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Abstract

Wastewater treatment plants (WWTPs) are one of numerous actors influencing the
development towards a sustainable society. In the process of wastewater treatment, sludge is
formed as a byproduct. During storage of finished treated sludge, it is desirabi@rtimise
methane emissions due to the contribution of greenhouse gas emissions to climate change. In
this project, the methane emissions of finished treated sewage sludge froMV\\6TIPs
employing differensludge treatment processes (mesophilic kathtophilic digestion, as well

as liming) was investigated. The goal was to generate benchmark values of methane emission
during sludge storage to be used in tools for estimating the climate impact of WWTPs in
Sweden. Additionally, a metagenomic analysasvperformed to see any relation between

the amount of emitted methane and the microbial community composition of the studde

be found

Benchmark values for methane emission during storage of sludge treated by mesophilic and
thermophilic digestion @awell as liming was successfully obtained. Furthermore, the results
indicated that the implementation of thermophilic digestion conditions could potentially
decrease methane emission from sludge storage. The results from the metagenomic analysis
showed tht a higher relative abundance of methanogens resulted in increased methane
emissions and that sludge containing more diverse microbial communities were able to emit
larger amounts of methane at lower temperatUs@sce targeting these areas to decrease
methane emission during sludge storage would negatively affect the biogas production
efficiency, other alternatives to minimise methane emission from sludge storage should be
explored.

Keywords: methane emissi@sewage sludge, wastewater treatment plahidge storage,
microbial composition of sludge, metagenomic ana)ysmsichmark/alues
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1 Introduction

Wastewater treatment plants (WWTPs) are both consumers and generators of energy and they
are one of numerous actors influencing the development towards a sustaowétg. For
example, according to the UN agency IPCC, WWTPs can be important emitters of greenhouse
gases(GHGs) [1]. Swedish Water (Svenskt Vattendn industry member organisation
consisting of municipal water service companies in Swetenurrently vorking towards
lowering the climate impact of its members. As a part of this, they have set a goal stating that
the wastewater treatment facilities included in their organisation should have a net zero climate
change impact by 2030. The emission of greesbhogases is specifically mentioned as the
initial targetto meet this goal. Previous studies have shown that the finished tresedge

sludge releases a considerable amount ofGh&s methane(CHa) [3]. For example, the
methaneemission from the sludge storage at Rya WWTP in Gothenburg is the second largest
contri but i oarbonfaotpinti®. pl ant 6s ¢

One important aspect of reaching this goal is the use of tools for calculating the climate impact
of WWTPs. This concerns bothe current climate impact of WWTPs and for example how a
change in a wastewater or sludge treatment process would affect the climate impact of the
WWTP. One such tool for calculating the climate impact has been made through the project
program Water ath Sewer Technology South (Vi#&knik Sddra) and is used in most of the
larger WWTPsin Swedentoday p]. Swedish water is now working on a nhew common
methodology for calculating and presenting the climate impact of WWTPs, which is meant to
replace the fornre[6]. When using these tools, data points for different emission factors are
needed. Numerous wastewater treatment facilities do not record data of the methane emission
from the storage of finished treated sludge. Thus, there is a need for referenoairdataf
methane emission form sludge stordge the tool to predict the climate impact as accuyate

as possibleln addition to this, the environmental permit of Gryaab from 2020 demands that
the company performs an internal investigation of the emissions from the sludge management
before 2025, and what measures that can be takdecrease thes@][ It is therefoe highly

relevant to investigate and collect data of the methane emission from sludge storage, both at
Rya WWTPand at other WWTPs companies. Methane emission data from sludge storage at
WWTPs with different sludge treatment processes could be used as tobfagure decision

making processes and enable improvement of the sludge treatment process and the emissions
it gives rise to.

In this project, the methane emission of sludge from four different WWTPs on the Swedish
west coast in proximity to Gothenbuwpsinvestigated: (1) Rya WWTP in Gothenburg, (2)
Sobacken WWTP in Boras, (3) Hammargard WWTP in Kungsbacka and (4) Gettero WWTP
in Varberg. The different facilities perform different types of sludge treatments. Sobacken, Rya
and Getterd0 WWTPs all produbgogas from the sludge by anaerobic diges{®D) [8-10],
whereas Hammargard WWTP limes the sludge in combination with a temperature increase in
order to kill pathogenslfl]. Both Getterd6 and Rya WWTP use mesophilic conditions in the
digestion chambewhich refers toa temperature of approximateB8p °C [9, 10|, whereas



Sobacken WWTP uses thermophilic conditionkich referto a temperature of approximately
55 °C[8].

As previously mentioned, the finished treated sludge releasesalerable amount methane

during storage The emitted methane can be seen asaergy potential of the outgoing
digesate and thisis referred to as the residual methane potential (RMP) of sludg not

fully understood how the RMP are correlated with parameters affecting the finished treated
sludge[3]. Since microorganisms play a crucial role in anaerobic digestion, the chimpasi

the microbial community is essential for an effective biogas production pratgsand
previous research has shown that the microbial community in anaerobic digesters have a
considerable effect on the production of meth@Ble Hence, § studyingthe microbial
communities of the sludge through metagenomics, a more nuanced picture can be given to the
properties of the sludge and to the different sludge treatment processes. By analysing the
microbial composition of sludge, it is possible to investiigwhether an increase in methane
emission can be the result of the presencelativeabundance of specific species involved in

the formation of methane

1.1 Aim

The purpose of the projeetasto perform a benchmark study investigating thethane
emission of finishe treatedsewagesludge from four different WWTPs. The investigated
WWTPsemploydifferent treatment processes such as thermophilic and mesophilic conditions
during anaerobic digestion for production of biogas as well as of ltitges that is not
anaerobically digested. The aim of the stwhsto generatdoenchmarkvalues for methane
emission during sludge storage at Swedish WWTPs which can be used in tools for estimating
the climate impact of WWTPs in Sweden. The geasalso tocompare the methane emission
from the different WWTPs and create a foundation which can contribute to further limiting the
methane emissiafrom sewagesludge in Swedish wastewater treatment facilities.

Furthermore, the purposeasto perform a metagenomianalysis of the composition of
microbial communities between the different types of sludge treatment conditions. The goal
was to identify differences and similarities in timeicrobial composition among the various
types of WWTPs andreatment conditionsgnd to see iiny relationbetween the amount of
emitted methane and the presence of microorganisms involved in anaerobic digestion and
methanogenesis in the different sammasid be found

1.2 Scope and Limitations
The scope of this project includiseveral parts:

- Temperature measurement of sludge during storage at Rya Wid/Tetermine
conditions for methane emission measurements.

- Methane emissiomeasurementsf thesludge from four different WWTRat the west
coast of Swedewhich employdifferentsludge treatment methads



- Analysis of microbial communities in the collected sludge, including diversity and
differences in abundance of methanogens.

- Investigationof the contenof the volatile fatty acids (VFAsjormate and acetate in the
collected sldge as a complement to the bioinformatic analyses.

The project is limited to the four WWTPs previously mentioned: (1) Rya WWTP in
Gothenburg, (2) Sobacken WWTP in Boras, (3) Hammargard WWTP in Kungsbacka and (4)
Getterd0 WWTP in Varberg. The projexincersfinished treated, dewatered sludge from these
four WWTPs. The study was conducted JantMday 2022and the temperature measurements
were limitedto the weather conditions at this time of the yeace the sludge is stored openly
outside at Rya WWTP. Furthermore, shotgun metagenome sequencing could not be performed
on the sludge from Hammargard WWTP due to low DNA concentrations in this sample. Thus,
the analysis of microbial communities is limitéad the WWTPs whichemploy anaerobic
digestion as a part of their sludge treatment.






2 Theory

Methane i®ne of themost abundar®HGsin the atmospher&urthermore, methane is a potent
GHGand has a global warming potené& 34 timeshighercompared to carbon dioxid€Q,)
over a 106year period. If instead looking at a 3@arperiod,the global warming potential of
methane is 886 times greater thahatof carbon dioxidg¢13)].

As previously mentioned, thedustry member organisation Swedish Walengside WWTPs

in Sweden aim taninimise the climatenpactof thewastewatetreatment industrgndlimiting
greenhouse gas emissions are specifically targettedpursuing thig2]. At Rya WWTP the

met hane emission from the sludge storage 1is
carbon footprin{4] and studeés show that the finished treatmivagesludgeat WWTPgselease

a considerable amount of methdBg Sludge is formed as a byroduct during the process of
treating sewage water. Historically the sludges beerconsidered a problem, howeveisth
perceptiorhas changgin recent years angludgeis now seen as a useful resouirc&weden

[14]. Thesludge consists of particles removed from the wastewater, which are rich in organic
matter and nutrient$lence it can be a resource from which nutrition can be recydp®By

using sludge as fertiliser in agriculture, nutrients are recycled betweem ambarural areas.
Thus, it can be seen as a central way of obtaining a circular bioecdB8hnRegardless of
whether the sludge is used fertiliseror if it is discarded, the sludge is required to go through
some type of treatmer[14]. The type of tratment carried out varies between different
WWTPs In the following section, the treatment of sludge is described both in general terms
and more specifically for the four treatment plants whose sludge were investigated in this study.

