupled to reduction of dissolved oxygen in the overlying water through the electrode system. Methanogenic microbes use the organic carbon as electron acceptor and form methane and carbon dioxide in a 1:1 mol ratio. The SMFC
anode serves as electron acceptor for the redox reaction, and thus allows microbes to form two mol of carbon dioxide (Kaur et al. 2014).

1.1 Objectives
The primary aim of this study was to develop and test a novel methodology
to immobilize phosphate in lakes by use of sediment microbial fuel cells. The
focus of this thesis was therefore to test SMFCs in a lake ecosystem and on the
performance of the SMFC under real environmental conditions, despite all the
difficulties that arise from field studies (large scale, difficult sampling, noncontrolled parameters, dependence on weather and more and thus risk of high
variance and subsequent insignificant results).
The first objective was to construct and operate a sediment microbial fuel cell
system for real-world application (Paper II). The feasibility and success of this
primary goal depends largely on finding a robust and low-maintenance
electrode material at affordable costs; thus, the second objective was to choose
and optimize material and design (Paper II). The aim of the thesis was
ultimately the development of a tool for remediation of lakes, so the third
objective was to show the capability of the system to inhibit P release (Paper
I) from the sediment of a eutrophic lake, the proof of concept and the
underlying microbial processes (Paper I). These objectives should be met while
avoiding undesirable side effects, in particular the release of sediment-bound
pollutants (Paper III) or the release of heavy metals from the electrode material
(Paper I, II). A secondary objective was to show the capability of the system
to also degrade pollutants (Paper IV).
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2 State of the art
2.1 Lake restoration
The goal of remediation efforts is restoration of a lake to a state prior to anthropogenic influence. In temperate shallow lakes mean P concentrations
should not exceed 0.05 mg P L -1 (Jeppesen et al. 2012).
Prior to any in-lake efforts to restore water quality, external inputs of nutrients
should be eliminated or minimized (Abell et al. 2020). In some cases, this is
sufficient to improve water quality. After reducing external inputs of P,
Jeppesen et al. 2005 found that most lakes (n=35 lakes) reached equilibrium
after 10-15 years, and in all cases resulted in lower P concentrations.
However, several studies found that water P concentrations are controlled by
release from the sediment (Cullen and Forsberg 1988; Søndergaard et al. 1999;
Jeppesen et al. 2012; Zamparas and Zacharias 2014; Gulati and van Donk 2002;
Jenny et al. 2020; Søndergaard et al. 2020). Assuming uniform distribution,
the top 1 mm of sediment in Lake Søllerød contains as much P as the total
water column above (Paper I), hence release from the top sediment layer can
be detrimental to water quality (Avnimelech et al. 1984; Wang et al. 2005;
Paper III).
There are relatively few long-term studies of lake restoration (Søndergaard et
al. 2007; Jeppesen et al. 2012; Zamparas and Zacharias 2014), and existing
follow-up studies often focus predominantly on abiotic factors (Sand-Jensen et
al. 2008). Lake restoration methods are divided into 3 categories: physical,
chemical, and biological. Combining methods increases success rate (Gulati
and Van Donk 2002; Jeppesen et al. 2012; Zhang et al. 2020).

2.1.1 Biological remediation techniques
Biomanipulation is the modification of the biomes by addition or removal of
species of fish or plants. Removal of zoo-planktivorous and benthivorous fish
is most common (Søndergaard et al. 2007; Jeppesen et al. 2012). Removal of
planktivorous fish should reduce population by 70 % and when restocking, a
minimum 1000 specimen of pike ha -1 should be added (Søndergaard et al.
1999; Gulati and van Donk 2002). The goal is to increase grazing pressure on
phytoplankton by zooplankton like daphnia and reduce bioturbation (Jeppesen
et al. 1999; Gulati and van Donk 2002).
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Biomanipulation is low cost, requires expertise and is generally successful in
the short term. However, most lakes revert to previous conditions within 10
years (Drenner and Hambright 1999; Jeppesen et al. 1999; Gulati and van Donk
2002; Søndergaard et al. 2007; Jeppesen et al. 2012; Zhang et al. 2020). Abundance of benthivorous fish is directly linked to both Secchi depth and suspended inorganic solids (Gulati and van Donk 2002), because they resuspend
sediments, contributing nutrients and inhibiting growth of macrophytes
(Jeppesen et al. 2012). Prevalence of macrophytes provide shelter for zooplankton and predatory fish eggs, larvae, and fry, increases mussel density,
limits sediment resuspension, increases bacterial nitrogen turnover (Søndergaard et al. 1999), and is often attributed to successful remediation (Gulati and
Van Donk 2002; Jeppesen et al. 2012). An estimated >30 % coverage of the
lake bottom is required to achieve effects (Søndergaard et al. 1999). However,
in excessive density, macrophytes may cause DO depletion and subsequent P
release due to nigh-time respiration (Waters et al. 2020).

2.1.2 Physical remediation techniques
Physical remediation techniques primarily involves methods to immobilize or
remove sediment P, but may be achieved through dilution, washing out P. Dilution may be used in small lakes, preferably in winter (Gulati and Van Donk
2002; Jensen et al. 2007; Zhang et al. 2020). Supplying water of sufficient
volume and quality has economic and logistical constraints (Zhang et al. 2020),
and pollutants may be flushed downstream (Gulati and Van Donk 2002; Zamparas and Zacharias 2014; Bormans et al. 2016).
Hypolimnetic withdrawal is done by damming of natural surface outflow and
installing pipes from the lake bottom to the desired outlet, allowing discharge
of hypolimnetic water with high P concentration (Bormans et al. 2016). This
reduces cost compared to pumping (Nürnberg 2020). Downsides include
odours from hydrogen sulphide, and a risk of destabilizing stratification and
introducing nutrient rich bottom waters to the above waters, hence it is recommended in deeper lakes only.
Dredging of sediment removes internal P stocks and other pollutants (Søndergaard et al. 1999; Gulati and Van Donk 2002; Zamparas and Zacharias 2014;
Zhang et al. 2020). It is expensive and may cause resuspension of sediment
into the water column, exposure of biota to buried pollutants, and the return of
benthic organisms can be expected to take years (Søndergaard et al. 1999; Cyr
et al. 2009; Zamparas and Zacharias 2014; Bormans et al. 2016; Zhang et al.
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2020). In-lake burial is another option for reducing internal P cycling from the
sediment, this has been done in Loosdrecht Lakes, where 20-30 m deep pits
were dug, allowing sediments to shift into the pits where they can be capped
(Gulati and van Donk 2002).
Aeration directly increases DO, sustaining life (Zhang et al. 2020), potentially
preventing release of P by increases redox-sensitive sorption of P to the sediment (Jeppesen et al. 2012; Bormans et al. 2016). Complete dissolution of oxygen gas avoids bubbles and thus mixing of nutrient-rich bottom waters into
the water column (Bormans et al. 2016). Aeration has been carried out with no
observable lasting effects, and without limiting P release from the sediment
during summer, over 17 years in Lake Fure, Denmark (Ramboll 2012; Jeppesen
et al. 2012), and 15 years in lake Sempach, Switzerland (Gächter and Müller
2003). An average 430 tons O2 year-1 was used for more than 18 years in Lake
Fure, Denmark. Establishing costs of aeration was budgeted to 502 631 € (Liboriussen et al. 2007B) and additional average annual operation costs were 110
945 € (Allentoft et al. 2008). The lack of success is likely owed to other factors
affecting P release from sediments, including mineralization of precipitating
SOM (Søndergaard et al. 2007; Hupfer and Lewandowski 2008). Aeration is
categorized here as a physical measure, since in some cases aeration occurs by
physical agitation of water or pumping of atmospheric air.

2.1.3 Chemical remediation techniques
Chemical treatment includes agents to poison algae or precipitate and immobilize P using, for example, aluminium salts (Al), iron oxides (Fe) or lanthanum
modified bentonite clay (La, mostly referring to the brand Phoslock) (Zamparas and Zacharias 2014). Sorption of P increases with temperature and sediment
content of Fe and Ca. The bulk of P-sorption occurs in the range minutes to
hours (Jacobsen 1977; Wang et al. 2005; Azzouz et al. 2021; Zhang and Huang
2021).
Precipitation and immobilization of P depends on availability of co-precipitants. These include Ca and oxidized forms of Fe, Al, and Mn (Dong et al.
2011). Sufficient availability is also a prerequisite for P binding by SMFCs,
and any project would first involve preliminary investigations of the sediment.
Fe and Ca typically account for the highest variable binding capacity, where
Ca-bound P predominantly dominates underlying sediment, and Fe in the sediment surface (Jacobsen 1978).
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Depending on which co-precipitants are available, release may be predominantly pH or redox controlled. Nur and Bates 1979 found a minimum binding
capacity at around neutral pH (7.33), where Al, Fe and Ca bound P-fractions
all decreased. This was followed by an increase in Al and Fe bound P in alkaline conditions. PH dependency of P binding with calcite is low compared to
iron oxides (Jacobsen 1978).
An advantage of P precipitation with Al (Equation 1) over Fe (Equation 2) is
that Al-bound P does not redissolve at reducing conditions.

Alum

−2
𝐴𝑙2 (𝑆𝑂4 )3 + 2𝑃𝑂3−
4 → 2𝐴𝑙𝑃𝑂4 + 3𝑆𝑂4

(Eq. 1)

Al salts have been applied in over 150 known examples in North America and
Europe (Jeppesen et al. 2012). Effects last from 1-2 years to 10 years (Søndergaard et al. 2007; Jeppesen et al. 2012). Treatment is split in multiple steps
limited by the alkalinity of the lake. Above the pH range of 5.5 to 8.2, Al may
re-dissolve to the water and poison fish (Jensen et al. 2009; Zamparas and
Zacharias 2014). The recommended Al dosage is 1:10 (molar ratio), P:Al, but
sediment P-binding capacity and P content may vary spatially (Kuster et al.
2020).
Considering the existing binding capacity of the Lake Søllerød sediment, an
estimate 53 t to 84 t Al would be required (Jensen et al. 2009). Another commonly used agent is Fe3+ (Equation 2) or ochre (Hjuler et al. 2012). An alternative is Fe2+ which will be oxidized to Fe 3+ in the water and bind P (Deppe
and Benndorf 2002).

Iron oxides

𝐹𝑒 3+ + 𝑃𝑂3−
4 → 𝐹𝑒𝑃𝑂4

(Eq. 2)

The cost of Fe treatment is in the order of 7500 € ha-1. Downsides include high
dependence of iron oxides on pH (Zamparas and Zacharias 2014) and the required ratio Fe:P of ≥10 kg kg-1 (Jensen et al. 2009). Scavenging by S or Ca
can eliminate the binding capacity of Fe (Boers et al. 1992).
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Phosphate readily adsorbs to calcite (CaCO3, Equation 3) (Jeppesen et al.
2012), up to 6.4 mg P g-1 calcite, and in pH range 5-6 (Zamparas and Zacharias
2014).

Lime

3𝐶𝑎2+ + 2𝑃𝑂3−
4 → 𝐶𝑎3 (𝑃𝑂4 )2

(Eq. 3)

Liming lakes is widely used in the Nordic countries and Canada, with the added
benefit of flocculating and precipitating microalgae and the main risks of increased pH and fish mortality (Zamparas and Zacharias 2014).
A recent addition is lanthanum or lanthanum modified bentonite clay, generally
from the brand Phoslock. Lanthanum forms stable bonds with P (Equation 4)
in pH range 4.5-8.5 with pH above 9 greatly reducing binding efficiency (Zamparas and Zacharias 2014, Zhi et al. 2020).