2.1 Sludge Treatment

One considerable difference in the treatment of sludge at different WWTPs is whether the
sludge is anaerobically digesteahich is the case at WWTPs such as Rya, Getteré and
Sobacken §-10]. Anaerobic digestion is a biological process whereousrimicroorganisms
decompose organic material and release biogas and other fermentation prbluctbeg
resulting biogas consisté 50-70 % methane, 360% CO, and trace amounts of other gases
such asydrogensulphide(H2S), ammonia(NHs) and watei(H20) [16]. Anaerobic digestion

can either be mesophilic with a temperature of approximateRC3which is the case at Rya

[9] and Getter6I0] WWTPs, or thermophilic with a temperature of approximately 55 °C which

is the case at Sobacken WWT®. [The finished treated, digested sludge has low biological
activity since the accessible biomass has been degraded. The amounts of pathogens are reduced
during digestion, and the odour emission is significantly decred3e®ihce the digested
sludge has finished treatment, it consisté®80 % water and has the appearance of moist soil
and gproximately half of the original organic material remainghim sludge9]. The process

of anaerobic digestion is further described in se@i@MAnaerobic Digestian

Regardless of whether the sludge is digested or not, the treatment of sludge generally includes
dewatering and thickening to reduce the proportibmater in the sludge. If the sludge is
anaerobically digested, it dewateredboth before and after digestiphd]. As the biogas is
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formed the sludge is stabilised, and its dry matter content is redlicéd[a consequence of
the solid matter in thdwge being converted into biogas, the sludge becomes more liquid again
needs to be dewatered once m@jeThe sludge is also easier to dewater after digestion [

Furthermore, hygienisation of the sludge is requicednable the use of the finished treated
sludge as for example fertiliser. Hygienisation refers to reducing or killing pathogens in order
to prevent transmission of diseases. There are several methods for this at WWTPs, for example
long term storage (6 mdmt or longer) and exposing the organismisalonful conditions such

as the addition of chemicaiscreased temperature iocrease@H [17].

2.1.1 Rya WWTP

Rya WWTP is owmed by Gryaab, which in turn is owd by the municipd@ies of Ale,
Bollebygd, Gothenburg, Harryda, Kungélv, Lerum, MéIndal and Partlgproximately
900000 pe (person equivalents) are connected to Rya W\aAtPthefacility has a maximal
capacity of 1850000 pe[4]. The wastewatereated at Rya WWTRBomes fromfor example
households, schools, industriefficesandhospitald 18]. When separated from thestewater
during the wastewater treatment procebs, gludge initially consists of approximately 99%
water[9]. At Rya WWTR the sludge is thickened by thedéttbn of polymers and the use of
band gravity thickener3 hereafter the thickened sludge is pumped in&biogas production
facility. External organic material that is pumpalsiech as food residues or fat from the food
industry or restaurantare digested together with the wastewater sljidge

At Rya WWTR the biogas production facility consists of two larger digestion chambers (11400
m?® each) and one smaller (426@)nThethree chambers are run in sefiés The decision to

run the chambers in series was made based on an investigation in 2017 where it was concluded
that this mode of operation resulted in the lowest methane emission from the finished treated
sludge[19]. The sludge initially enters one of the larger chambers and is then transported into
the second large digestion chamber. The level of sludge intinesarge digestion chambers

are keptsomewhatonstant. From the second large digestion chamber, the sludge is pumped
into the third, smaller digestion chamber. In this smaller digestion chamber, the level of sludge
varies, and the chamber acts as a buffer. The average residence time of the sidedban
digestion chambers is approximately 20 daysl as previously mentioned, the digestion is
mesophilic and talsplace at approximately53’C. Stirrers and circulation pumpsside the
chambersnsure the sludge is mixed. After digestion, the slusigeimped to the dewatering
equipment. Polymers are added to thicken the sludge and the sludge is dewstgysctew
presse$4]. The produced biogas is upgraded, meaning that carbon dioxeteasedand the
proportion ofmethane is increased t0-98 %. The upgraded gas is used as fuel in vehicles
[20]. The finished treated sludge is temporarily and storegémpiles betweeri-4 weeks 9].

The sludge is then transported away from the WWTP and stored for additionally 6 months as
method of hygienisation. The finished treated, hygienised sludge is used as fertiliser in
agriculture or asa constituent in soil production, depending on the itpaif the sludge
regardingheavy metal During 2020 approximately 46% was used in agriculdje



2.1.2 Getter6 WWTP

Getterd6 WWTP is run by the company VIVAB which is owed by Varberg and Falkenberg
municipalties. Getter6 WWTPhas a capacity of 8@00 pe[21] and it treatshousehold
wastewater as well as wastewater from for example the concrete industry, car washes, painting
companies and hospitals. External sludge from other WWTPs in Varberg mutydgpalso
treated at Getter®WWTP [22]. At Getter6 WWTP the sludge is initially thickened by the
addition of polymers and the use of band gravity thickeners. The sludge isateodigestion
chambers where the sludge is anaerobically digested under mesophilic contidjoGetero

WWTP has four digestion chambg§2s], 900 n¥ each[E-mail M Habagil202204-21], set up

in amasterslave system. The sludge is initially pumped into a master digedtamber and

is thereafter distributed to the remaining three digestion chambers (slaves). Sludge is
recirculated from the slave digestion chamliersk to the master chamber according to a-time
controlled programThe purpose of the recirculation isrmaintain optinal conditions in the
master chambgR3]. The biogas produced at Getter6 WWTP is not upgraded and used for fuel,
instead it is used for heating within tiWTP. After digestion, the sludge is dewatered by
centrifugation. The sludge is intermediately stored in avgtlo a volume of 4800 A{24]. The

silo is emptied B times a week, anthe sludges then storedpenlyon a sludgeplate for
approximately 4 weel&-mail M Habagil 202204-21]. The finished treated sludge is used for
production of construction sdiL(].

2.1.3 Hammargard WWTP

Hammargard WWTP is owned by Kungsbacka muniiipaind has the capacity of 52 000 pe
connected, whereas 900 pe are currently connectdd]. The WWTP also receives external
sludge from other WWTPs in Kungsback25]. First the sludge iseparated from the
wastewater and thickengil], using a gravimetric sludge thicken&ludgebuffersare used

to regulate the flowThe sludge is thereafter stored in an aerf2&fisludge storagehamber
while external sludge is added. T$ladge is further thickened by the addition of polymer and
then dewatered through centrifugation. Theredftersludge is hygienised. This is done by
addingburrt lime (calcium oxide, CaO]11] and mixng it into the sludgg25] while the
temperature of is increased to approximately 541°1. The addition of limeauseghe pHto

rise to approximately pH 12and thisincrease inpH in combination with theéemperature
increaskkills pathogens present in the sludge. After treatptbe sludge is temporarily stored
openly in a pilebefore being transported tbe longterm storage which is adjacent to the
WWTP. At the longtermstoragethe sludges stored openlat a platd11] in monthly batches

of approximately 650 tof25]. The sludge is stored here betw@eBmontts [11], depending

on the demand fdertiliser [E-mail S Engstrom 20204-26]. Before the sludge is transported
away and distributed on agricultural land, the sludge is tested for salmonella and salmonella
has never been detected at Hammargard WWTP. The sludge is mainly used as fertiliser on
agricultural land, however depending dre tquality of the sludgeegarding heavy metal
content it can beused to cover landfills odbe composted into soil improvement products.
However, limed sludgdoesnot compost well and only a limited involvement of limed sludge
can be made to the whole compfdsl].



2.1.4 Sobacken WWTP

Sobacken WWTP in Boras has the capacity of wastewater treatment f000 5@[26]. At
Sobacken WWTP, sludge from wastewater tresatt is digested together with househahai

food wasteas well ashiological waste from companies and industries, for example residues
from butchers and production waste from food industries. Additiorddlywatered undigested
sludge from othesmaller WWTPs in the area are transported to Sobacken WWTP and treated
there as wel[8]. Sludge from the wastewater treatment is pumped into sludge storages which
work as buffers. These buffers are used to ensure both the correct flow and theof|tiadity
sludge In these storages, the sludge is mixiealthicken the sludge,gbymers areaddedand

the sludge is pumped into mechanical thickelj2r$. Household waste is added amiked

with thesludge[8].

The facility has two digestion chambevkich are run paralll. The sludge has a residence
time of 1520 days in the chambers, depending on the ifipwt The sludge is hygienised in

the digestion chamber, through intermittent input and output of sludge. The sludge is kept inside
the digestia chamber for 6 h in a minimum of 58C and the input to the digestion chambers

are adapted to ensure hygienisation and heat recovery. From the digestion chambers, the sludge
is leadinto a sludge buffer tank. The buffer is needed since the output frerdigestion
chamber is intermittent and the flow of the remaining process is continuous. From the buffer,
the sludge is pumped to a heat exchanger and the sludge is cooled down befdetlbe@iag
sludge storage chamber. The storage is equipped witkrsnia avoid sedimentation during
storage. This storage has vocsidizers which collectgasgmittedat this stageThe sludge is

then dewatered through addition of polymers and centrifugation. After dewatering, the sludge
is stored in a sludge silo. Frothe silo, the sludge is continuously transported away from the
facility by trucks[27]. The dewatered sludge is partly usedandfillcover and partly burned

at a waste incineration plant in Bof&}.

2.2 Anaerobic Digestion

As previouslymentioned, anaerobic digestiphD) is a part of the sludge treatment process at
Rya, Getterd and Sodeen WWTPS[8-10]. AD is used to generate biogas and the dajest

can be used as fertilisers in agriculture. Hernicés a way to valorise organic waste while
achieving a circular bioeconomy. Anaerobic digestion is a technology that iestegtllished

[3] and due to itenvironmentabdvantages, AD is increasingly dippl [28]. In recentyears,

the number ofAD plants has increased in Europe due to its contribution towards a circular
bioeconomy. In addition to sewage sludge, residues from agriculture, indastii@sinicipal

organic waste can be treated in biogas production facilBleAD involves microorgaisms

in the breakdown of organic matter and in the case of WWTPs the organic matter consists of
sludge from wastewater treatment as well as other waste suusesholdandfood waste

[28]. The anaerobic degradation of organic matter by microorganiswis@s four main steps:
hydrolysis, acidogenesis, acetogenesis and methanogenesis. Each of these four steps are
performed byseparate groupsf microorganismslin certain conditions, acetatidising
bacteria have also been observEdese different micimial groupsare metabolically linked



and typically operate in a synchronised manjB8erThedifferentmain steps of AD are further
explained below.