Lanthanum

𝐿𝑎3+ + 𝑃𝑂43− → 𝐿𝑎𝑃𝑂4

(Eq. 4)

Binding capacity is 10.5 mg P g-1 Phoslock. There are no published results
showing negative impact of La treatment, although caution, further study, and
monitoring are advised (Zhi et al. 2020). La is tested with success in laboratory
and field trials (Zamparas and Zacharias 2014; Copetti et al. 2016).
Lastly, herbicides have been used to combat algal blooms which is no longterm solution but may improve water quality by increasing transparency, shifting trophic cycles (Jeppesen et al. 2012). Copper sulphate (CuSO 4) is widely
used to control or remove algal blooms with short effect duration (Zhang et al.
2020), as has been done for 58 years in Fairmont lakes, Canada (Hanson and
Stefan 1984) with several side effects.
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Fe-bound P dominates in surface sediment, while Ca-bound P dominates in the
underlying sediment (Jacobsen 1978). Concentrations of oxidized forms of Fe,
Al, Mn correlate with P-binding capacity (Dong et al. 2011). Humic acids and
clay particles play an important role in the sediment’s overall capacity to bind
P. Sorption governs the P-binding in sediments (Jacobsen 1978). Ferric oxides
and Ca account for the largest variable binding capacity in sediments, variable
with changing redox and alkalinity. However, the pH of sediments is stable and
is thus not targeted as a means of controlling P-sorption.

Table 1: Common lake-remediation techniques. Duration of ongoing treatment including
establishing in years, achieved intended effect; Y=yes, N=no, U=uncertain parentheses=duration in years after work end, cost in 1000 € ha -1 lake area, E=estimate.
Technique

Treatment
duration

Effect
duration

Cost

(year)

(year)

(1000 € ha-1)

Reference

Biological
Liboriussen et al. (2007A)
Søndergaard et al. (2007)
Jeppesen et al. (2012)

Biomanipulation

3-5

Y (1-10)

0.4-5.8

SMFC

n/a*

n/a*

E3

Aeration

17

U (0)

1.6 - 2.7

Søndergaard et al. (1999)
Liboriussen et al. (2007A)

Dredging

1

Y (3)

16.5-19.6

Søndergaard et al. (1999)
Liboriussen et al. (2007A)

Hypolimnetic
withdrawal

30

Y (30)

n/a

Nürnberg (2007)

Al

1-5

Y (1-10)

4.4

Liboriussen et al. (2007A)
Søndergaard et al. (2007)
Jeppesen et al. (2012)

Fe

2

Y (2)

7.5

Deppe and Benndorf (2002)

La

1

Y (9)

10.3-14.6

Epe and Yasseri (2017)
Nürnberg (2017)
Søndergaard et al. (2020)

CuSO4

58

N (0)

2.7

Hanson and Stefan (1984)

(Paper II)

Physical

Chemical

*Pending full-scale tests.
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2.2 Sediment microbial fuel cells
Bioelectrochemical systems (BES) are systems in which an electrochemical
process is catalysed by microbes. Microbes that catalyse BES are exoelectrogenic; they utilize objects external to their cells as electron acceptor in their
metabolism. Transfer of electrons from bacteria to electrode occurs either
through direct contact with cell membrane (Logan et al. 2006), electron shuttles (Schröder, 2007) or conductive nanowires of length mm to cm (Bjerg et al.
2018). A microbial fuel cell (MFC) is a type of BES where the redox half reactions are separated by an ion selective barrier (Figure 3, left). The system is
filled with an electrolyte and an electrode is placed on each side of the barrier
and are connected through an external circuit. The two half reactions (oxidation, Equation 8, and reduction, Equation 9) cause an exchange of ions through
the barrier and a concomitant flow of electrons through the external circuit.
The electrode on the side containing the electron donor is the anode and the
electrode on the electron acceptor side is called the cathode and the electrolyte
surrounding each electrode is referred to as anolyte and catholyte, respectively.

Figure 3: Diagram of microbial fuel cells. Left: Two chambers containing an electrolyte are
separated by an ion-exchange membrane. Electrodes are placed in each chamber and connected through an external circuit. Organic matter (here exemplified as formaldehyde) is
oxidized in the anode chamber, catalysed by microbes, and oxygen is reduced in the cathode
chamber. Right: sediment microbial fuel cells constructed vertically, electrodes are embedded in sediment and water column, and no ion exchange membrane is used.
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Although known for decades, MFCs have been slow to develop into practical
applications (Fan and Li 2016; Algar et al. 2020). They were often constructed
using high performance, high cost and low practicality materials such as ionexchange membranes, delicate carbon electrodes, and catalysts, and typically
in small-scale reactors (< 1 L volume). Moreover, in many studies (not listed
here), the MFC reaction was driven by artificial substrate (typically acetate),
with optimal nutrient and (at the cathode site) oxygen supply and buffered pH,
at constant temperature, maintained between 20° to 25°C and over short periods of time only (< 2 weeks). Those results are not necessarily transferable to
the conditions in the epi- and hypolimnion of lakes, where temperatures, nutrient supply, pH and oxygen levels vary over the year, even daily, and often
differ considerably from the optimized conditions in the laboratory.
Exoelectrogenic bacteria naturally occur in lake sediments. Most commonly
they consume acetate (Coates et al. 2001), which is metabolized via the tricarboxylic acid cycle, transferring electrons to nicotineamide adenine dinucleotide (NAD+ or in reduced form: NADH) carriers, and ultimately through multiple internal structures before the electron leaves the cell (Cheng et al. 2008).
Experimentally, acetate is used to represent the microbially accessible SOM.
In the absence of electron acceptors, acetate is simultaneously reduced and oxidized, ideally forming equal parts methane and carbon dioxide (Kaur et al.
2014), (Equation 5).

Methane production

𝐶𝐻3 𝐶𝑂𝑂𝐻 → CO2 + 𝐶𝐻4

(Eq. 5)

This process provides ≈ 27.5 kJ mol -1 (Equation 6) (Paper III), at a Nernst
potential of 0.07 V (Equation 7).

Gibb’s energy

𝛥𝐺𝑟0′ = ∑ 𝛥𝐺𝑓0′𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − ∑ 𝛥𝐺𝑓0′𝑒𝑑𝑢𝑐𝑡𝑠

(Eq. 6)

Where 0 denotes pH 7 and ´ standard conditions.

Nernst equation

𝛥𝐸 = −
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𝛥𝐺
(𝑛𝑒 ∙ 𝐹)

(Eq. 7)

𝛥𝐸 is the potential (V), n e is the number of electrons transferred.
In a microbial fuel cell, the reaction is split, and the anode serves as electron
acceptor for the microbial reaction in the sediment, but the oxygen at the cathode is the terminal electron acceptor.

Anode reaction
Cathode reaction

𝐶𝐻3 𝐶𝑂𝑂𝐻 + 2𝐻2 𝑂 → 2𝐶𝑂2 + 8𝐻+ + 8𝑒−

(Eq. 8)

2𝑂2 + 8𝐻 + + 8𝑒 − → 4𝐻2 𝑂

(Eq. 9)

A SMFC (Figure 3, right) is an MFC, where the anode reaction consumes SOM
and water and produces CO 2, H+ and electrons (Equation 8) (Menicucci et al.
2006; Kaur et al. 2014).
The positive charge of a cation (typically generalized as H+) travels through
the electrolyte to the cathode and electrons flow from the anode through an
external circuit to the cathode. At the cathode, dissolved oxygen reacts with H +
and e- forming H2O (Paper III) (Equation 9).
The energy of the anode and cathode reactions are -207.5 kJ mol-1 and -629.6
kJ mol-1, respectively. The Nernst potentials for anode and cathode, at the
transport of 8 electrons, are 0.27 and 0.82 V, respectively (Paper III). Part of
the energy is consumed by the microbes, leading to a lower net yield than the
calculated energy. The energy gain of the microbe is the potential difference
between the substrate and the exit point in the metabolic chain.
An external electrical resistance (R ext, Ω) is connecting anode and cathode.
This serves to limit current (I) which is used to selectively grow desired microbes (Menicucci et al. 2006) and allows measurement of the cell working
potential (WP). Measurement of the potential between electrodes in open circuit (not connected electrically, ≈ ∞ Ω), is called the open circuit potential
(OCP, Logan et al. 2006) and is approximately the theoretical maximum potential available for capture (Menicucci et al. 2006). The maximum theoretical
energy accessible for capture in a MFC is the current and the potential difference between the electron exit and the electron acceptor.
The available potential is further reduced by losses in the system (Logan et al.
2006), in the field of study often called overpotentials, and refers to the
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difference between the thermodynamically defined potential, and the observed
potential. The internal resistance (Rint) is an important factor limiting the power
output of a MFC (He et al. 2006; Fan and Li 2016). It is inherent to each system
(Menicucci et al. 2006) and can be sub-divided into Ohmic, kinetic and
transport resistances.
Ohmic resistance (also known as solution resistance), is caused by a) the electrolyte resistance and any membrane in the system, b) Resistance to ion migration within electrolyte, c) Resistance to electron transport within the MFC components, d) Contact resistances. Ohmic resistance is assumed dominating in
systems with a membrane (He et al. 2006; Logan et al. 2006; He and Mansfeld
2009; Fan and Li 2016).
Kinetic, also known as charge transfer, activation, polarization, or active resistance, is caused by slow reaction rates at anode and cathodes and is typically
addressed using catalysts.
Lastly, transport, also known as concentration or diffusion resistance, is generally driven by diffusion.
The maximum power can be achieved when R ext=Rint (He and Mansfeld 2009;
Fan and Li 2016). More importantly for remediation, the selection of appropriate Rext impacts the stability and longevity of the system (Menicucci et al.
2006).
Microbial fuel cells (MFCs) have been applied in a wide variety of applications. These are mainly focused on energy production (Rabaey et al. 2003), but
also include biosensors (Dai et al. 2021), desalination (Pandit et al. 2018).
SMFCs have been shown to inhibit CH 4 formation (Friedman et al. 2016; Liu
et al. 2017) and have previously been proposed as a tool for methane abatement. SMFCs have been implemented in lakes for remediation of target pollutants (Viggi et al. 2017), but predominantly using expensive electrode materials at small scale (Yang and Xu 2019), while the need for further and largescale studies of SMFCs has been highlighted (Algar et al. 2020). Bio-electrode
systems with controlled potential were shown to reduce methane emissions in
lab scale (Ueno and Kitajima, 2012) and in-situ (Friedman et al. 2016; Liu et
al. 2017). Inhibition of odour was reported by Zhang et al. (2021), indicating
inhibition of sulphur release, which may be a consequence of shifting redox
potential. This suggests a link between sediment redox potential and sediment
turnover pathways facilitated by BES.
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Increased P-binding in sediments at elevated redox potential has been known
for a long time (Jacobsen 1977; Yang et al. 2016). Under oxic conditions metal
oxides (including Al, Ca, Fe and Mn) are formed, and bind P (Nur and Bates
1979; Hupfner and Lewandowski 2008), thereby retaining P in the sediment
(Figure 4) (Carlton and Wetzel 1988; Shimotori et al. 2019).
Isolation of hypolimnetic water by stratification, causes net oxygen deficit near
the sediment (Hupfner and Lewandowski 2008; Paper I and II). Under Eutrophic conditions, increased primary production increases the precipitation of
dead algal biomass. The addition of this highly degradable biomass exacerbates
hypoxia in the lake bottom.
While precipitating biomass contains P and thus removed P from the water
column, this is re-cycled back into the water column when organic matter is
mineralized. Thus, while P cycles between sediment surface and the water column above, energy harvested from sunlight is brought to the sediment as chemical energy in biomass. This maintains oxygen demand for biomass degradation, sustains a low redox potential and fuels methane production.
Under anoxic conditions iron-oxides are reduced and dissolve, releasing P
(Figure 4). Sulphide co-precipitates with Fe 2+ as Fe-S minerals, decreasing the
sediment capacity for P binding (Mortimer 1942; Caraco et al. 1993). Increased
concentration of S in a lake is thus linked with P binding capacity of sediments,
and atmospheric deposition of S into surface waters may be another anthropogenic cause of eutrophication (Caraco et al. 1993).
A SMFC-induced increase of sediment redox potential should prevent sulphide
formation (Kubota et al. 2019). Similar effect is observed in nature in presence
of cable bacteria (Sulu-Gambari et al. 2016; Marzocchi et al. 2020). Inhibition of
Fe-scavenging and an increase in sediment redox (Figure 4, red square) maintains the
sediments P binding capacity. SMFCs are hypothesized to increase availability

of ferric iron (Figure 4) (Paper I), reinforced by inhibition of Fe-S formation,
and therefore are expected to limit lake-internal P-cycling and P availability in
water (Paper I).
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Figure 4: Proposed reactions. Organic matter is deposited and contributes phosphate (P) to
the sediment. In oxidized sediment, iron oxides are available, and bind P. In anoxic sediments (lower half) iron is reduced to Fe 2+ and precipitate with sulphide as FeS. The sediments capacity to bind P is thus reduced and P is emitted to the overlying water. Sediment
microbial fuel cells act as an alternative electron sink, bypassing the shaded square, leading
to increased P retention (Paper I).
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3 Methods
Effects of SMFCs on the environment were initially expected to be observable
in months or years. Hence, several experiments were constructed early in the
project, and further investigation and design optimization was carried out in
parallel. The electrode system is the core of lake remediation with SMFCs.
Electrodes were developed in the steps: material selection, placement, shape,
size (also relative to each other), and spacing between electrodes. The external
circuit is the other part of the electrode system, and it constitutes how the electrode operation can be optimized. Tests were carried out throughout the project
for optimizing the external circuit. Screening was first carried out in laboratory
scale for high throughput, and improvements were then tested in 200-L outdoor
ponds and eventually lake installations (pilot scale). Stainless steel (AISI316)
was selected as electrode material for reasons described above (see also Paper
II). Unless otherwise stated, steel refers to wire mesh of 1 mm diameter wire,
spotwelded in 10 by 10 mm squares. Several reactors were maintained in operation from a previous project (Haxthausen, 2017) allowing investigation of
material durability over 4 years rather than the 3-year scope of this study.
Table 3. Overview of experimental apparatus. Location, type and scale of reactors, and outcome of experiments.
Scale

Illustration

Results

Laboratory
1 Chamber
1L

Material durability
Material performance
Initial P and CH 4 experiments

Laboratory
2 Chambers
1.2 - 1.3 L

Material performance
Successful P and CH 4 experiments
Sediment redox change
Effect of upscaling
Effect of outdoor operation
Temperature influence

Outdoor ponds
1 chamber
200 L

Successful P experiment
Electrode surface area ratio
Electrode placement experiments
Observation of ecological hazards

Lake installation
in situ
~ 112 000 L*
*Electrode area ∙ water column height
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3.1 Reactors
In experiments by Nicolaisen, H.D. (2018), 1000 mL infusion bottles were used
as reactors (Figure 5). The narrow neck necessitated folding or rolling the electrodes, thus little sediment was in proximity to the anode.

Figure 5: Reactors constructed in 1 L bottles. Left: Photograph of reactors, (Nicolaisen, H.
D. 2018), right: diagram of bottle with rolled electrodes.

Later, 1000 mL (Duran GLS80 BlueCap) bottles (Figure 6) replaced infusion
bottles due to the larger opening and cap, allowing bigger electrodes and facilitating easy installation and sampling. This facilitated more precise placement
of electrodes inside sediment, and the use of multi-layer electrodes. Reactors
were covered in aluminium foil, or alternatively operated behind curtains, to
limit algal growth in the water column.
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Figure 6: Reactors constructed in 1 L bottles with wide mouth. Left: Photograph of reactors,
right: diagram of bottle with layered electrodes.

Figure 7: Laboratory reactors with 2 chambers. Top left: photograph of reactor, bottom left,
exploded diagram, top right: main chamber construction, bottom right parts overview. Components in exploded diagram, left to right: wing nuts, disk washers, end plate, O-ring, anode
chamber and stoppers, O-ring, interface plate, gasket, membrane, gasket, interface plate, Oring, cathode chamber and stoppers, end plate, disk washers, tensioning rods, and wingnuts.

Two-chamber reactors that were readily available were all constructed with
chambers made from several plates glued together into box chambers. All the
tested reactors tended to leak, and oxygen intrusion into the anode chamber
repeatedly fouled experiments. This prompted the development of new reactors, with gas-tightness thought into the design, most importantly, reactor
chambers were made from extruded acrylic with tubing (Figure 7). To seal the
ends of the chamber, plates were designed with built-in grooves for O-rings,
and to seat components together. Soft polyvinylchloride (PVC) gaskets were
used to seal against the membrane. Reactors were assembled with threaded
rods compressing endplates together on each end of the stack with wingnuts.
Multiple ports in each chamber were sealed with rubber stoppers, through
which electrode wire was threaded, and samples could be drawn using a needle.
Two-chamber reactors were designed to avoid oxygen intrusion to the anode
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which was masking the effects of the SMFC (Paper I). These were used to
investigate the processes of the system in more detail than what is possible in
1-chamber small-scale systems, and to obtain publication quality results. A
second iteration of 2-chamber laboratory reactors was developed with small
improvements (Figure 8). Improvements included ports in end plates, increased
material thickness in ports, tapered openings for air-tight fit of rubber stoppers
and external threading to allow securing stoppers or connection of peripherals.
Peripherals included adapters for sensors, and systems allowing the reactors to
be used in flow-through experiments. The tension system was changed from
compressing on the corners of the acrylic end plates to instead sandwich the
reactor stack between 2 steel plates allowing several kg of clamping force. External recesses were included where components sealed together, to allow
packing with petroleum jelly to avoid leaking. Whilst all plates in the first iteration were in contact with the steel rods, in the second iteration only the steel
end plates were. In the first iteration the membrane allowed a slow leak of
electrolyte, which when contacting the steel rods caused corrosion, and if electrode wire touched the rods electric measurements were erroneous. In the second iteration all metal parts were replaced with AISI316 stainless steel parts to
eliminate issues with corrosion, and made the reactors look quite good indeed.

Figure 8: Second iteration 2 chamber laboratory reactor. Top left: photograph of reactor,
bottom left, exploded diagram, top right: end-plate groove and O-ring seat, bottom right
parts overview. Components in diagram, left to right: wing nuts, disk washers, end plate, O -
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ring, anode chamber, O-ring, interface plate, gasket, membrane, gasket, interface plate, Oring, cathode chamber, end plate, tensioning rods, disk washers, and wingnuts.

Mesocosm ponds were constructed by digging 9 PVC cylinders, each 200 L,
into the ground (Figure 9). Electrodes would either rest on the bottom or be
suspended from the pond’s edge at a designated depth using plastic rope. In
later iterations, roofs were added to eliminate issues with pond dilution during
rain, and evaporation during intense heat. Wires connecting to electrodes were
dug into the ground, allowing measurements to be carried out from a centre
console. Plastic tubes were affixed to the top layer of anodes, creating a submesocosm. This was to eliminate the issue of oxygen intrusion to the sediment,
masking effects of the electrode system. The top of the tube was closed with a
rubber stopper, in which several tubes were installed for gas bag attachment
and water sample collection. Tubes were held in place by metal braces connected to ground spears outside the ponds.

Figure 9: Outdoor mesocosm pond reactors located in an outdoor atrium. Left top: Photograph of mesocosm pond reactor with roof and sub-microcosm tubes, left bottom: connection
of tubes to anode surface prior to sediment addition, middle: installation of wires between
electrodes and a centre console for measurements, right: diagram of the pond reactor, pipes
protruding, through the cathode out of the water column (Paper I).

The pilot scale electrodes were assembled on the lake shore (Figure 10), with
the only exception of pre-cut lengths of steel net, with electrical connections
made in advance. This was done as several curing stages of in total 48 hours
were necessary for the epoxy and silicone sealant protecting the connections
(further described in section 3.2). Electrode frames were assembled on the
shore using electro-welding components (Uponor, Fusomatic). Surfaces were

22

prepared by a light sanding followed by cleaning with ethanol, before being
assembled using a mallet. Components were aligned and then welded together
by a power supply connected to a diesel generator. Frames were squares of 4
by 4 meter (internal dimension). Methods and materials are further described
in Paper I and II.

Figure 10: Construction of pilot-scale sediment microbial fuel cell. Left: exploded diagram
of cathode (top) and anode (bottom), red arrows showing connections and dotted brown lines
depicting ropes. Centre top: frame assembly using electrically fusing components and poser
supply, centre middle: rolling out electrode nets in preparation for folding, centre bottom:
electrical connections. Right top: electrodes ready on the lake shore, right middle: electrode
towed in position by boat, right bottom: sinking of electrodes (Paper II).

Electrode nets were 1 m wide, hence 4 lengths of 4 by 1 meter were fitted in
the cathode frame in 1 layer. Anodes consisted of 3 layers, so 4 lengths of 12
by 1 meter were folded to fit into the frame. Anode layers were separated by
spacers. Electrodes were pre-connected by electrical wire. Installation in
frames was done using heavy-duty zip-ties. Anode and cathode were stacked
on shore, and rope connections were made between anode and cathode, and
between cathode and buoy in each corner. Rope and wire were spooled on top
of the electrode. The anode frame was punctured and rubber stoppers with connecting wires were installed. When in position on the lake, the stoppers could
be pulled out to sink the set of electrodes. The anode was designed excessively
heavy to act as anchor for the system, and to pull down the cathode. The cathode frame was designed to be buoyant, suspending it in the water column, at
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the length set by the anode-cathode tethers. An alternate system was tested with
fittings installed in the anode frame connected to tubes leading to a buoy at the
surface. When connected to a manifold and portable compressor, the anode
frame could be filled with air, raising it to the surface. This system was implemented after having raised the first system by hand for the first time. The system as used in this project was light enough for 3-4 people to carry into the
water. From here it was towed in position by a row-boat and sunk. Inspections
were carried out after allowing the sediment to settle, using a vertical drop
camera, a remote-controlled submersible vehicle, or by a diver.
Several smaller electrodes (5 cm diameter) were installed on the anode (Figure
11) and connected to wires running ashore. These electrodes were installed
inside a plastic spacer, separating them from the anode. These were used to
measure the potential against a reference electrode providing estimates of the
redox conditions near the anode in various locations. These also provided an
estimate of the OCP of an electrode in the anode location without interfering
with the anode electrically.

Figure 11: Reference electrodes attached to the pilot scale anode. Small steel nets installed
in plastic spacers.

3.2 Electrode materials
Electrodes were stainless steel mesh made from 1 mm AISI316 wire, spotwelded in 10 by 10 mm squares (Filtertek A/S, Denmark). This net was cut to
shape and folded into electrodes (Figure 11).
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Figure 12: Electrode folding, and installation demonstrated for 2 chamber laboratory reactors. Left: photograph of cut steel electrode shown underneath as diagram, centre, folded
electrode, and orientation in reactor, right: reactor with electrodes installed.