2.2.1 Hydrolysis

The first step in AD is hydrolysis, where extracellular enzymes such as lipasesses and
cellulases degrade polymeric substrates such as lipids, protein and polysaccharides into their
respective oligomers and monomers. The substrate accessibility strongly affects the reaction
rate of this step3]. If the substrate is recalcitfafor exampleas withlignin) hydrolysis is

often the rate limiting step of methane production. The hydrolysis step also depends on factors
such as pH, particle size, enzyme production, diffusion and adsorption of enzymes in substrate
particles Although the hydrolytic bacteria involved in this step are phylogenetically diverse,
the two phylaBacteroidetesndFirmicutesincludes most of the known species. Hydrolytic
bacteria are not as sensitive to changes in environmental fagigrpH or temperature) as
methanogens and they also grow more rapidly than methan@#ns

2.2.2 Acidogenesis

The second step is acidogenesis in which the oligomersnambmersformed during
hydrolysis are converted into volatile fatty acids (VFAsluch as acetate, propionate,
isobuyrate, valerate and isovalerate. Additionally, acidogenesis also produces products such as
formate, lactate, alcohol§ 0O, and hydrogen gasie) [28].

The process of acidogenesis is in general rapidi@adan potendlly cause accumulation of
VFAs. An accumulatiorof VFAs affects methanogenesis negatively in two ways. Firstly, VFAs

in high concentrations are inhibitory for methanogenesis. Secondly, an accumulation of VFAs
cause a decrease in pH and since the optimal pH for methanogenesis is e8panower pH

may slow down or stop the methanogenesis. Additionally, the inhibitory effect of VFAS is
stronger at low pH since the undissociated form of VFAs can be toxic to microorganisms, and
the proportion of undissociated form of VFAs are more abundant at low pit 86As can

even inhibit methanogenesis at neutral pHyla which are known to contain most of the
identified species of acidogenic bacteria aBacteroidetes, Chloroflexi, Firmicutes
andProteobacterid 28].

2.2.3 Acetogenesis

In the third stemf AD, the fatty acids are further oxidised into mainly acetic asidrell ad>
and CQ via acetogenesif3]. Compounds such as acetate, formatg, CO; and methyl
compounds can be directly used by methanogens in theste@lof methanogenesiSther
intermediatesormed in the acidogenesis stapistbefurtherdegradedy acetogensdforethe
methanogens cautilize them to produce methanBor example,this applies tgropionate,
butyrate, isobutyrate, valeratgpvalerate and ethandihe process in which thekengerFA
intermediate compounds are furthesinsformedinto acetate, Hand CO: is referred to as



syntrofhic acetogenesis[28]. In municipal wastewaterand typical AD conditions,
approximately 30% of the substratesn ke tranformed via thepropionatepathwaywhen
forming methane. Thus, fermentation of propionate via syhimopcetogenesis of interest
when studying ADAdditionally, propionates one of thepreviously mentioned VFAs able to
inhibit methanogenesis at neutral pH. Due to this, syhitopcetogenesis is often the rate
limiting step in the AD process and thus of critical of importance when optimizing the
conditions of AD Some acetogens involved in propionate degradatdnch are often
observed in AD processes, are for exanipgéotomaculum, SmithllelandSyntrophobacter
Acetogens involved in oxidation of butyrate and other FAs are for example
SyntrophusindSyntrophoranas[28§].

Hydrogenotrophic methanogens utilizésto form methane. These organisms live in syrttgop

with acetogens, where the hydrogenotrophic methanogens conduneésased by acetogens.
This syntropic relationship ensures that the partial pressurélofs low enoughfor the
acetogenesit become themodynamically possible. Formate and formate acid can be seen as
H2 associated with Cthus the consumption of formate afgesents syntrogic relationship
which is critical for acetogenesis. The syntipased omH> and formate transfer from
organisns which producesH. or formate to those which consumes it is referred to as
interspecied> transfer It has been found that some organisms, inclutiethanotrichaceae
(alsoreferredto asMethanosaetaceaecan perform something referred to as direct intuigs
Ho/formate transferThisprocesss more rapid and has the potential to improve AD efficiency

[28].

2.2.4 Methanogenesis

The final step in AD is methanogenesis. Methanogenesis is performed by a group of
microorganisms called methanogens whbelongs to the domainréhaea[28]. Methanogens

are obliged anaerobes and methane pragutlus they do not grow using fermentation of
alternative electron acceptors for respira{i2g|.

Physiologically there are three types of methanagagdrogenotrophic, acetoclastic and
methylotrophic. The hydrogenotrophic methanogens utilizesnd formate to reduceO; into
methaneacetoclastic methanogens converts acetatemaitnaneandCO, andmethylotrophic
methanogens use methyl compounds lkethanol, methylsphides or methylamines to
produce methandn general,70 % of the methane produced irstandardmunicipal AD is
through conversion of acetatand the remaining proportion ifrom H> and CQ.
Methylotrophic methanogenesis merely stands for a small amount of the prodetiethe
Common hydrogenotrophicmethanogens in AD processes includdgethanobacterium,
Methanobrevibacter, Methanoculleus, MethanospirilluandMethanothermobacter.The
acebclastic methanogens are divided into the two genera
MethanotrichaceaandMethanosarcina.Methanotrichaceaenly uses acetate to produce
methane and has a high affinity for acetate. Because of this, it often dominates at low acetate
concentrationsHoweve, Methanotrichaceabas a slow growth ratédethanosarcinaare a
facultative acetoclastic methanogen and can in addition to acetate, utilesed HCQ for
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methane productiomMMethanosarcindas a relatively high growth rate, but a lower affinity for
acetate. Hence, it can dominate oudethanotrichaceaein conditions where acetate
concentration is higf§].

All methanogens share some physiological characteristics, however they are ptytadjgn
diverse[30]. In addition to looking at the methanogens based on their physiological properties,
you can also look at them phylogenetically. There are currently eighestalblished orders of
methanogens. These are associated to tmegary phyla Euryarchaeota, Halobacteta,
Thermoplasmatotaput the exact placement is unknown. Within the pEyleyarchaeotathe
ordersMethanococcalesMethanopyralesand Methanobacterialesare included.The phyla
Halobacteota includes  the orders Methanomicrobiales  Methanocellales,
Methanonatronarchaeales@nd MethanosarcinalesWithin the phylaThermoplasmatotahe
orderMethanomassiliicoccalas included 29]. The classification of methanogens is supported
by 16S rRNA gene sequencirapalysis, is combination with difference in physiological
propertied30]. Methanogens belonging Euryarchaeotehave been found to grow at various
temperatures, including both thermophilic and mesophilic conditionss @roup of
methanogens are most@&fthydrogenotrophiandprefer neutral pH. Methanogens belonging

to Halobacteota have a more diverse substrate range compargedri@archaeaimethanogens

and includes hydrogenotrophic acetoclastic and methylotropic methanogens The
methanogensbelonging to Halobacteriora are commonly mesophilic or moderately
thermophilic and are moderately acidophilic. The methanogens of the order
Methanomassiliicoccalgsrefer neutral pH29].

2.2.5 Syntrophic Acetate-Oxidising Bacteria

In certain conditions, an alternative pathway for methane production has been obséed
processesSyntrophicacetateoxidising (SAO) bacteriacanconvert acetate into 2and CQ,

which in turn is converted to methane by hydrogenotroptethemogens. Few species of
acetateoxidising bacteria have been identified, but some strains aastateoxidising
Reversibacte(AOR), Clostridium ultunense, Thermacetogenium phaeum, Tepidanaerobacter
acetatoxydans, Thermotoga lettingaeadSyntrophaceticus schinkit is believed that regular
acetoclastic methanogenstcompetehe SAO bacteria in most AD processes. However, this
group of bacteria is potentially important for AD systg@. Oneoccurringproblem during

AD is the inhibitian of acetoclastic methanogens by for example high ammonia concentrations
[3]. The presence &AObacteria could in these cases contribute to a continued efficient biogas
production[28]. It has also been shown that the fraction of adastic methanogenesis
compared to hydrogenotrophic methanogenesis strongly depends on the environmental
conditions, since at thermophilic digestion or at high ammonia levels, the methane formation
progress mainly through acetate oxidation coupled to hydrogg@hatrmethanogenesj8].
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2.2.6 Optimisation of Anaerobic Digestion

By making the AD as efficient as possible, both environmental benefits and economical profits
are optimsed. An efficient AD process is characted by a high degree of digestion in
combnation with a high yield of biogas per reactor volume. A high degree of digestion is of
significance for the nutrient level in the digestate and leads to &RMW, which in turn
decreasegreenhousgas emissions associated with storage of the digekthtes previously

been found that the efficiency of biogas production depends on numerous factors which are
often interlinked. On&ey factoris the composition of the incomirgubstratefor example

sludge and householaf food waste. Operational parameters gy an important role, for
example organic load, hydraulic retention time, mixing, digester fluid behaviour, temperature
and digester technologyAdditionally, the microbial communitgompositon in anaerobic
digesters have a considerable effect on the production of metBlaaredis essential for an
effective AD processl]]. There are several aspects ofstkeffect for example,both the
microbial diversity and an active and synchronized microbial community is necessary for
efficient methane productidB]. When attempting to increase the methane production rate, the
rate limiting step of AD should be targelisince increasing the rate of the other steps will have
minimal impact For example, the rate of methanogenesis is limited by the rate of one of the
previous steps of AD (hydrolysis, acidogenesis, acetogenesis). The rate limiting step varies
depending onhte chemical structure of the substrate and other operational parai2éters

2.2.6.1 Factors Affecting the Microbial Community

The microbial community in a biogas productaepends oparameters such as pH, ammonia
levels and VFAconcentrationTo acquire a rapid and stable digestion, maintaining a balanced
reaction rate among these steps is requifedexample, as previously mentioned, hydrolysis
and acidogenesis are generally faster compared to acetogenesis and methanadefisisea

is an excess of substrate, VFAs are formed in a higher rate than they are consumed leading to
an accumulation of VFAs. If the temperature changes rapidly or toxicants are present, the
consumption of acids is slowed down which also causes adatiomuof VFAs.The balance

of reaction rates depends on the rate of the acid amdi$uming reactions being faster than

the acid and Eproducing steps since an accumulation efwl inhibit the degradation of
VFAs. Another factor is thavailability of trace metals and ions which also affects the microbial
community, mainly at the enzyme level, and thus in turn affects the substrate degradation
efficiency|[3].

Another aspect of thmicrobial community compositioaffecing the prodetion of methane

is the microbial diversity. If a microbial community includes multiple speceselatively

equal abundanceble to perform the same function, the community is more likely to maintain
this function when exposed to perturbations sucdiras accumulation ochanges in digestion
conditions. Thissince ifthe population of a certain specieslost due to a perturtian of the
system, there ikkely another species able to perform the same function that are more tolerant
to the perturbation and can ensure that the function is preserved within the [@8jtérhus,

a diverse microbial community is a form of insuranc&®function where different species
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compensate for each otrerdto ensure an efficient AD process a diverse microbial community
is essentia[31]. Studies have also shown that digestion with diverse microbial communities
result in higher methane productioompared to those with lower diversi#yhigher microbial
diversityhasalso beembservedn mesophilic conditions compared to thermopHi#§].

2.2.6.2 Possible Strategies to Improve Anaerobic Digestion Efficiency

There are several strategies which can be used to improve the methane production by anaerobic
digestion, for example prieeatment of the substrateincrease the accessibility of the substrate

and the use of process additives such as trace metals tivertpe balance of nutrierdsiring

the digestion Another strategy is to use thermophilic operating condititmget enhanced
degradation rates. However, the efficiency of the stratedgpenénton substratdt has also

been found that biogas producti@eilities with a second digestion stéjgesing the outgoing
material fom the first digestion step (a pasigester) had decreased TS in the second[3tep

This is consistent with the result of the previous investigation at Rya WWTP inn2g:k@ it

was found that digestion chambers in series resulted in lower RMP compared parallel digestion
chamberd19]. Another alternative strategy is the use of bioaugmentation which is when a
specialised microbial community is added to the digestion reygteimprove the process
function[28].

The relationship of the microbial structure and function in AD is not fully under$8ahd
research are put into increasing the knowledge of the complex microbial communities which
are responsible for hAD process and its interactions. Accordinyemkiteshwaran K. et al.

[28], new knowledge within this area is crudiaf the development oimproved AD systems

In past decades there have been progress and key organisms influencing AD has been identified.
However, a quantitative, predictable relationship between the complex microbial communities
and the digester functional output is needed to improve the desigmpanation of anaerobic
digesters for wastewater treatment and renewable energy transforiatiteshwaran K. et

al. specifically mentionghe use of next generation sequencing technology as a method to
investigate the relationship between the stmactf the microbial community and the digester
function, such as methane production [2&.

2.4 Metagenomic Analyses of Microbial Communities

Microbial communitiesaredefined as the collection of microorganisms coexisting in the same
environment. As with the case AD described above, the communities are usually complex,
and it is often the cooperation within a community that is of interest whenrsguithem. The
metagenome is the collective genome of a microbial community, and it can be studied through
metagenomics. Metagenomics allows the genomes cetulbinable organisms to be studied

with higher accuracy compared to microbiology and moleculahads. In metagenomics,
information regarding organisms present in an environment, and their biological functions, is
derived by randomly sampling DNA from theetagenome32]. Thus, by studying the
metagenome in sludge, properties of the microbial commusnd thereby the properties of

the sludge, can be further investigated.
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There are two different approaches in metagenomics: amplicon and shotgun sequencing. In this
study, shotgun metagenomics was perforriredmplicon sequencing, a selected markeoreg

is amplified and sequenced. A commonly used marker is the 16S rRNA gene. Amplicon
sequencing allows analysis of the taxonomic affiliation and estimation of abundance and
diversity. Sequences which are sufficiently similar are clustered together and assumed to come
from the same species. These clusters of sequérte®perational taxonomic units (OTUS)
which are considered putative speclasshotgun metagenomics the total amount of DNA in a
samplas seaqiencedThis allows for characterisation of both coding and-ocoding sequences,
which can be used as phylogenetic markBysanalysing all genes present in the microbial
community, its biological function can be analysad wédl as estimation of abundance and
diversity[32].

2.4.1 Microbial Diversity

Metagenomic analgs make it possible timvestigate the diversityf microbial communities

There are several ways of investigating the diversityngicaobialcommunity Alpha diversity
investigates thdiversity within a sample, i.e. titelocal diversity of a communityfor example

in a habitat such as a specific geographical site or in a specific individual. It is also possible to
look at the beta diversity, which is the diversity between sampleahitats, such as between
different geographical sites or betwaadividuals[32]. Thereare alscseveral typesf alpha

and beta diversity: naive, phylogenetic and functionéien lookirg atnaive alpha diversity

all OTUs are considered separate entities atadioaships between individual OTUs are not
considered. Phylogenetic alpha diversityeminto accountproximity within a phylogenetic

tree. For example, if two OTUs have several brancfi@sphylogenetic tree in commainey

will contribute less to diveity compared to two OTUs which are separated from each other in
the phylogenetic tree. Calculating the phylogenetic diversity requires a phylogenetic tree.
Lastly, it is possible to investigate the functional alpha diversity. This diversity measurement
takes into consideration the pairwise distance between OTUs. Thus, two Wiifis small
pairwise distance will contribute less to diversity compared to two OTUs with a high pairwise
distance. Calculating the functional alpha diversity requires a distarioz [33].

There are many ways to quantify the diversity of a microbial community. Thebasisivay

to measure diversity is to look at the number of species in a sawipth is referred to as
richness. However, species richness is not the marigmeter that defisenicrobial diversity.

For example, if two different communitiésvethe same numlef species, but in different
abundances, the community with the most uniform distribution of species should be considered
more diverse. This parametd diversityis being considered when looking at the evenoéss

a sampleThe evenness takato consideration whether a few species domittaenicrobial
communityandif there are many species that are present in low abundd@cee, evenness
attenpts to quantify any unequal representation in spethesre areseveralvays of measuring
richness and evenness, for ex arn32llrethisptojach non o
the Hill index was used. Hill numbers are also called effective numbers and they are calculated
using the equation

14



o B (1)

whereq is the diversity ordefD is the Hill number (or effective number) of ordgmi is the
relative abundance of th& OTU in a sample an8is the total number of OTUs. WhepO,

the Hill number’D will be the total number of OTUs in the sample, thus a measurement of the
richnessWhen increasing, evenness is taken into account. Wigett, each OU is weighted
exactly according to its relative abundance, and equation (1) becomes

0 Q&uaB I 1j @)

Wheng>1, more weight is given to OTUs with high relative abundance ekample,in a
community with 2 highly abundant species and 8 species with low abund@neéll be 10
wheng=0 and ag| increases’D will approach J34].

When studying betdiversity, a dissimilarity matrix is often generated, containing dissimilarity
values. These dissimilarity values can range from 0, corresponding to two samples having
identical community composition, tq theaning that the two samples are completely wffe

and hae no shared taxaWhen generating a dissimilarity matrix in order to look at beta
diversity, pairwise Hillbased dissimilarity values can be used as well. The dissimilarity values
can beconsideredn several waysfor exampleusing principal coordinate analysis (PCoA)
[34]. PCoA makes it possible to visualise daésedn distances. PCoA generates a map which
gives an understanding of which entities thatsamglar,and which are different depending on
their placement in thenap andcanmake it possible to identify groups or clusters. Similar to
principal component analysis (PCA), PCoA uses dimensiongdityiction[35]. However,
instead of looking at the maximal variance as in HB8], PCoA considers ie maximum
distance$34].

Any calculated diversity indices depend on sequencing dépthexample, a higher sequencing
depth will have more detected OTUs and thus a higher richfiessiake thediversity of
samples comparable, the data is rarefigds mears that the data is subsampled to the same
sequencing depth. In this process, a sequencing degtiosenand fragments are randomly
samplel without replacement. Thereafter, new OTU abundancesafrelatedor the rarefied
data. Rarefication is a randgonocess but by using a seed parameter during rarefication, the
rarefication becomes reprodbole [34].
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3 Method

This section describes the methodolagypliedin this project. This includes temperature
measurement of sludge storageljection of sludge samples, methane emission measurements
using eradication equipment, measurement of acetate and format content in the sludge samples
and metagenomic analysis of microbial communities in the collected sludge.

3.1 Temperature Measurements

During the methane emission measurements, the aim was to imitate the conditions in which the
sludge is stored at WWTPEo further assesthe conditions of the sludge storage, temperature
measurements were performed on the finished treated sludge while stored openly in a pile. The
temperature measurements were performed at two separate occasions. A temperature data
logger was used to recottte temperature and the logger was wrapped in protective plastic and
attached to a steel rod. The temperature data logger was placed at a depth of approximately 1
m into the pile and the temperature was recorded every 10 s. The measurement took place
during approximately 1 h in order for the temperature to stabilise.

3.2 Sample Collection

Samples of dewatered sludge were collected from Rya, Getterd, Sobacken and Hammargard
WWTPs, at two separate occasions. Due to the acquired time to transport the sampthe

different WWTPs to the location of measurement at Rya WWTP, the measurement could not
be initiated immediately following the collection of the samples. The distance to the wastewater
treatment plants varies depending on WWTP and for the résudesscomparable, the samples

were kept in a cooler for 1.5 h prior to the measurement. The low temperature was expected to
keep the methane emission at a minimum until the measurement had been initiated, and thereby
enabling all methane emission to beomed. However, due to logistic difficulties some
deviations from this setup occurred. For the metagenomic analysis, three samples of cooled
sludge from each WWTP were collected and stored in the freezer.