When possible, electrodes were connected to the external circuit through one
or more uninterrupted strands of steel wire (Figure 12, left). This wire would
be shielded from contact with the electrolyte as required, using silicone tubing
and sealant. When electrodes were installed in constrained space, and in the
lake, electrical wire was instead connected to the electrode (Figure 13). Connections were made by mechanical fastener, either a screw terminal or butt
splice connector. For lake electrodes, where a bad connection would be detrimental, electrically conductive epoxy (G6E-SGTM, G6-EPOXY) was added
inside the mechanical fastener. The connection was further reinforced with
epoxy resin for added strength, and isolated from the electrolyte using silicone
sealant.

Figure 13: Electrical connection on electrodes. Left and centre: steel net electrodes with
screw clamp connector with added epoxy, right: electrodes drying after addition of silicone
sealant.

Steel mesh electrodes were compared against other shapes of steel as well as
other materials (Figure 14). Isomolded graphite plates (graphitestore.com,
USA) in 5 mm thickness were tested in laboratory and mesocosm reactors.
Graphite plates were connected to electrical wires by drilling a hole near the
edge, threading through exposed electrical wire conductor, and twisting the
conductor around itself over the edge. When coated with epoxy this would be
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sufficient to provide a stable connection, but for good measure, conductive
epoxy was again used to ensure perfect electrical connection, followed by
epoxy and silicone as previously described.

Figure 14: A small selection of tested electrode materials. Left: cutting of graphite plate
electrodes, centre: graphite plate stock, right installed graphite electrodes, bottom, an overview of tested electrode materials, excluding several varieties of steel.

3.3 Operation
Performance of a SMFC is regularly normalized to electrode footprint (Algar
et al. 2020), although consensus on method of normalization is not completely
established (Logan 2012). To compare the performance of electrode materials,
the actual surface area should be used, as materials like carbon fibre has significantly higher surface area per footprint or volume, compared to steel mesh
or plate. When designing systems to a specific purpose, other metrics should
be used for normalization. Where volume is a constraint as is the case in portable power cells, performance could be normalized to reactor volume, and in
large scale remediation projects, metrics like material cost could be relevant.
Throughout this study results are normalized based on geometric or “actual”
surface area, i.e. the surface area of the steel wires making up the steel mesh,
as this provides the best metric for comparison with other studies.
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Rint can be estimated with methods of varying complexity. Generally accepted
is estimation based on a polarization curve; Rext is changed, the resulting V is
measured, and I is calculated. The slope of the linear relationship between I
and V is Rint (Fan and Li 2016). A polarization curve describes R int best when
the ohmic resistance is the main R int. In this case the V/I-curve is approximately
linear. It may not be suitable to determine Rint in large scale MFC because here
diffusion resistances may be dominating. Instead, electrochemical impedance
spectrometry (EIS) is recommended (Fan and Li 2016). Other methods include
a) current interruption, b) phase lock amplifier, c) power density curve peak,
d) computer simulation and e) calculating the difference between approximations of the theoretical potential and WP (He et al. 2006; Liu et al. 2011; Fan
and Li 2016).
The degradation of sediment can be estimated based on the number of electrons
flowing from the anode (in unit coulomb, C, or ampere ∙ seconds), if a given
substrate is degraded, here acetate is used for the calculations. The ampere is
found from measurements of WP and Rext (Equation 10) and is converted to
the number of electrons using the Faraday constant (F, 96485.33 C mol -1 e).
From equations 8 and 9 or from the stoichiometric equation, we know that 8
mol electrons are transferred for every mol acetate degraded (Paper III).

Ohms Law

Ohms Law

𝑈 =𝑅∙𝐼

𝐼=

𝑃 = 𝑈 ∙ 𝐼 = 𝑅 ∙ 𝐼2 =

𝑈2
𝑅

𝑈 𝑄
=
𝑅
𝑡

(Eq. 10)

(Eq. 11)

Where U (V) is WP, R (Ω) is the resistance, I is the current (A), Power (W),
and Q is charge (coulomb, C), 1 C=1 A s.

3.4 Site description: Lake Søllerød
Lake Søllerød was previously described (Jensen et al. 2009; Grontmij 2012;
Jensen and Møller 2015). External P input stems from a) residences (15 kg P
year-1), farming and other distributed sources (7 kg P year-1), and runoff from
a fen area (39.5 kg P year -1), in total an estimated 61.5 kg P year -1 (Grontmij
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2012). Additionally, there are several sewer overflows leading to the lake (Figure 15, right; Jensen et al. 2009).
A thermocline regularly establishes at 2 to 5 m depth (typically 3 m), between
May and September (Jensen and Møller 2015).
The sediment varies in quality and thickness across the length of the lake between inflow and outflow, with sediment thickest near the inflow and towards
the deepest point in the middle. Sediment near the outflow is sandy and light,
while about 50 cm of dark thick sediment is found near the inflow (Paper I).
The capacity of the sediment for binding P is 5-10 % of the 6.1 t to 9.73 t
mobile P, considering the top 20 or 40 cm sediment respectively (Jensen et al.
2009). The sediment P content is 1.6 to 3.2 mg kg -1 dry weight, and sediment
stocks are 9700 kg in the top 40 cm (Paper I). Of this, mobile P is 50-80 %
bound to iron, and the remainder in organic matter.
The half-life of organic bound P is 5-10 years (Jensen et al. 2009). Average
concentration of P in the epilimnion was observed up to 1 mg L -1 in the period
2018 to 2021, resulting in algal blooms with Secchi depths < 1 m (Paper I).

Figure 15: Location of pilot experiment. Left: location in Denmark, right: overview of the
lake, top, centre: picture of the site. Depth profiles are given in meters, blue area marks the
pilot experiment area as shown also in picture in blue frame. Here buoys marking the 4
corners of 2 electrode pairs are visible. Green dots mark the location of sewer overflows.
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4 Results and discussion
To curb eutrophication, limitation of a nutrient can be imposed on a system.
Earlier, denitrification was induced at the cathode of a microbial fuel cell, successfully removing nitrogen from the system (Zhang and Angelidaki 2012). A
low nitrogen:phosphorus ratio will favour organisms capable of N fixation
(Degerholm et al. 2006). Since this includes cyanobacteria, harmful algal
blooms can increase disproportionately with eutrophication (Glibert and Burford 2017). Due to potentially negative impacts, including poisoning fish and
birds, threatening drinking water supply and reducing recreational value (Stewart et al. 2006), combatting eutrophication by N limitation will not be the focus
of this thesis.

4.1 Phosphate binding by SMFC
SMFCs are known to decrease pH at the anode due to the release of H + (Algar
et al. 2020). This means that in a system with alkaline sediment, lowering of
sediment pH by a SMFC may cause a reduction of P binding capacity, followed
by an increase in P binding capacity. The effect is more pronounced in the
bottom water because the buffering capacity there is lower than in the sediments. The electrical performance of SMFCs was found to decrease when the
pH of the water was lowered by titration with HCl (Figure 16, Elnef et al.
2019). This corresponds to previous finding by He and Mansfeld (2009) where
cathode polarization resistance decreased when increasing pH from 5 to 10.
Polarization resistance limits performance, lower resistance means that the
electrical performance would increase.
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Figure 16: Sediment microbial fuel cell performance versus pH. Tested in 1 chamber 1 L
reactors with sediment and water from Lake Søllerød, Denmark. The pH was manually titrated regularly. Shown pH is average water pH. Electrodes were folded stainless steel
AISI316 mesh, working potential was measured across 1000 Ω external resistance.

The phosphate-binding capacity of Fe decreases with the presence of carbonate
and sulphide (Caraco et al. 1993), and with decreasing redox potential. As
postulated in Figure 4, P is bound by metal-oxides, including Fe, and when Fe
is reduced from Fe 3+ to Fe2+ the capacity for binding P is reduced. SMFCs are
known to stimulate oxidation of sulphide and thus inhibit FeS formation,
maintaining the binding capacity of Fe (Tender et al. 2002; Ryckelynck et al.
2005; Touch et al. 2017; Algar et al. 2020). SMFCs were shown to increase
sediment redox potential (Figure 17, Paper II).
Sediment redox potential was observed to increase from between -425 mV and
-350 mV to between -225 mV and -125 mv vs SHE. Compared to Kubota et al.
(2019), the initial redox potential is factor 10 lower than the -39 mV reported
in Tokyo Bay sediment experiments, where redox changes appeared seasonally
dependent, and an overall minor sediment redox potential increase of < 100
mV was observed. A redox potential increase from < -400 mV vs. standard
hydrogen electrode (SHE) to > -200 mV vs SHE corresponds to a change of
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the sediment from predominantly methane producing (Figure 2) to sulphur
reducing conditions (-200 To 0, Harremoës et al. 1990).

Figure 17: Sediment redox potential change in sediment treated with microbial fuel cells
versus controls without. Redox potential E h in mV vs standard hydrogen electrode, measured
in 200 L mesocosm ponds operated with and without 1 of 3 types of SMFCs: stainless steel
mesh with 200 Ω external resistance (SMFC 1,2,3 and 4), 0 Ω resistance (SMFC 0 Ω 1 and
2), or graphite plate electrodes operated with 200 Ω external resistance (Graph) (Paper II).

The interaction between Fe and P in microcosms of Lake Søllerød was evident
from measuring Fe and P concentration in water and porewater (Figure 18,
left), with lower concentrations in SMFCs compared to controls. This except
for a SMFC operating with Ni doped electrode, where Ni-P was precipitated
(evident from colour) rather than Fe-P (Paper I, Figure 18 right). But the green
colour could also be caused by Fe 2+ precipitates (Equation 2), which is less
likely based on the data.
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In functioning SMFCs, low amounts of Fe were present in the water, while in
controls concentrations were high. Fe and P in porewater were both found in
controls without electrodes and in controls with disconnected electrodes.
At laboratory scale, P immobilization was shown with 85 % decrease in P concentrations in water, using stainless steel SMFCs (Paper I). Similar results
were reported by Yang et al. (2016), who achieved up to 90 % reduction of
available P in a spiking experiment in open reactors with access of oxygen to
the sediments, and a deeply buried anode electrode. In natural environment at
pilot scale, P concentrations above a stainless steel SMFC was decreased by
up to 94 % (Figure 19) (Paper I).

Figure 18: Phosphate and iron concentrations in water. Left: Concentrations of total phosphorus and total iron, measured in pore water and water column of sediment microbial fuel
cells and controls (Paper I). Steel electrodes were used, stand-alone, combined with graphite
slurry, coated with nickel doped carbon, or poised at +400 mV vs SHE, using a potentiostat.
Controls included reactors with sediment and water, and SMFCs in open circuit. Error bars
are min and max values. Right: Green colour observed in reactor with Ni-doped electrode,
believed to be Ni-P salts (shown in upper right corner).

32

Figure 19: Seasonal performance of pilot scale sediment microbial fuel cell. Vertical colour
bands indicate the seasons. Cumulative ampere (A∙s) generated by SMFCs and PO 4-3 -P measured in the water immediately above the sediment of control sites and SMFCs. The break in
the X-axis indicates a period where SMFC1 (field 1) was undergoing repairs. Error bars
show standard deviation. Paper I.