3.3 Methane Emission Measurements

The main methodor the methane emissiomeasurementsvas the use of an eradication
equipment from BPC Instruments called Automatic Methane Potential Test System (AMPTS®)

II, which is an analytical tool for anaerobic batch fermentation testing. The AMPTS® Il system
consigs of an incubation unit, C&ixing unit and a gas flow meter unit. The incubation unit
consists of 15 parallel flasks working as batch reactors. These are placed in a thermostatic water
bath and each one is connected to a @i€lAg unit containing a soition of 3M NaOH and a

pH indicator (thymolphthalein). All gas that is produckaing incubatiorpasses through ¢h
COx-fixing unit and any CQ@that is produced during incubation is absorbed by the solution.
Once the solution is saturated with £®@he derease in pH will be visible due to the
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thymolphthalein and the saturated solution can be replaced with a new, unsaturated solution.
The CQ-fixing unit also retains £5. Each C@fixing unit is connected to a gas flow meter
(flow cells) and any producedeathane is further transported to these. The flow cells measure
the volume of gas which has passed the-@Xing unit by a wet gas flow measuring device
capable of recordingltra-low gas flows. This is done by utilising the principle of liquid
displacemenhand buoyancy. The manufacturer of the AMPTS® Il system guarantees that the
COy-fixing unit has an efficiency of > 98 %. This has been confirmed during previous
investigations of methane emission from sludge at Rya WWTP where the composition of the
outgong gas was analysed by gas chromatography (GC). The AMPTS® Il system also removes
any gas overestimation originating from inert gathe reactor headspace

During the experiment, the four different &fxating units became saturated and wnefdled

with new solution To increase the reliability of the result, triplicates of each WWTP sample
was used, resulting in 12 samples in total. Approximately 250 g of the sludge was placed in
each flask and the methane emission was record&@ faysWith the exeption of Sobacken
WWTP, tre sludge is stored in openlyat WWTPs, thus oxygen is availaldering storage
However, the sludge piles are large and in the middle of a sludge pile it is reasonable to assume
that there are low levels of oxygen, more closely resembling anaerobic conditions. To imitate
these conditions of sludge storage, the flasks were not ehgbtseygen after adding the sludge

and no stirring equipment was appliddlditionally, the flasks were sealed, and not exposed to

any additional oxygen during the measurement period. For the first measurement, the flasks
were placed in a water bath wightemperature of 20 °C and in the second measurement, a
temperature of 35 °C was used. These temperatures were based on temperature measurements
of the sludge storage at Rya WW.TFhe collected data was used to acquire figures and was
analysed by calculatg the average methane emission per g TS from each \BV@ltrRige

sample.

Measurements of volatile solids (VS) and total solids (TS) of the sludge samples were
performed by the proce$sb at Rya WWTPThe sludge is placed sn ovenandthe waterof

the sludgas evaporated. This was done using an IR moisture analyser at 130 °C for 30 min.
The remaining massvgeighed andepresents the T8hichincludesvS and aslffixed solids)

When analysing VS, the samples aareherexposed to a highéemperaturdy placing itin an

ash oven at 550 °C for 2 Which burns all organic matteFhe remaining mass consists of ash
and the VS are obtained by subtracting the weight of the ash foanytiveight of the sludge

3.4 High Pressure Liquid Chromatography

To investigate theontent ofthe VFAsacetate and formaite the different sludgesamples

High Pressure Liquid Chromatography (HPLC) was performed. Duplicates of the sludge
samples were diluted in 20 ml MQ water, vortexed and centrifuged. The supernatant was
filtered in a 0.45 filter and frozen before performing HPLC. The samplesthaned,and a

total volume of 1 ml was loaded in the HPLC, in which the samples had been diluted five times.
The HPLC was performed using the Aminex HBKH column BIOGRAD together with a 210
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nm UV detectarA solution of 1 mM acetate was used as standard, tegefith a previously
made standard curve.

3.5 Metagenomic Analysis

Analysis of the microbial community metagenome included B#¥#action, DNA sequencing
and data analysis.

3.5.1 DNA Extraction and Sequencing

The frozen sludge samples weteawed, and DNAextraction was performed using the
FastDNA® SPIN Kit for Soilby MP Biomedicals $7]. Deviations from the protocaonsisted

of performing the homogenisation in FastPrep two times instead of one, and the samples were

put on ice for 3 min inbetween. This was done to ensure the samples were properly
homogenised. Additionally, the binding matrix was resuspended #i ®0 ¢ | of DE!
(DNase/Pyrogefirree Water), to avoid over dilution of the purified DNA. Two standard
solutions with 0 and 10 ng/nebncentration of DNA respectively were used to calculate the

DNA concentration in each sample. Whole genome sequencing was done externally by
Eurofins using paireégnd lllumina sequencing and shotgun sequencing metagenomic data was
obtained.

3.5.2 Analysis of Sequencing Data

When analysing the obtained shotgun metagendetega tool called SingleM was us¢a3].
SingleM enables determination of tletativeabundances of OTUs from shotgun metagenome
data without heavy reliance on referenequence databases. @a&M can distinguish closely
related species, regardless of whether thoseiesp come from lineages new to the scientific
community The SingleM tool find4.4 sequences which encodes conserved single copy marker
genes. More specificallfhese identifid sequences ar®4 short read&@pproximately 60 bp

of highly conserved sections. These 14 identified sectongspondo ribosomal proteins and
exist indepedent of taxonomy, similar to the 16s RNA gene used in amplicon sequencing
Focusing on these 14 conserved marker genes enables a variety of analyses. In corgrast to 16
analyses, th&ingleM tool is independent of the copyimber variation issues. Singladalso
relative fast and scalabl&éhe 14 single marker genes used in SingleMdeserallybetter at
differentiating closely related lineages compared to a standam@hi@licorrbased study. The
input intoSingleM is raw, untrimmed reads and the outpgeguenced based OTUs distributed
among the 14 maker genf&8]. SingleM does not managmired endeads Hence the two
sequencing files containing reads from different dndsamplesvasanalysed separately. The
consequence of this is that each analysis generated two.results

The 14 conserved marker gersesrespoding to ribosomal proteins wilin this report,from
here on be referred to as proteiid Full names of the 14 ribosom@atoteins can be seen in
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Table A.1 inAppendix A.When looking at the firgprotein for example 10 OTUs could be
identified among the shotgun data, whereas looking at the second, 15 OTUs could be identified.
Some of the identified OTUs within these tywooteins could be the same species, thus the
OTUs between thproteinsmay be overlapping. Although in general, what is referred to as
OTU1 based on ongrotein is not necessarily the sarpatativespecies as OTU1 based on
another marker gene.

SingleM was installed usingliniconda. Further analyses were done using the python package
gdiv [39]. The qdiv packagewvas developed for analysing results from rRNA gene amplicon
sequencing or similatata ad is therefore suitable to analyse the data generated from SingleM.
The gliv packagecan be used to rarefy and subset the data, calculate alpha and beta diversity,
generate plots such as heatmap and PCoA and carry out null model analyses as well-as Mantel
and Permanova statistical ®F39]. All analyses were performed in accordance with Tutorial

1 described in the gqdiv documentati@4]. Additionally, independent analysis regarding the
relative abundance of methanogens was performednhyysing the counts for each OTU
generated by SingleM. This was done by calculating the percentage of counts which
corresponded to methanogens from the count table data genesatesingleM.

The analyses in this project included generating informaggarding different taxa in each
sampleandheatmaps, calculating and analysing naive alpha and beta diversity of order 0 and
1 (including PCoA plot) and performing Permanova te$tse heatmaps were generated to
illustrate the relative abundance of differdaxa in different samples. The 20 OTUs with
highestrelative abundance was included in each heatmap and the taxa/OTUs with highest
relativeabundance was defined as the OTUs with maximum relative abundance in a sample.

Permanova testwith 1000 permutationsiere performed to investigate whether there was a
significant difference in microbial composition between the two different conditions
(mesophilic and thermophilic) and the three different WW{$bbacke, Ryaand Gettero).

The Permanova tests were based on the beta dissimilarity matri¢desaverage naive alpha
diversity was calculated from the three replicas for each SingleM protein and WWTP, and
thereafter the averageima alpha diversity of each WWTP over all $thgleM proteirs was
calculated as well

20



3 Results and Discussion

The findings of this projectare presented and discussed in this sectidns includes
temperature measurement of sludge stolabid extractionmethane emission measurements,
measurement of acetate and format content in the sludge samples and metagenomic analysis of
microbial communities in the collected sludge.

3.1 Temperature of Sludge Storage

The result of the temperature measuremgmrformed in this project at Rya WWTB
displayed in Tablel, togeher with the result frompreviously performed temperature
measurements at Rya WWTiPthe studyMethane Emission from Sludge Storage at Gryaab
by Alyona Tormachen Shabsgd(Q]. All temperatures presented in Taldlevere measured
approximately 1 m into the sludge storgmle using a temperature logger attached to a steel
rod. Tablel also shows time of measurememifithand year), storage tinaand the size of the
sludge storagevhere the two kber are approximatestimatiors. The size of the sludge pile is
describedased on how much of the sludge storeg@apartmenthatis taken up byhe sludge
pile (full andless than half fulland echsludge storageompartmentanreceivea total of
1000 ton sludgelhe temperatures measured at the dameewas performedtdifferentplaces

in the sludge pile.

Table 1. Temperature measuremefits into thesludge storagpile at RyaWWTP, including time of
measurement (month and year), storage timeseredof the slude pile compared to the size of the sludge
storagewhich when full contains approximately 1000 ton sludge

Temperature [°C] | Time of measurement| Storage time | Sizeof sludge storage pile
24 Mars 2022 1-2 days Less than half full

26 April 2022 1 week Full

27 April 2022 1 week Full

28* October 2021 2 weeks Full

34* October 2021 2 weeks Full

34* October 2021 2 weeks Full

*Measurementperformed in the studylethane Emission from Sludge Storage at Gryaalyona
Tormachen Shabspd(].