Binding of P facilitated by SMFCs was not found to require high electrical
power production. P was measured in the water column immediately above the
sediment to minimize the effects of mixing (Figure 19, black circle and red
square show P measured above the two SMFCs). Samples were collected above
electrodes and a designated site without an electrode, which acted as control
(Figure 19, blue star). It was observed that P concentrations above the control
location was always higher than above the electrodes. Moreover, P concentrations increased during periods of stratification (typically observed during summer as shown in Figure 19, vertical yellow band)Low electrical power production is equivalent to low sediment turnover, reducing the risk of unnecessary
release of sediment pollutants because of SOM degradation, to or in which
many pollutants are bound (Paper III), an issue further explored in section 4.2.
Furthermore, SMFC performance scales with the need: low DO, high temperature, low sediment redox potential, high top water DO (eutrophication), are
all linked with increased P and methane release, and all stimulate higher performance of the SMFC. When the lake is mixed and DO penetrates to the lake
bottom, the sediment can be oxidized by oxygen and the SMFC performance
decreases.
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4.2 Microbial community analysis
Amplicon sequencing of V3 and V4 variable regions (ASV) of bacterial 16S
rRNA did not show presence of cable bacteria in samples from laboratory reactor anode chambers or in Lake Søllerød adjacent to anode nor in controls.
This indicates that the sediment redox potential change can be accredited to the
SMFC. Previous studies by Kubota et al. (2019) did not rule out cable bacteria,
but also attributed the redox increase to SMFCs.
Characterization of the bacterial community clearly indicated a substantial difference in the bacterial community between samples collected from the bulk
sediment, or on the electrode surface, and between the electrode surface in water and in sediment (Figure 20) (grey, blue and orange, respectively). The electrode material was not found to significantly influence the bacterial community, except from nickel doped electrodes (Figure 20) (squares), which selected
for a clearly distinct bacterial community.

Figure 20: Comparative likeness of bacterial communities. Non-metric multidimensional
scaling computed with Bray-Curtis distance calculated on ASV tables obtained for the 16S
rRNA gene from samples collected in laboratory and pilot scale sediment microbial fuel
cells and their respective controls.
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Figure 21

Relative abundance of microbial species. Summarizing the relative abundances of the top 25 bacterial ASVs in the analysed samples. Electrode materials: stainless steel with addition of graphite particles (Graph), stainless steel (Steel), stainless s teel coated
with carbon embedded with nickel particles (Ni), stainless steel with external voltage applied (PS), disconnected steel elect rodes
(OCP), no electrode (Ctrl).
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Analysis of the bacterial relative abundance revealed that several taxa belonging to the class Desulfobacterota (formerly, Deltaproteobacteria) were enriched on electrodes in the sediment (Figure 21). These include the genera
MSLB7 and Desulfocapsa, known sulphate reducing and sulphur disproportionating bacteria, respectively (Janssen et al. 1996; Finster et al. 1998; Häusler
et al. 2014; Ward et al. 2020), and unclassified genera of the family Desulfobulbaceae, which also contains sulphate-, sulphite-, and thiosulfate-reducing
and sulphur disproportionating species (Kuever 2014). Sulphur disproportionating is the simultaneous use of sulphur, thiosulphate or sulphite as electron
donor and acceptor. Most dominant (37-48% relative abundance) were unclassified members of the order Desulfobulbales, which also contain sulphate reducers and sulphur disproportionating bacteria (Ward et al. 2021).
These observations indicate enhanced sulphur cycling induced by the anodic
oxidation of reduced sulphur species on the electrode. This suggests a cycle
where electrodes facilitate oxidization of sulphide to sulphate (Ryckelynck et
al. 2005) or elemental sulphur (Algar et al. 2020), which the bacteria again
reduce to obtain energy. The proposed cycle involves oxidising sulphide at or
near the electrode, with the anode as electron acceptor of the reaction and elementary sulphur as product. Next, the Desulfobacterota use elemental sulphur
as electron acceptor, by which the sulphur cycles between the states such as
sulphide
(S2-) and sulphur (S0) (Paper I).
Geobacter (Order: Desulfuromonadales) were enriched on graphite and steel
electrodes. Strains of this genus are well known to use electrodes as electron
acceptors to oxidize iron and organics (Logan et al. 2019). This suggests that
other oxidation processes were occurring alongside or interconnected with the
enhanced sulphur cycling.
These data are consistent with the hypothesis that SMFC promote higher redox
potentials in otherwise reduced sediment, by favouring the oxidation of sulphur
and iron species while inhibiting the precipitation of Fe-S minerals (Paper I).
Nickel doped electrodes hosted distinct communities compared to the other
electrode types with dominating genera belonging to the Betaproteobacteria
phylum, with Curvibacter, Polaromonas, Dechlorobacter, and Ferribacterium
as most abundant genera. Curvibacter and Polaromonas species are described
as heterotrophic (micro)aerobic (Willems 2014); their enrichment on electrodes inserted into the anoxic sediment therefore might indicate their ability
to use the electrode as electron acceptor. Dechlorobacter and Ferribacterium

36

are not described as exoelectrogenic bacteria but are able to reduce metals
(Mn4+ and Fe3+) (Oren, 2014) and might therefore take advantage of the precipitation of metal oxides onto the electrode surface. These results are indicative of the Nickel treatment as a selective environment where mineral cycling
might be favoured over sulphur cycling. Although for Polaromonas its prevalence could be due to nickel resistance, as high concentrations of Ni resulted
from dissolution of the electrode coating.

Figure 22: Comparative likeness of archaea communities. Non-metric multidimensional
scaling computed with Bray-Curtis distance calculated on ASV tables obtained for the 16S
rRNA gene from samples from samples collected in laboratory and pilot scale sediment microbial fuel cells and their respective controls.

Overall, Archaea communities showed less pronounced patterns compared to
Bacteria (Figure 22). As with bacteria, samples from the anode layers in water,
differed from the anode layers in sediment (orange vs. blue).
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Figure 23: Relative abundance of archaea species. Heatmap summarizing the relative abundances of the top 25 Archaeal ASVs in
the analysed samples. Electrode materials: stainless steel with addition of graphite particles (Graph), stainless steel (Steel), stainless
steel coated with carbon embedded with nickel particles (Ni), stainless steel with external voltage applied (PS), disconnected steel
electrodes (OCP), no electrode (Ctrl).
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The variation of relative abundance of Archaeal taxa among treatments was
marginal compared to Bacteria (Figure 23). However, taxa including methanogens (Methanosaeta, Methanoregula, and Bathyarchaeia) were underrepresented in samples collected on anodes (excluding nickel doped electrodes). The
pattern was more pronounced in samples collected from anode layers in water
compared to layers in the sediment. Methanosaeta and Methanoregula were
also underrepresented in sediment samples from electrodes as compared to
controls in the pilot experiment. The lower relative abundance of methanogens
on electrodes aligns with evidence from the bacterial community analysis suggesting enhanced sulphur and iron cycling with consequent suppression or outcompeting of methanogens.
Members of the order Woesarchaeles followed an ‘inverse’ pattern compared
to the methanogens listed above, appearing at higher relative abundances in the
treatments where methanogens are underrepresented. Members of this order
have been proposed to form symbiotic relationships with methanogens,
whereby acetate and hydrogen produced by their metabolism fuel methane production (Liu et al. 2018). This observation may indicate that Woesarchaeles
can more effectively engage in a syntrophic relationship with the electrode
(mediated by hydrogen or direct extracellular electron transfer), or exoelectrogens.
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4.3 SMFC operation
MFCs and SMFCs are often optimized and assessed according to electricity
production, typically as power density (watt per electrode, per membrane
cross-sectional area or per reactor volume). Typical power densities achieved
by SMFCs are on the order of 6 to 24 mW m-2 (marine environment) (De
Schamphelaire et al. 2008; Quaglio et al. 2021). The costs of BES depend on
the type and purpose, some costing more than 10 000 € m-3, while MFCs ≈
5500 € m-3 and SMFCs ≈ 1000 € m -3 with > 80 % of the cost attributed to
reactor enclosure (Zhang and Angelidaki 2016).
An ideal SMFC configuration for energy production would include high surface area electrodes, made of a material with low activation overpotential (inherently or by surface modification). A short anode-cathode distance, low-resistance electrolyte, and a high performance membrane (if any), to ensure low
ohmic overpotential. High substrate availability achieved through artificial, or
enhanced media and mixing or pumping. A potent electron acceptor at the cathode, and absence of any electron acceptors at the anode site. Both for remediation and analysis of the mechanisms, artificial systems are typically used (Azzouz et al. 2021; Zhang and Huang 2021; Jacobsen 1977; Dong et al. 2011).
Although the SMFCs developed in this thesis do not fulfil the above design
requirements, power densities of 27.4 mW m-2 and 0.383 mW m-2 were
achieved in mesocosm experiments and in pilot scale SMFCs, respectively (Paper II). Nevertheless, the focus of the project was on applied systems for environmental remediation and lake restoration, and experiments reflect practical
rather than theoretical considerations.
Stainless steel is a suitable electrode material for SMFC remediation systems
(Paper II). The need for further improved performance of the electrodes was
found questionable for the aim of remediation (Paper I, III). In real-world
operation, factors like seasonal changes to ambient parameters were shown to
impact SMFC performance (Figure 19).
In shallow waters, resuspension of sediments and nutrient release is expected
to control P flux to the water column (Bormans et al. 2016). In deeper waters,
the previously discussed mechanisms for P binding and release come into play.
Adding to this the increased occurrence of mixing of waters introducing oxygen to the sediment, the placement in shallow waters may neither be effective
nor needed for P release mitigation. Placement at 4 m depth resulted in poor
WP, originating from the anode being fully or partially in oxygen rich
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environment. This was also reflected in the P measurements, which was comparatively low in the bottom water due to the oxidation of sediments (on the
order of 0.2 mg L-1 P to 0.3 mg L-1 P), while P concentrations were at no point
higher above the SMFCs than above the control site, and the differences in
concentration were small. The electrodes were later moved to 7 m depth, resulting in higher WP, and significantly greater difference between measurements above the SMFCs and controls. Again, at no point were P concentrations
higher above the SMFCs than above the control. In a study by Yang et al. 2016,
P elimination was shown in 2 L 1 chamber SMFCs, without any mitigation for
dispersion of oxygen to the sediment.
Repeated in the DTU laboratories, the operation in 1 chamber at small scale
posed intractable challenges. Intrusion of oxygen oxidized the sediment surface, masking any effects of the SMFCs. This resulted in SMFCs and controls
both achieving high removal rates of P. In 1 chamber systems, maximum P
concentrations in water at equilibrium were on the order of 0.2 mg L -1 P. Reduction of P by up to 98 % was observed, but not repeatably, and with similar
reduction in controls (83 %). In 2-chamber systems, where oxygen was eliminated from the anode chamber by a cation exchange membrane, maximum P
concentrations exceeded 9 mg L -1 P. Yang et al. 2016 achieved 90 % reduction
from 0.1 mg L-1 P to 0.01 mg L -1 P. Oxygen intrusion into anode chambers of
all 2-chamber systems is a reality due to leakiness of membranes. The oxygen
penetration through a CMI-7000S cation exchange membrane (Membranes International Inc. USA) was tested (unpublished results). DO in the anode chamber increased by 0.06 mg L-1 h-1, significantly less than the expected diffusion
into the system of Yang et al. 2016.
In the lake, SMFCs were stable for months, interrupted primarily by instances
of oxygen intrusion to bottom waters, as can be observed in Figure 24 on days
33 (SMFC1), day 466 (SMFC2), and day 446 (SMFC3). Installing SMFCs in
deeper waters reduced the frequency of these occurrences from monthly to the
annual cycle of stratification and de-stratification (Paper I-II). Highest WP
observed in field experiments occurred always at the same time as lowest recorded DO at the anode, showing that DO intrusion is a primary limiting factor.
Since the production of power is not the goal of the project, this can be considered a beneficial negative feedback loop, where the SMFCs are only operating
at high performance when needed, because when DO is present at the sediment,
additional turnover by the SMFC is reduced. It should be noted that this reduction in performance does not completely reflect the actual turnover of the
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system, as rather than terminating, the current can run internally within the
anode between layers under the sediment and above the sediment.

Figure 24: Anode site oxygen concentration vs. electrical performance. Pilot scale sediment
microbial fuel cells operated in a freshwater lake. SMFC 1 (field 1) was constructed at 4 m
depth, SMFC2 (field 2) and SMFC3 (field 3) at 7 m. Dissolved oxygen was measured in the
bottom water above electrodes. Arrow a) indicate a shift from 1000 to 10 Ω R ext of SMFC2,
b) indicates a drop in electrical performance corresponding to increase in DO, c) indicates
the subsequent increase in performance of SMFC3 with decreasing DO, d) indicates the shift
of SMFC 2 and 3 to 20 Ω, and e) indicates a drop in electrical performance corresponding
to increase in DO (Paper II).

The capability of a SMFC to enhance P binding depends on control of the
system, mainly through varying the external resistor, which impacts
performance (Paper I-III). Rext throughout this study was in the range 10 Ω to
1000 Ω. 1000 Ω is a commonly chosen value, but it would have been preferable
to determine the ideal R ext for each individual system. The external resistance
is selected to optimize the desired outcome of the system. High and low R ext
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increases WP (V) and I (A), respectively, while the maximum power point is
achieved at a balance point.
Within the tested range of R ext, maximum power density was achieved at lower
Rext with increasing SMFC area. At 0.0026 m2 to 0.5676 m2 geometric electrode
surface areas, maximum power was achieved at highest tested R ext of 200 Ω to
1000 Ω, and at 27.2260 m2 to 54.452 m2 electrode area, maximum power was
achieved at Rext of 10 Ω (Paper II). Attempts with optimized electron flow (I)
revealed the pitfalls of too low R ext: power output fell, as did H+ production at
the anode and O2 consumption at the cathode which was corroborated by Sirak,
M. 2021. Too low R ext may result in destabilization of the cell, reducing
electrical performance (Kubota et al. 2019) and increasing P release (Paper I).
A fuel cell with too low Rext the power output is unsustainable, producing high
current for a short time. Choosing too high Rext results in sustained current but
sub-optimal power output (Menicucci et al. 2006). Lowering Rext will cause
the current to increase, until a certain point where ampere reaches a plateau
(unpublished own results and Cheng et al. 2008). At this point the system is no
longer bottlenecked by Rext but rather by Rint. Moreover, at this point the anode
and cathode potential may be observed to drift towards higher redox potential
(Cheng et al. 2008), however the potential difference between anode and
cathode (≈WP) is low.
If Rext is immediately changed to 0, the current initially reflects the charge
transfer rate (movement of electrons to an electrode) of the current limiting
electrode (Menicucci et al. 2006), then a fast decline towards a new steady state
limited by the transport rate is observed.
Significant increase in potential of anode and cathode was observed following
increase from R ext=20 Ω to Rext=300 Ω (Figure 25, top right). This resulted in
significantly higher potentials than at R ext=1000 Ω. It cannot be ruled out that
this increase was partially a consequence of reactor start-up time since
Rext=1000 Ω was only used for the first 20 days. No significant gain of current
was achieved from lowering Rext to 20 Ω, contrarily, an increase in current was
observed after increasing R ext to 300 Ω (Figure 25, centre right). During
operation at Rext=20 Ω, DO concentrations in the cathode chamber increased
which indicates that consumption by the cathode decreased (Figure 25, bottom
right).
The process of P fixation is not yet fully quantifiable, but high power is neither
always necessary nor desired (Paper III). But there is also little doubt that too
low Rext is detrimental to SMFC performance both in terms of P binding and
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electrical power production, hence also substrate turnover. There is some
indication that an increase in anode and cathode potential correlates to a
decrease in P concentrations in water. At power densities near 1 mW m-2, P
fixation was observed. Since current increases immediately when R ext is
increased, this must occur because of the resulting increase in WP. This means
that the crashing at low R ext is due to insufficient WP to drive the reaction.
Exoelectrogenic bacteria fed on acetate have been reported to operate best in
MFC at anode potential -150 to -220 (vs SHE). Performance decreases with
increasing redox potential (toward 0) and current decreased when lowering Rext
further (Cheng et al. 2008).

Figure 25: Sediment microbial fuel cells and external resistance. Left: conceptualization of
relationship between potentials of a SMFC, the theoretical potential defined by the redox
potential of sediment and water, the open circuit potential (OCP) is the theoretical maximum
subtracted by potential losses due to inefficiencies of the system, as described in section 2.2,
working potential (WP) can be between 0 and OCP and is controlled by the external resistance the amount of energy gained by the microbes is approximately the difference between anode potential (measured in OCP) and the redox potential of the sediment, minus
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overpotentials. Right: effect of changing the external resistance. Right top: external resistance and resulting anode and cathode potentials measured using Ag/AgCl reference electrode, right middle: working potential and current of the same SMFC, right bottom: pH, PO43
-P and dissolved oxygen concentration in water overlying the same SMFC (Sirak, M. 2021).

It was suggested that this was due to a hysteresis effect when increasing the
anode potential. Hence a minimum WP should be sustained by selecting an
appropriate Rext which will depend on the size of the electrodes and other system-specific parameters. At laboratory scale this was observed between 200 Ω
and 300 Ω while in field installation, a sustainable electricity production was
observed at 10 Ω to 20 Ω.
Ultimately, the electricity production is depending on the formation rate of the
substrate (short-chain fatty acids, for example acetate). This rate is not increased by the increased acetate removal by SMFCs since acetate would otherwise be removed by methanogens. It could be hypothesized that operating at
a too low Rext discharges the anode and environment, by allowing a higher
current than can be sustained by the production and transport of acetate. This
may be the cause of the high potentials of anode and cathode that were consistently observed in systems operated at too low Rext followed by an increase.
When the current transfer is not detrimental to the desired outcome of the system, in this case P binding, Rext should rather be set too high, limiting electrical
performance but maintaining sustainable performance (Menicucci et al. 2006).
However, increasing R ext also decreases exoelectrogenic bacteria competitiveness over methanogens and may result in methane emission (Jung and Regan
2011).
Another curiosity observed by Sirak, M. (2021) was the unexpected impact of
electrodes in open circuit on several parameters, comparable to connected electrodes. Similar was observed by Algar et al. 2020, who independently of this
group also suggest a cause being the small redox gradient within the sediment
column, and the availability of an electrically conductive surface spanning this
gradient, on which a biofilm could form.
To determine the current limiting electrode, the potential of each electrode was
monitored and Rext was varied. This resulted in both potentials shifting, the one
shifting the most was the limiting (unpublished results; Menicucci et al. 2006).
The redox potential of anode and cathode media, open circuit potential, and
anode and cathode potentials can be plotted together in a 1D plot with potential
on the axis (Figure 25, left). The tightness of the anode and cathode potentials
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grouping shows the size of the WP, modified by current and mainly Rext. The
placement of the group relative to the redox potential of the anolyte and catholyte reveals the limiting process. The distance from anolyte and catholyte potential to the anode and cathode potentials in open circuit shows the system
losses, and the distance between the electrode potentials shows the OCP. Ideally the cathode process is driving the reaction, this would mean that the anode
potential will be increased (made more positive). The anode potential can then
be adjusted to conform with the ideal operation range of exoelectrogenic bacteria as mentioned, by adjusting R ext.
Another way the SMFC configuration can be adapted to the desired type of
remediation is the anode placement depth. P immobilization benefitted from
placement in the sediment surface, rather than burial (unpublished results, Paper I). Burial in the sediment shields the anode from oxygen but negates effects
of P binding if a P rich top layer of sediment that is out of reach of the electrode.
For alternative purposes, including methane abatement, SOM degradation and
remediation of other target pollutants, placement deeper in the sediment may
be preferable (Paper I-II).
The electrical performance of SMFCs was found to correlate with operating
and ambient temperatures (Figure 26, Paper II). However, this was observed
to have some delay (Figure 26, Paper II). This either shows a delay in heat
transfer to the sediment or suggests that the temperature dependency was not
rate limiting for the SMFCs but rather to the formation of acetate. This means
that degradation of SOM to acetate increases with temperature, and the effect
is observable in the produced power after a delay caused by diffusion to the
anode. Performance has previously been described to depend on temperature
according to the Arrhenius equation (Zhou et al. 2018; Kubota et al. 2019).
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Figure 26: Temperature dependency of SMFC power output. Showing temperature and
power density of sediment microbial fuel cells operated in 200 L outdoor mesocosms using
stainless steel electrodes. Breaks on the x-axis indicate change of anodes from 1 to 3 and 5
layers (left, middle and right, respectively) (Paper II).

Placement of the cathode in relation to the anode was observed to have minimal
impact on SMFC electrical performance (Paper II). Vertical movement closer
to the anode could be expected to increase electrical output due to reduction in
the ohmic resistance. However, presumably due to the decrease in DO concentration with increasing depth of the cathode, WP decreased by 1-3 % m-1 increased depth (Figure 27). This was surprising, as 70% penalties to power density was reported for 4 cm increased anode-cathode distance in laboratory study
(Im et al. 2014). When testing the effect of horizontal cathode placement, the
same depth was used, minimizing effects of DO concentration. A penalty to
WP of 1 % m-1 (0.264 mV m-1 to 0.615 mV m-1) was observed, showing the
limited effect of anode-cathode distance on electrical performance. While it is
expected that anode-cathode distances should be minimized to improve performance, the same observation of well performing SMFCs at meter-scale distance was observed by Kubota et al. (2019).
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Figure 27: Impact of vertical movement of cathode. left) working potential (in mV) of
SMFC at 1.5 m, 3 m, and 5 m cathode depths, repeated on three different dates; middle)
dissolved oxygen (DO) measured at each depth; right) pH measured at each depth. Error bars
show standard deviation (Paper II).

In large scale MFCs, transport and distribution of substrate is important, and
diffusion resistance may be the dominating R int (He and Mansfeld 2009). This
was observed as SMFCs were limited by substrate availability before electrode
performance (Paper I), expectedly due to the generally recalcitrant nature of
the SOM and the low electrode surface area. Sediment organic matter consists
of long-chain polymeric material including amino acids originating from decaying biomass (Hardison et al. 2013; Miltner et al. 2012) with very slow decomposition rates (Avnimelech et al. 1984). The rate limiting factor for metabolism by exoelectrogenic bacteria is likely the hydrolysis of these larger molecules (Algar et al. 2020). The power density was observed to increase with
increasing electrode size, up to anode surface area > 0.045 m 2 (Paper I). The
increase in performance with increasing scale may result from changes in the
electrolyte resistance, caused by the ratio of the “conductors” area and length
(Paper II). Increasing cathode to anode (surface area) ratio from 0.02 to 0.69
increased power generation from 0.025 mW to 2.27 mW (Paper II), showing
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that the cathode is limiting for the reaction. A previous study by Yang et al.
(2018) found optimal cathode to anode ratios between 1 and 0.75. Which aspect
was not determined, as multilayer cathodes were not tested, hence we did not
determine if this was limited by the cathode footprint (or the electrolyte cross
section), or the cathode surface area.
Carbon based electrodes offer lower polarization resistance, thus allowing
lower overall R int. This may also be achieved through surface treatments
including carbon coatings or catalysts (Paper I), to lower charge transfer
resistance. Lastly, a biofilm may lower the polarization resistance by orders of
magnitude (He and Mansfeld 2009).
Stainless steel without surface modification is expected to result in higher
activation losses. There was no biofilm visible to the naked eye on anodes at
any point of the project. Desulfobacterota were found on SMFC anodes and
are known to attach to steel and cause corrosion, including on bioelectrodes.
AISI 316 stainless steel is corrosion resistant, rated for light marine use. SMFC
anodes were found in pristine condition following 4 years of operation in
freshwater sediment, while cathodes showed minor signs of pit corrosion.
The only significant corrosion of electrodes after 4 years, was in marine
environment, when operated with a potentiostat, and in the water-sediment
interface (Paper II). Corrosion of electrodes crossing the water-sediment
interface could impact the longevity of electrodes in the proposed use-case,
albeit to much less degree, as a real-world lake bottom is not expected to be
permanently aerobic.
Connections between electrode and connecting wire were found to be a weak
point of the system, with several breaks resulting from inadequate isolation
from the electrolyte. Another weak point were cables leading ashore (for
measurement of electrical parameters), which were found broken twice, both
times due to shear forces at ice-covered lake.