The data presented in Tahleindicates that the temperature of the sludge storage pile is
dependent on how long the sludge have been stored and the size of the sludge pile. Higher
temperatures were obtained at larger size and when the pile had been stored a longer period of
time. Thi indicates that the heat of the sludge storage is not only residue heat from the digestion
chambers, buglsothe result of compost effect$he results fronprevious mesurenents
performed in the studyMethane Emission from Sludge Storage at GryéagbAlyona
Tormachen Shabsailso indicated that the temperature of the sludgeage pile is not
homogenous buwtaries between different areas.
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Based on the data in Taldl¢he average temperature of the sludge storage is 28,&®hough

it is likely that the true mean value of the temperature over a year is higher tharhéhdata
presented in Tablecomes from measurements performed in autumn and spring, alikkityis

that the temperature of the sludge storage is higher at summer when the surrounding
temperature is highgsince this wouldead to arincreasd compost effectlt is also probable

that the temperature of the stored sludge is higleeper inside in thewglge pile. At Rya
WWTP there have been previous attempts to generate a temperature profile of the sludge
storage at different depths, but the weight and density of the sludge pile makes it impossible for
the temperature logger anesl rodto reach deepehan 1 m into the sludge piléit is possible

to work around this problem, a further investigation of the sludge storage temperature at longer
depths would be a valuable contribution to determining the sludge storage conditions more
accuratelyOne sggestion could be tplace a temperature logger in the pile asfibismed and

leave it until the sludge pile is collectedid transported away from the facilitfflo further
investigate the temperature of sludge storeggular measurementsroughout the yearould

be conductedand therebyaccount for temperaturghanges of the surrounding environment.
Additionally, it could be valuable to compare the temperatoffesludge storage at different
WWTPs and at different storage times, for exansjpienglong-term storage.

To generatebenchmark values of methane emission which resembles the actual methane
emission as accurdyeas possible, it is important that thethmne emission measurements are
performed at conditions resembling the true conditions of sludge stéweg@ding to a study
performed by Swedish Water in 20p11], theaverage temperature of the storage of dewatered
sludge is approximately 20 °Elowever these sludge pigawvereonly approximately 1.5 fas

they were a part gbilot trials [41]. Based on the values in Talethe temperature is likely
higher than 20 °C in many cas&y performing measuremengt both20 and 35 °C, the
temperature span of Tableis coveredwhich increases the chanceatftaining benchmark
values for methane emissions that resembles the true emisssomsuch as possible.
Additionally, performinghe methane emissioneasurementst these two temperatures makes

it possible toinvestigatehow the methane emission from finished treated sludge varies
depending on temperatyrespecially regarding sludge treatment withmesophilic and
thermophilic digestion

3.2 Methane Emissions from Simulated Sludge Storage

As previously mentioned, theethane emissiomeasurements were performed at two different
temperature¢20 and 35 €) to cover thetemperaturaangeof the sludge storag. For the
benchmarks values to be easily aédptothe WWTPs attempting to use climate change
calculation tools, the methane emission is presentéeinnit Nml/gTS.

Values for TS and VS of the sludge used for measurements at both tempesgtuessented
in Table 2. The TS and VS was measured frdimished treated sludge collectemt
Hammargard, Sobacken, Getter6 and Rya WWHasnmargardVWTP had thelowestvalue
of VS due to not using digestion as a part of their sludge treatment probessiudge from
HammargardVWTP also ha comparatively high TS. Rya WWTP also has a highv@lsie
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At the time ofthe measuremest only one of the two digestion chambers at Rya WWTP was
running, due to maintenanc& consequence of this istamporarylower degree of digestion

in the sludgdrom Rya WWTR which can be seen when comparing the value in Tableh2to t
averagel Sin 2020 ofthe finished treated sludge at Rya WWTichwas 284 % [4].

Table 2. Total solids (TS) and volatile solids (VS) of the sludge usdde methane emissiomeasurementst
20 and 35 °C for Hammargard, Sobacken, Getterd and Rya WWTP.

Measurements at 20 °C Measurements at 35 °C
WWTP

TS [%] VS [%] TS [%] VS [%]
Hammargard 296 33.6 28.2 41.3
Sobacken 26.2 59.4 21.8 584
Gettero 214 68.1 23.8 65.5
Rya 294 64.9 32.8 58.7

Figurel shows theumulative methane emissioas20 C. At 20 °C the gas flow meter only
recorded methane emission frahe sludge digested in mesophilic conditioins, from Rya

and Gettero6 WWTP. The limed, undigested sludge from Haggnd WWTP and the sludge
originating from thermophilic digestion conditions from Sobacken WWTP had no recorded
methane emission during the 30 days of measurement. The equipment has previously been able
to record emissions as low as 2 Nml/day. Thus, ittmassumed that the limed, undigested
sludge and the sludge digested in thermophilic conditions emitted less than 2 Nml methane per
day at 20°C and any emission below this can be considered negligible.

The sludge from Rya WWTP had the highest emissigproximately the double amount
compared to Getterdo WWTRs previously mentioneanly one of the two digestion chambers

at Rya WWTP was runninduring the time of measurements, leading teraporary lower
degree of digestiom the sludge collected atyg@ WWTP.This in turn generates a higher
amount of methane emission form the sludge compared to during normal operating conditions.
Therefore, data from previously performed methane emission measurements at Rya WWTP
was analysed as well and are annotageRya WWTP* in Figure -b. This data was collected

using the same measurement toAIIPTS® Il) and is an average from two replicates. Since
there were no data of mass or TS of the sludge used in these previous measurements, the average
value of gTS for th sludge collected at Rya WWTP for @@and 35 °Gneasurements in this
project were used.

As can be seen in Figure 1, the sludge collected at Rya WWTP during normal circumstances
(both digestion chambers running), had a lower methane emission congpateshtonly using

one of the digestion chambers, which was expected. AC2@he sludge collected at Rya
WWTP during normal circumstances (Rya WWTP*) had approximately the same amount of
emission as Getter6 WWTP, indicating that mesophilically digeshedge has similar
emissions independent of WWTP.
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Cumulative Methane Emission at 20 °C
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Figure 1. Cumulative amount of methane emission [Nml/gTS] at 20 °C during the measurement period of 30 days from finished
treated sludge collected from Hammargégcey), Sobacker(green) Rya WWTP(dark and lighblue) and Getter6 WWTP
(orange)*Data form previogly performed measurements of methane emisi@0°C from sludge collectedt Rya WWTP
whenbothdigestion chambers were running

Figure2 shows the cumulative methane emission at 35 °C. At this temperature, the gas flow
meter recorded methane emission frahsludge treated with digestion, both in mesophilic and
thermophilic conditions, that is from Rya, Getter6é and Sobacken WWTP. Indaccer with

the measurement 20 °C, thelimed, undigested sludge from Hammargard WWTP had no
recorded methane emissidrhe thermophilically digested sludge showed the lowest emission
of these three samples, approximately a third as large as the erfigsidhe sludge digested

in mesophilic conditions.

At 35 °C, the sludge collected at Rya and Getterd bamilar emission The previous
measurements at Rya WWTP using sludge collected when both digestion charafeers
running wasonly performed at 20C. To enable comparison between the sludge samples from
different WWTPs at 38C as well, a correction factor was calculatedeTorrection factor is
based on the difference in emission between the sludge from Rya W\R0 Brad 35 °CThus,

it is assumed that the difference in emission for this previously collected data (Rya WWTP*)
at20 and 35 °Cis the same as for the measldifference in emission from the Rya WWTP
sludge collected in this project.

The sludge from Getter6 WWTP had a higher increase of methane emission when increasing
the temperature to 3% compared to the sludge from Rya WWTP. This can also be seen when
examiningthe datagenerated fronthe previous methane measurements at Rya W\WIrhg

normal operating conditiongRya WWTP*) since tlis hypothetical emission is lower.
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However, he dataregarding Rya WWTPat 35 °C is based on the assumption that emission
from the sludge at Rya WWPTwould have the sam&mperature dependence ag ttwo
different measuremertimes and digestion operating conditiofifwus, o validate tle result
presented in Figure, 2iew measurements at 35 could be performed on sludge collected at
Rya WWTP wherboth digestion chambers are in use.

Cumulative Methane Emission at 35 °C
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Figure 2. Cumulative amount of methane emission [Nml/gTS] at 35 °C during the measurement period of 30 days from finished
treated slude collected fromHammargardgrey), Sobacker(green) Rya WWTP(dark and light blueand Getter6 WWTP
(orange) *Data based on previously performed measuremanf0°C of methane emission from sludge collecsdrya

WWTP when both digestioshambers were runningnultiplied with a correctioffiactor representing the difference between

20 and 35C.

As can be seen Figure2, the sludge from Rya and Getterd WWTP initially has approximately
the same amount of methane emission in contrast to the measurem@0ts’ Gt After
approximately 5 days, the emission from Rya WWTP became slightly lower, which can be seen
as a dip in the awue in Figure2. It is not known what could have caused this dip since any
change in conditions that couddfectthe methane production would affect all samples, since
they are placed close together in the same water bath. By observing the cumulatareemeth
emission aB5 °Cof all triplicates of each WWTP samplefigure B.1 inAppendix B it can

be seen that this dip is observed in all triplicates of the sludge collected at Rya WWTP,
indicating that the temporary decrease of methane emission is cahih@the content of the
sludge itself. In AppendiB, it can also be seen that while the triplicate samples collected from
the same WWTPs follow each other closalgeneral one of thaeplicaesfrom Rya WWTP

has lower emission compared to the rema@nimo samples from Rya WWTP. The sludge is

not homogenous, and it is possible that this sample had a lower abundance of microbes
compared to the remaining two that thereavasa lower amount of organic material available
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It is also possible that this spfa contained some type of contamination which acted inhibiting
to the methane producing microorganisms.

As can be seen in Figure 1 and 2, the curves describing the cumulative methane emission
flattensovertime and the total amount of emitted methane is approaching a fixed value. This
indicates that amstimationof the methane emission from letgyrm storageould beobtained

by determiningthis fixed value througkither theoretical or practical analyses.

Figure3 and4 shows the methane emission per day for the four WWTPs at 20 ar@, 35 °
respectively. The graphs cleadigowhow the emissions per day decreases with time, and that
the emission is largesnmediatelyfollowing thesludge treatmenfs previously mentioned,

this implies thatpoint measurements may provide an accurate estimatiolongfterm
emissiors.

Methane Emissions Per Day at 20 °C
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Figure 3. Methane emission per day at 20 °C [Nml/gTS] during 30 days from finished treated sludge colldetedargard
(grey), Sobacker{green) Rya WWTP(dark and light blueand Getter6 WWTRorange) *Data form previously performed
measurements of methane esivs at 20°C from sludge collected at Rya WWTP when both digestion chambers were running.