4.4 Methane production inhibition by SMFC
Methane is a greenhouse gas with 25-34 times the potency of CO2 (Li et al.
2021) and 6-16 % of global non-anthropological methane emissions stem from
freshwater reservoirs (Bastviken et al. 2004; Kirschke et al. 2013). In Denmark
methane from freshwaters are estimated to account for 48 % of Denmark’s
methane emissions (Fenger and Villy 1991), of which the majority stems from
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marshlands. Swamps were however not included and are thought to produce
12 to 42 kg ha -1 year-1 . Later estimates by Sanches et al. (2019) states that 70
% of methane from freshwater stems from lakes. This included predominantly
eutrophic lakes, as release of methane increases exponentially with chlorophyll-a (Li et al. 2021). Production of methane is expected to increase, as a few
degrees increase in temperature were shown to double methane production
(Davidson et al. 2018). Presence of benthic macrophytes was found to significantly mitigate methane release. As described in section 2.2, methane and CO 2
are produced during SOM degradation when other electron acceptors than
SOM are missing. Implementation of SMFCs in lake sediments reduces the
ratio CH4:CO2 and could significantly impact global methane emissions.
Methane mitigation by SMFCs has been proposed previously (Kaur et al. 2014;
Friedman et al. 2016, Liu et al. 2017). Carbon electrode materials have been
used in most studies (Zhou et al. 2011), although prices are prohibitive for most
upscale applications. Stainless steel has been proposed as a low-cost SMFC
electrode material (Paper I-IV) for lake restoration at large scale.
In laboratory 2-chamber reactors, 5 L tedlar gas bags were connected to the
anode chamber. Gas bags were filled to ≈ 20 % capacity with nitrogen gas,
enough to mitigate under pressure and leaving enough room to avoid overpressure for the duration of the experiment. Gas samples were collected from gas
bags after 43, 134 and 196 days.
In the pilot installation, collection of methane was achieved by installation of
underwater gas traps with sampling tubes leading from the lake bottom to the
surface, where samples were collected. The targeted metric was methane to
carbon dioxide ratio since the captured methane cannot be expected to represent the produced amount. This is due to ebullition, and in the case of this study
of SMFCs disturbing sediments because electrode movement induced by wind
and waves may stimulate methane release: the anode is present in the sediment
and connected to the cathode and marking buoys on the surface, these are affected by wind and may agitate the anode, changing the patterns of methane
release from the control sites. Unfortunately, controls were not constructed
with disconnected electrodes to show the effect of the physical presence of the
system. Consequently, 30% higher volume of gas was collected over SMFCs
compared to control sites.
Methanogenesis produces methane and CO2 at a 1:1 ratio, while the competing
anode reaction leads to formation of pure CO 2, hence its occurrence would
lower this ratio. As CO2 is volatile and dissolves into the water, reacts with Ca
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and other minerals, and escapes to the atmosphere, this makes mass balancing
difficult if not impossible with the tools that were available. The analysis of
CH4 and CO2 in the pilot installation therefore did not give a reliable picture
of the sediment decomposition, and laboratory studies were used instead.
In laboratory systems, methane emission mitigation by SMFC was successfully
shown across multiple types of electrodes and modes of operation (Figure 28).
Mitigation after 43, 134 and 196 days was on average 32 %, 99 % and 99 %
respectively (across all SMFC types, compared to controls) (unpublished results). This is compared to 45 % to 99.9 % mitigation achieved previously,
predominantly using carbon electrodes (Kaur et al. 2014; Friedman et al. 2016;
Liu et al. 2017). The relatively good results achieved may be due to the implementation of a N2 filled gasbag, allowing for pressure balancing, as it has been
suggested that gas partial pressured in laboratory reactor headspaces may have
affected the methane mitigation results (Kaur et al. 2014).

Figure 28: Methane emission in sediment microbial fuel cells and controls. St) Stainless
steel electrodes, SG) stainless steel electrodes with the addition of a graphite slurry, SP)
steel electrodes poised at 400 mV vs SHE, Ctrl) control containing water and sediment,
DCtrl) control with steel electrode in open circuit. Axis break on Y-axis for convenience.
Methane measured in % of sample, in the gas headspace above sediment (unpublished results).
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The placement of anodes for P binding differs from the ideal placement for
methane abatement. Methane is formed throughout the sediment except in the
very surface where oxygen may be present. For P remediation the anode needs
to be placed in the top sediment layers, thus allowing methane to form in the
underlying sediment. Ideally the anode would be distributed throughout the
sediment, as the more sediment is in range of the electrode the less methane is
produced. Methane is formed and builds up before erratically releasing as ebullition (Sanches et al. 2019; Davidson et al. 2018), despite most studies focusing
on diffusion (Bastviken et al. 2004). Ebullition allows bubbles to pass by the
electrode faster than any degradation could take place.

4.5 Target pollutants
An added benefit of SMFC remediation is degradation of pollutants. MFCs
have previously been applied to mitigate pollutants (Domínguez‐Garay et al.
2018), methane (Friedman et al. 2016), hydrogen sulphide (Kubota et al. 2019)
and heavy metals (Pous et al. 2015).
Degradation of pollutants using SMFCs would benefit from electrode
placement throughout the polluted sediment (Paper II). Other means of
optimization of substrate turnover rate were investigated, and a 60-fold
increase in turnover of petroleum was achieved after injection of graphite
slurry (Paper IV). This was tested as a means of expanding the electrode reach
in places where a large electrode grid could not be installed, instead a graphite
slurry could be injected, expanding from a central “backbone” steel electrode
to expand its reach. Furthermore, the carbon slurry may be removed together
with recalcitrant sediment by pumping or digging, where a steel electrode
would either be avoided or removed.
Degradation of petroleum compounds has been shown possible (Paper IV).
Under normal circumstances petrochemicals may remain in the environment
for many years. Within the scope of the thesis, the capability of SMFCs to
degrade crude oil was tested in laboratory scale. The estimated turnover was
based on the electrical measurements of the cell as described previously. This
was the basis for estimates of petroleum degraded by SMFCs (Paper IV),
which reached a maximum rate of 0.86 g d-1 m-3 petroleum degraded (Figure
29), slightly lower than the approximately 2.9 g d -1 m-3 petroleum degraded by
Viggi et al. 2015 using graphite rod electrodes.
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Figure 29: Petroleum degraded in sediment microbial fuel cell. Petroleum was added as
single source of carbon in 2 chamber SMFCs using stainless steel electrodes with addition
of injected graphite sludge. Degradation was estimated from electrical current, correlated to
mol electrons and thus turnover. Results are extrapolated to 1 m 3 reactor volume from 1.3 L.

Tributyltin (TBT) has been used as an anti-fouling agent in ships paint, but
today it has devastated populations of shellfish in coastal areas near shipping
lanes. Although banned, TBT is still found in harbour sediments, and when
harbours require dredging for maintenance of draft, the sediment must be deposited on land (Müller et al. 2013) rather than at sea, at around 10 times the
cost (Lund et al. 2001). On land, issues like methane and sulphur gases are
reported (Lund et al. 2001), and alternatives including in situ treatment of TBT
are desired.
Degradation of TBT in situ using SMFCs was tested (Figure 30) as a means of
reducing sediment TBT levels to reduce costs of disposal (unpublished results).
Concentrations of TBT were reduced 10, 32 and 30 % at 4, 15 and 25 ⁰C after
793 days, respectively. An increase in degradation products (dibutyltin and
monobutyltin, figure 30, red and green, respectively) was observed, with 4 ⁰C
reactors showing an increase in the primary degradation product, and 15 and
25 ⁰C showing increases in secondary degradation product.
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The control sample showed an increase of up to 38 % over the same period.
This is half the degradation rate achieved by phytoremediation experiments
with 30% removal after 365 days (Carvalho et al. 2010).

Figure 30: TBT degradation in marine sediments with sediment microbial fuel cell. SMFCs
using stainless steel electrodes were operated at 4, 15 and 25 ⁰C for 793 days. Degradation
products dibutyltin (DBT) and monobutyltin (MBT) are also shown (red and green respectively). Error bars are min and max values.

Addition of riboflavin had positive impact on the WP of SMFCs (Paper IV).
Flavins may act as electron shuttles and are expected to increase the transfer
rate between exoelectrogenic bacteria and electron acceptor. Addition of surfactant, air sparging of the cathode, and mixing of substrate are not considered
practical for in situ SMFCs. These optimization routes resulted in no significant improvement to electrical performance (Paper IV). Significant differences in performance were observed depending on the inoculum (Paper IV),
suggesting the potential benefit of in situ enrichment of the biome. Several
months stable performance in lab scale reactor with positive impact observed
in solid rather than liquid media (Paper IV) indicating benefit of placing the
anode inside a more solid fraction of sediment.
Depending on normalization of electrical performance to electrode area, modified stainless steel electrodes operated within the same order of magnitude as
carbon cloth, a significantly more expensive electrode material (Paper IV).
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4.5.1 Risks of sediment degradation
Several concerns arise regarding sediment degradation. Degradation of
sediment can potentially release and contribute large amounts of nutrients to a
lake. This is primarily controlled by degradation of recently precipitated
biomass (Hupfer and Lewandowksi 2008). Degradation of deeper layers of
SOM is naturally slower (Avnimelech et al. 1984) and carries the risk of
releasing legacy pollutants.
Lake sediments store a variety of pollutants in their depths, including heavy
metals, pesticides, polycyclic hydrocarbons, organochlorine pesticides and
other organic pollutants. These now banned chemicals emitted more than 50
years ago include organochlorine pesticides (including DDT, chlordane,
dieldrin and polychlorinated biphenyls PCB). Heavy metals include lead,
chromium, nickel, mercury, and polycyclic aromatic hydrocarbons (PAHs)
(US EPA 2004; Tueros et al. 2009). Some pollutants date back to the medieval
period or ancient Roman times (Brännvall et al. 1999; Cooke and Bindler
2015). Pollutants survive in the sediments for decades as they are persistent
and immobile (Mackay et al. 1997; Allison and Allison 2005). Several of these
pollutants are hazardous to fauna as well as humans with comparatively very
high ecotoxicity (Johnson et al. 2017). The release of such compounds, some
stored over several centuries, is a severe threat to lake water quality.
Implementing electrodes in the sediment to degrade pollutants bound to SOM,
would require degradation of the SOM first to make pollutants available. It is
likely that the pollutants, when released, are not degraded faster than they can
be lost to the water column, and meanwhile, SOM is still available, and likely
a favourable substrate. The risk is then an increase of the freely dissolved
pollutants, thus greatly enhanced mobility, and toxicity.
For remediation purposes, one must be cautious to not optimize for high
turnover and energy production, as is most commonly the case in applications
of BES.
SOM degradation half-life with the additional driver of a SMFC was estimated
at 277 years (Paper III), thus significantly slower than natural decomposition.
This means that the operation of SMFCs is not expected to significantly increase the degradation rate of SOM. Estimating sediment turnover based on the
current, is not expected to be fully accurate, since some microbial turnover will
occur outside the SMFCs influence, and a stacked anode may span several redox zones within the sediment, allowing degradation coupled in anode-internal
electron flow, not detectable by measurement across the external resistor
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(Paper II). In the lab-scale reactors, a redox difference up to 91.2 mV was
observed over 5.5 cm distance. The working potential was only 6.58 mV at Rext
= 39,500 Ω, indicating that the turnover of 1.85 × 10-7 mmol ∙ h-1 due to redox
gradients induced anode-internal flow was negligible.
Acetic acid, CH3COOH (M = 60.05 g mol-1), is used as unit substrate resulting
in 8 electrons transferred (Equation 8 & 9). The substrate turnover of 1.95
mmol d-1 or 117 mg d -1 is calculated for a pilot SMFC operating at peak performance: OCP = 0.6 V, WP = 0.323 V and Rext = 10 Ω, using Equation 11.