In Figure4 it can be seen that the thermophilically digested sludge from Sobacken WWTP
require a longer amount of time to start emitting methane compared to the mesophilically
digested sludge. This indicates that the microbial communities present in thermophilically
digested sludge need time to adapt to the lower temperétusepossible thasome ofthe
microorganisms which develop in the thermophilic conditiohshe digestion chamber at
Sobacken WWTP can still grow and produce methane &€3but 20°C is tw far from the
temperature of whickhey prefer and thereby outside thfeir temperature rangé.he sludge
might also contain mrobes operating at lower temperatuas;h as 35 °Gyhich have been

in low abundance during digestio@nce adapted to the we colder, environmenthese
microbeswould be able taggrow more abundanthand startto produ@ more considerable
amounts of methamn
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Figure 4. Methane emission per day at 35 °C [Nml/gTS] during 30 days from finished treated sludge colldetedhargard

(grey), Sobackerfigreen) Rya WWTRP(dark and light blueand Getter6 WWTRorange)*Data based on previously performed
measurements at 2C€ of methane emission from sludge collected at Rya WWTP when both digestion chambers were running,
multiplied with a correction factor representing the difference between 20 &@i 35

The total methae emission from each WWTP 20 and 35°C can be seen in Tab& These
values are the averag®al emissiorof the triplicates from each WWTRFhe standard erros
also included andias calculated from the standard deviattbthe WWTP samplédriplicates
As can be seen ifiable3, the standard erréor Rya WWTP ishighercompared to Getterd and
Sobacken WWTRInd this a consequence of the deviearhple mentioned aboyseeTable
B.1 AppendixB).

Table 3. Total methane emissidrom the sludgesamplesollected at HammargdrSobacken, Rya and Gettero
WWTP, as an average of triplicatd$e ncludedstandard errois calculatedrom the standardeviationof the
WWTP samplériplicates.

Total methane emission [Nml/gTS]
WWTP At 20 °C At 35 °C
Hammargard 00 00
Sobacken 00 129+0.31
Rya 38.52+0.2 46.07 + 2.01
Getterd 20.19 + 030 49.@2 + 0.86
Rya* 2083+ 0.20 24.92+ 0.20

*Data based on previously performegasurements at 20 °C of methane emission from sludge collected at Rya
WWTP when both digestion chambers were running, multiplied with a correction factor representing the
difference between 20 and 35 °C.

In Figure5, thecontent of Tabl&is displayed abar graphsHence, Figur® shows thewverage
total methane emission from each WWTP28tand at 35 °C presented as bar graphs with
included error bars based on the standard error.
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Average Total Emission at 20 °C [Nml/gTS] Average total emission at 35 °C [Nml/gTS]

Hammargard WWTP  Sobacken WWTP Rya WWTP Getterd WWTP Rya WwWTP* Hamamrgard WWTP Sobacken WWTP Rya WWTP Getterd WWTP Rya WWTP®

Figure 5. Average total methane emission from sludge collectéthatmargardgrey), Sobackerfgreen) Rya WWTP(dark
and light blueland Getterd6 WWTRorange) including error bars based on the standard error over WWTP segpitates.
*Data based on previousperformed measurements at°ZDof methane emission from sludge collected at Rya WWTP when
both digestion chambers were running, multiplied with a correction factor representing the difference between 20.and 35

The results presented in Table a and Figure 5 confirmshbaheasureent conditionsand
thereby the sludge storage conditiomsore closely resemtdethe mesophilic digestion
conditions compared tahe thermophilic Thus, the microorganisms present in the
mesophilically treated sludge is better adapted to the sludgeestmaditions compared to the
microorganisms from the thermophilically digested sludge and thereby able to grow and
produce methaneAll digested sludge showed increased methane emgsabnhigher
temperature, indicating that the methane emission durudgslstorage is dependent on the
temperature of the sludge storadespecially Getter6 and Sobacken WWTP shoveed
considerable increase in methane emission at higher temperatures.

The absence of methane emission fronttieemophilicallydigestedsludgeat 20 °C indicates

that any methanogens present after digestion could not grow at this temperature?CAt 35
emission was recorded, but the emission was not as high as for the mealbphibated
sludge.This indicates that the thermophilic slyel contains microbes able to produce methane

at temperatures ranging from 35 to %5 As described in sectioB.2 Sample Collectiorthe

sludge samples were kept in a cooler for 1.5 h prior to the measurenkeep the methane
emission at a minimum until the measurement had been initiated. However, the sludge collected
at Sobacken WWTP was kept at room temperature for an unknown amount of time (at
maximum a couple of hours) before being put into the calnleto logistic difficulties Hence,

it is possible that methane emission occurred during this time, causing a lower emission of
methane during the measurement

As previously mentioned, the limed, undigested sludge emitted no methane at neithar 20
35 °C. This indicates that the lime and temperature increase used to hygienise the sludge is
effective, and that there are no living microorganisms present aptedace methane.

As described above, the mesophilic sludge from Rya and Getter6 WWTP had the highest
amount of methane emission during the simulated slstigegedue to themeasurement
conditions more closelyesemblingmesophilic digestion condition3here washowevera
considerable difference in amount of emission between the sludge from Rya and Getter6
WWTP at 20 °C, but not at 35 °@/hen comparing these measurements toptiegiously
performed measurements ayacRWWTP, with sludge collected during normal operating
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conditions (Rya WWTP*), this is likely due to the sludge from Rya WWTP having a lower
degree of digestiorHHowever,there are other factors that cowaohtribute toa difference in
emission.One factor could ba difference inmicrobial community compositrowherethe
sludge from GetterVWTP containlessmicroorganisms adapted ltmver temperature©ther
factorscouldbesubstrateeomposition (i.ecompositionof incoming wastewateproportion of
household and food waste during digestimmntheset up and process of digestiae. chambers

in seriesat Rya WWTPcompared to a maststave systenmat Getter6 WWTP Naturally,
factors like thesalso affect thehermophilically digested sludgend he mentioned factors
would also affect each othéBy includingsludge samples froomore WWTPs, in particular
WWTPs using thermophilic digestipthe credibility of the methane emission datauld be
improved A largernumber of different WWTP sludge samplesuld givean indicaion to
whether the amount of methane emission is primarily the result of different digestion
temperatures astherdifferencessuch as treatment process or substrate compasition

The results from the methane emission measurements indicates that thermophilic digestion
could be preferable over mesophilic digestion with regards to methane emission during sludge
storage.This is in accordance witthermophilic operating conditioriseing mentioned as a
strategyis toobtainenhanced degradation ragslimprove anaerobic digesti@fficiency[3].
Another advantage of thermophilic digestion is that {targn storagés notrequired sincéhe
sludge is hygienised during digestion[27]. Thermophilic digestionrequires more heat
compared to mesophilic conditions, which could potentialtyease thelimate impact of the
digestion. However, there is currentlgarplus of heat in Gothenbungunicipalty [42] andif
implementing thermophilic digestion at Rya WWTRy heat would have to be originally
produced making this potentiaincrease inclimate inpact negligible. Although there are
additionalaspects which need to bddresseavhen considering a transition from mesophilic
digestion to thermophilic digestioRor example.he sludge needs to be digested in an enclosed
container for2-6 h in order tobe hygienised27]. Today at Rya WWTP,the sludge is
continuouslypumped into the digestion chamizerdfor the flow in and out of the digestion
chamber to be intermitterthe proceswill have to balteredby for example the addition af
buffer tank Thus, the environmental impact of such alterations would have teelghed
againstthe impact oflower methane emission during sludge storagiditionally, previous
studies haveshown thatthermophilicallydigested sludgéas higheremissios of the GHG
nitrous oxide N-O) compared to meghilically digested sludggt3]. Thissuggestshat there
exists a tradeff betweenmethane and D emissions when comparingesophilicand
themophilic digestionregardingemissions during sludge storag@nceN20 is an evae more
potent GHG compared to methddd], it couldbemoredesirable to minimise these emissions
However further investigatiors comparingN-O and methanemissions consideringboth
potency aneémitted gayolume would have to be performéd examine whether thermophilic

or mesophilic digestiowould be the mostnvironmentallyadvantageous option.
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3.2.1 Benchmark Values for Methane Emission During Sludge Storage

Benchmark values for methane emission during sludge stoeagbe seen in Table Fhese

values ardased on the data collected during the methane emission measurements presented in
Figurel-5and Table3. To not overestimate the emissions freludge treated witimesophilic

AD, thepreviously performed measuremenfsmethane emissieat Rya WWTPof sludge
collected during normal operating conditions was (Bseé WWTP). Since the time of sludge
storage varies between different WWTPs, valisestaage of sludgeluring2, 7, 14 and 30
dayswere generatedrhe presented values in Taldl@are an average of the measurements at

the two temperaturg20 and 35 °C) since therhperature of the sludge storage is estimated to

be within this range. The values for mesophiligestionconditions arelsoan average of the

values for Ry&a and Getter6 WWTP.

Table 4. Benchmark values for methane emission during storage of sludge in 2, 7, 14 and 30 days for sludge
treated through mesophilic and thermophilic digestion as well as liming.

Methane emission during sludge storageNml/gTS]
Sludge treatment process Time ofsludge storage
2 days 7 days 14 days 30 days
Thermophilic digestion 0.7197 3.424 4.776 6.383
Mesophilic digestion 8.889 16.56 22.38 2857
Liming 0 0 0 0

As indicated aboveghese values agstimations In order forthe benchmark values to bere
accurate andeliable in future attempts to generate benchmark valdesige samples form

more WWTPs (especially WWTPs using thermophilic digestem)well asdata regarding
conditions of different types of sludge storagbould be includedHowever, the use of
calculation tool®stimating the climate impaof anyprocess will always be an approximation

and the values presewtin Table 4 are suitable to use until more reliable datcomes
available The ideal case would be for every WWTP in Sweden to record data of their individual
sludge storage methane emissions, in order to estimate the climate impact of each WWTP as
accurately as pogde. However, until this is feasible, the use of benchmark values which
estimates the methane emissions during sludge storage will be valuable. Using the benchmark
values generated in this project when estimating the climate impact of WWTPs is likielg to g

a better estimation of a WWTPs climate impact compared to not using any data of methane
emissions during sludge storage at all.