Turnover

𝑅𝑒𝑥𝑡

𝑊𝑃 × 86 400 𝑠
× 𝑛𝑒 × 96 485.33 C mol−1 × 𝑂𝐶𝑃

Eq. 11
(Paper III)

The turnover for the whole experimental period, was calculated (Paper III) to
3.8-6.5 g of acetic acid in 143 days, or 9.7 - 16.6 g year-1. This was for electrodes with a footprint area of 16 m2 and an effective reach of 5 cm depth into
the sediment, that corresponds to 0.8 m 3 sediment. The sediment had a mean
dry matter content of 16.8%. The carbon content in the sediment was measured
to be 12.7% C (average of n = 6), which was determined using a Vario Macro
Cube (Elementar Company, Germany). This corresponds to 21.3 g C per kg, or
(assuming density of 1 kg L-1) 17 069 g C within range of the electrode. With
the calculated degradation rates this corresponds to a half-life of 715 years to
1220 years (Paper III). Using peak electricity production (10.4 mW, or 0.9
mW m-2) this gives a turnover half-life of 277 years. The natural turnover rate
of carbon in lake sediment was determined in 64 North American lake sediments, to an average half-life of 29 years, with the fastest carbon half-life as
low as 8 years (Avnimelech et al. 1984). This is orders of magnitude lower
than turnover rates by SMFCs. Hence, when used for P binding, SMFCs carries
insignificant risk of releasing pollutants including nutrients to the lake (Paper
III), due to the relatively low turnover rate. In lake restoration, the role of the
SMFC is to increase redox potential at the sediment surface, creating a zone
where phosphate adsorbs to iron oxides. Rapidly degrading the top layer of
sediment would release P, and potentially wash out co-precipitants.
The performance of a SMFC should be balanced to permit P binding while
avoiding rapid sediment decomposition. Regulating electrical power is
achieved by changing the external resistor value. In Lake Søllerød, P fixation
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was achieved during operation with a power density of ≤ 1 mW m-2 which
remains safe.

5 Perspectives
A novel remediation technology based on SMFCs could be of interest to several stakeholders including municipalities, governmental agencies, private
companies, and landowners, as it offers an alternative and potentially cost-effective solution.
The developed technology is targeting united nations’ sustainability development goals (UNSDGs): “clean water and sanitation” (specifically: 6.1, 6.3 &
6.6), “affordable and clean energy” (specifically: 7.1 & 7.2), “climate action”
(specifically: 13.2), “life below water” (specifically: 14.1 & 14.2), and “life on
land” (specifically: 15.1 & 15.5) (report developed using SDGCapture, NIRAS, 2020). The proposed solution holds great potential for further development and application as a commercially available tool and was even considered
for addition on the Danish governments list of available remediation methods
for lakes (Naturstyrelsen, 2020).
Due to the insignificnt effect of varying anode-cathode distance, the system
can be placed with flexibility (Paper II). This allows for anodes placed in deep
points, at inflows or where sediment aggregates, while cathodes can be placed
out of the way, for example under boat bridges.
There are several possibilities for synergy between SMFCs and conventional
methods. The anode may physically facilitate improved macrophyte adhesion
to sediment. For in-lake burial, an anode could be installed in the pit, to be
buried by sediment and capped. This would allow sediment and pollutant degradation without risking release of pollutants. SMFCs bind P in the sediment,
while the remaining, uncovered lake sediment releases P. This will over time
up-concentrate P above the electrode and allow more efficient dredging or hypolimnetic withdrawal. In combination with aeration, the cathode could be installed immediately above the air dispersers. This would provide oxygen to the
cathode, and the anode-cathode distance would be short. In this way the aeration treatment would be able to affect the sediment as deep as the anode is
placed, rather than only oxidizing a top layer of sediment. In combination with
Fe application, SMFCs potentially maintain Fe treatment efficiency, as SMFCs
increases sediment redox and inhibits scavenging by hydrogen sulphide.
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The focus of this project currently and moving forward will be on aspects of
remediation. Environmental protection for philanthropic purposes or to secure
lakes as a food and drinking water source or for recreational value is of growing
relevance, especially in Africa and Asia. Introduction of a novel technology
introduces competition, and stimulates creation of jobs, including for the manufacturing of materials and installation of systems.

5.1 Future research recommendation
There remain several important research questions to be answered, requiring
experiments at laboratory and field scale. Electroanalytical analysis including
potentiometry, amperometry and impedimetry were not carried out with the
pilot scale SMFCs due to time, budgetary and practical constraints. The use of
multi-layered cathodes was not tested but is expected to increase SMFC electrical performance and thus also substrate turnover, which can be tested if required. One could also include abiotic controls, e.g., using chloroform (Zhang
and Huang 2021; Dong et al. 2011) or thymol (Jacobsen 1977), to discern only
physical and chemical effects of the SMFC.
Wolfram coated steel electrodes were developed but not tested during this
project. It is the expectation that wolfram will act as a catalyst to greater effect than Ni that was tested, but the application by High Velocity Air-Fuel
(HVAF) coating is expected to offer far superior electrode adhesion compared to electrolytic coating used for nickel-carbon coated electrodes. Generally, catalysts could be a way to increase electrode performance.
While pollutant degradation in lakes may be prohibited by risks of releasing
legacy pollutants, this is not the case in harbours which are regularly dredged.
Degradation would thus be of newly settled pollutants.

58

6 Conclusions
The aim of the thesis was to develop a tool for remediation of lakes. Oxygenation is the conventional remediation technique with has most in common with
SMFCs. While oxygenation has failed to reduce P release, SMFCs as a remediation tool was found successful and offers several other benefits over conventional methods:
• Where conventional methods typically require repeated treatments, a
SMFC is installed and then offers continuous effect.
• A SMFC is controllable, where other treatment methods (other than
oxygenation) have no way of going back. A SMFCs can be actively
controlled from shore by altering the external resistor.
• The SMFC provides feedback on system performance, since the performance is linked to electrical throughput which is easily measurable.
The specific research objectives were:
Find and test a low-cost and robust electrode material. Stainless steel electrodes were operated for more than 4 years at small scale and showed insignificant signs of material degradation. In a real-world application in freshwater
environments the material is expected to last for decades. Stainless steel performed within the same order of magnitude as carbon electrodes in terms of
peak energy production, while costing a fraction of most used carbon electrode
materials. Several options for electrode performance optimization exist, but
improvement of electrical output was in fact found counterproductive for remediation purposes.
Construct and operate pilot scale sediment microbial fuel cells. Pilot scale
SMFCs were constructed in Lake Søllerød, northern Zealand, Denmark. The
systems that were the largest SMFCs for lake restoration ever were operated
for 2 years.
Elucidate practical considerations of large scale SMFCs. The placement of
the anode determines the focus of the remediation effort. P binding benefits
from placement in the sediment surface while methane, hydrogen sulphite
emission abatement or degradation of target compounds such as oil benefit
from an electrode distributed throughout the sediment. The cathode was moved
further away with insignificant penalty to performance, except when the cathode was moved to locations with significantly lower DO. Cathode placement
below a hypolimnion would be detrimental to performance, while the system
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provides greatest benefit with the anode on deeper waters. Performance was
observed to increase with increased cathode to anode surface area ratio.
Performance of the system can be controlled to great extent by selection of
external resistance, but care should be taken as too low external resistance can
destabilize the system, presumably due to bacterial hysteresis. Pilot scale
SMFCs were started at 1000 Ω and later successfully operated at 25 Ω external
resistance. When the system is anode limited (with the cathode reaction being
the primary driver) the anode potential can be adjusted by adjusting the external resistance which is very useful for optimization of desired performance
metric. Primary weak points of the system were wire connections, which broke
on several occasions. This was not elaborated further as the issue was simply
solved by choosing more robust materials.
Show the capability of the system to limit P release. Inhibition of P release
from sediment was shown in both laboratory and field experiments. In field
experiments, P concentrations were at no point in time higher above a SMFC
than above the control site without a SMFC. Success of this technique depends
on the availability compounds capable of binding P within the sediment. Availability of Ca and especially Fe improves conditions for P binding. SMFCs were
found to successfully increase sediment redox potential, corresponding to a
move from a methanogenetic domain to sulphur reducing. It is postulated that
SMFCs inhibit formation of hydrogen sulphide, thus increasing Fe availability
for P binding. Binding of P was not observed to require high SOM turnover.
Increased SOM degradation increases the risk of release of pollutants including
pesticides, heavy metals, and nutrients. The SMFC can thus be optimized for
low and sustainable performance, to enable remediation while limiting the risk
of side effects.
Show the capability of the system to inhibit methane release. Methane emission abatement was successfully shown in laboratory experiment. Similar improvements to hydrogen sulphide are expected but this was not quantified
within this study. No significant results were obtained at intermediate or pilot
scale due to failure of the sampling method.
Show the capability of the system to also degrade pollutants. Degradation
of petroleum was shown indirectly through measurement of electricity generation, under anaerobic conditions, with crude oil as substrate for the MFC. Preliminary experiments testing degradation of TBT using SMFCs were carried
out. No conclusive results were obtained, but the results were promising, and
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further study is warranted. However, decomposition of ancient lake sediments
should not be targeted due to the high load of stored legacy pollution.
Show that the operation of the system is safe. Degradation of sediment at the
calculated rates was not deemed a risk to the environment, recreational use or
drinking water abstraction due to releasing legacy pollutants. Inhibition of P
release by SMFCs was achieved with sufficiently low sediment turnover rates
that this is not a concern.

6.1 Closing statement
It is recommended to proceed with full scale implementation experiments, to
show the performance of SMFCs in an actual remediation project. To carry out
experiments in nature may pose a risk to the environment and should not be
done without careful consideration. The first full scale testing could be carried
out in smaller lakes or artificial reservoirs to limit risks.
There is still much work to do, many optimizations to be made. One such is to
better understand and optimize the control of the SMFC operation using the
external resistance. Further work could be put into automating control of the
external resistance to provide day-by-day optimization of the system. To that,
some might think as cartoonist Scott Adams:
"Normal people believe that if it ain’t broke, don’t fix it. Engineers believe that
if it ain’t broke, it doesn’t have enough features yet."
But further endeavours are warranted by the success achieved within this project. With further development, SMFCs could be a useful addition to the current toolset for lake restoration, with the ability to inhibit sediment P release
and greenhouse gas emission, in a controllable manner using low cost materials. So, I prefer the words of science fiction writer Robert Heinlein
“One man’s ‘magic’ is another man’s engineering.”
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