3.3 Acetate and Formate Content

The results from the HPLC investigatitige content of th& FAs acetate and formate can be
seen in Tabléb. Acetate was found in all samples except the sample from thermophilic
conditions(Sobacken WWTP). The sludge frdRya WWTPhad approximately twice as high
acetate content (mM/g sludge) compareGettero WWTRand Hammargard WWTP had the
highest content of acetateormate was only found in the sludge fr&ya WWTR
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Table 5. Amount ofacetate and formate [mM/g sludge] in #ledge samples Hammargard, Sobacken, Rya and
Getterd WWTP. The presented value is an average of dupligékeimcluded standard errozalculated from
the standard deviation of tlaeiplicates

WWTP Acetate content [mM/g sludge] Formate content [mM/gludge]
Hammargard| 0.428 +0.0660 0+0

Sobacken 00 00

Rya 0.33%+0.02& 0.262 +0.02%

Gettero 0.1%5+0.024 0zx0

The presencef acetate and formate in the sludge samples say somethingvdiaitype of
microorganisms thabtave dominated thsludge during its treatment, atide condition and
resourcesvailable tahe microorganisms when initiating the methane emission measarem
The presence of acetate in the sludge from Hammargard WWTP indicatesqhiegments
and conditiongor methane production exists, and that the absence of methene emissions is not
likely a consequence &FA shortageHowever,a shortage o/ FAs could be an explanation
for theabsence of methane emissaithe sludge from Sobacken WWTHince rither acetate
nor formate wagresent in the sludgacetoclast and hydrgenotrophic methanogens cannot
produce methane until additional VFAs are formi&ssuming the formate and acetate content
was similarin the sludge used in the measurement at°@5 it is possible thathe
microorganismgroducing acetate andrfoate(e.g. acetogensggt Sobacken WWTIPequire
thermophilic conditionswhich would explain whythere were some methaamissionsat 35

°C but nmeat 20 °C.

As mentioned in sectioh.2.3 Syntropic Acetogenesise consumption of formaie essential

during methane productighrough hydrogenotrophic methanogesisceformateis connected

to theH2 consumption and thusitical for the acetogenesistep of AD The relatively high
content of formate ithe sludge form Rya WWTP could be explainecadlgwer abundance of
hydrogenotrophic methanogersd the microbial community in the sludge from Rya WWTP
beingdominated by acetoclastic methanogeksother explanatiormould bethatonly one of

the two digestion chambers at Rya WWTP was running when the sludge samples were
collected, and it is possile that the VFA content would be different during normal
circumstances.

As previously mentioned, a solution of 1 mM acetate was used as standard in the HPLC. The
result showed that the standard solution had a concentration of 0.977 mM, which indicates that
the detected concentrations are reliabfes previously mentioned, the sludge is not
homogenous and there can be parts of sludge with higher and lower ambufms.
Additionally, the HPLC was only performed on the sludge used in the methane emission
measurement at 2 and the result from investigating the acetate and formate content of the
sludge would be more reliable if the sludge used for the measurement@iats analysed

too. Continued investigations &fA content related to methane emission of sludge could
include analysis of addition&lAs, in particular propionate sinceansiderablg@roportion(30

%) of substrates are transformed via the propionatewagt during AD of municipal
wastewatef28]. Continued investigations could also include measurements of the VFA content
both prior to and after thraethane emissiomeasurements sindieis would giveanindication
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to whattype of acetogenesis antethanogenesis processhat are taking place during sludge
storage for the different types of sludge.

3.4 DNA Concentration

The final concentratisof DNA obtained in eacWWTP sludgesample after performing DNA
extraction can be seen in TalleThe presented values are avesgethe triplicate samples

from each WWTPThe DNA concentration of the limed, undigested sludge from Hammargard
WWTP was approximately 74 ngl/ ¢l in average,
sequence the DNA dhis sample. The remaining samples was successfully sequenced.

Table 6. Average DNA concentration extracted from each sludge sample collected at Hammargard, Sobacken,
Getteré and Rya WWTPs.

WWTP Average DNA cofdcent
Hammargard <0.1

Sobacken 41

Gettero 35

Rya 37

As previously mentioned, Hammargard WWTP uses liming to hygienise the slTidge.
increase in pH caused by the lime kills microorganisms present in the slinggeNA of dead
microorganisms can be extracted and sequenced using whole genome seqtiencevgr,
the high pHleads tobreakdown ofthe DNA [45]. This explains why the DNA extraction
resulted in such low DNA concentrations for the limedigku

3.5 Analysis of Microbial Community Composition

The result of the metagenomic analysis includles Permanova testsesult, heatmaps
representing differences in abundance of different microbial taxa, relative abundance of
methanogenand other microbes involved in the AD procasswell agjuantification of the
microbial diversity. The analysis of diversity inclugdgha andbeta diversityof diversity order

0 (presence or absence of O@aadl (OTUs weighted according to their relative abundance

The alpha diversitprofile is presentedy agraph showing the dependence of alpha diversity

of the diversity orden, and the beta diversity is considered in a PCoA plstpreviously
mentioned, due t&ingleM does not managy paired end reagdgach analysis generated two
separatedesults one fa the forward sequences data and one for the reversed sequenced data
All results presented in this section are from the forward sequenced data, and the results from
the reversed sequenced data can be seen in Appeittlix C

3.5.1 Permanova test

The result of the Permanova test showed that there was a significant differeatgeqD.05)
in microbial composition between the two conditiomsesophilicand thermophilic) and
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between the three WWTPSobacken, Getter and Ryalhe te$ was performed using
dissimilarity matrices from the naive beta diversity calculations andtbethiversity orderof

g=0 ard g=1 was testedDue to this, ondest wasnade foreach SingleM protein separately.
The generated-palueswhencomparing mesophilic and thermophilic digestion conditions for
each SingleM proteinfor bothg=0 andg=1 can be seen in Append&, Table C.1. The
generated qwalues whercomparingSoba&en, Rya and Getter6 WWT#er each SingleM

protein for bothg=0 andg=1 can be seen in Appendx TableC.2.

3.5.2 Heatmaps

Figure 6 showsa heatmap otthe 20 OTUs of highestelative abundance wheexamining
SingleM protein 1 The X-axis represents the nine samples which were investigated in this
project (three replicas eaftom Sobacken, Rya and Getter6 WWTP) and thaxi§ presents
OTUs with displayed taxonomic level§these could be identified by SingleMeatmaps for

all proteins 114, can be seen Figure D.2D.28 inAppendixD.
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Figure 6. Heatmap displaying the 20 OTUs with highest abundéorc8ingleM protein 1 The X-axis shows the nine
samples (three replicas each of Sobacken, Rya and Getterd6 WWTP) andxisep¥esents identified OTUs withsplayed
taxonomic levels if these could be identified by SingleM.

In general, the heatmaps showed that the three triplicates from each WWTP sludge s&ample ha
similar taxonomic composition. Some OTUs were only identified in one of the WWTPs, some
in two. In accordance with the PCoA plgiresented belosee Figure and Appendix), the
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two mesophilic samplériplicates more oftenhad similar composition,i.e., high or low

abundanceof the same OTH whereas the thermophilic sampleffered Although,

differences between the two mesophilic sludge samgue®ccurringtoo. This is also in
accordance with the result of the Permamtests described abovend the PCoA plots
described below

When looking further into the OTUs identified in the heatmagsgeralof themcoincides with

the context of AD of sewage sluddg@r instanceQTUs included in the heatmaps represented
microorganismsommonly found in soil, water or the human microhitaexamplehe phyla
Verrucomicrobig46], Acidobacterig[47], FirmicutesandBacteriodets[48]. Belonging to the
phylum Acidobacteriaandis the clas#\minicentantiaand species of this class have been found
to beanaerobic digestors of organic maf49]. The phyum Synergistotavas also includeah

the heatmapsand it has previously been found to be significant contributors if58D A
class offFirmicutesincluded in several heatmaps walerstridia. This class is relevant to the
AD process since many of its species produce [BAls

Another O included in theneatmapswvhich is known to participate in AD, is thifamily
Lachnospiraceaeof the order Eubacteriales This family is known for érmening
polysaccharides into FAs such as butyrate and adé&teBurkholderiaceaef the phyum
Pseudomonadotaas also includeth several heatmagsd his family of bacteriareacetate
assimilators[53]. Another occurringfamily was the Anaerolineaceaewithin the phyla
Chloroflexi which has previously been shown to cooperate \Wigthanotrichaceaén AD
pathwaysconcerning acetatib4]. The genusAcetomicrobiunof the phylaSynergisetesvas
also identified in the heatmams presentn the samples from Sobacken WWTPR has
previously been isolated from thermophilic AD of sled5] and has also been found to
ferment glucose via formation of acetate, £énd H [56]. Additionally, the family
Dethiobacteraceaef the phylaFirmicuteswas found among the OTUs the heatmaps, as
present in the thermophilic samples from Sobacken WVIDEEhiobacteraceahas previously
been found to perfornBAO and replacing acetoclastic methanogenesis in thermophilic
digestion[57].

3.5.3 Relative Abundance of Methanogens

The values presented in Tabld 6 are the average of the triplicates from each WWTP, and the
standard erroraere calculated from the standard deviation within each tripli€zdents from

all 14 SingleM proteins were included when calculatitg fpercentage. As with the
investigation of FA content, the DNA extraction and sequencing was only performed on sludge
coll ected for the 20 C measur emerassymedito d t he
be similar in the sludge used for the measw@meimat 35°C. However, the sludge is not
homogenous and there might be differences depending on time of sampling. The results would

be more reliable if more samples over a longer time period had been included, and any further
investigations could advantamesly include this.
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Table 6 shows therelative abundance of methanogens in each WWTP sludge sample
(Sobacken, Rya and Getter6 WWTRSskluding standard errar§able E.12 in Appendix E
shows the corresponding results from the reversed sequencedslasm be seen in Tabte

Rya WWTP had the highestlativeabundance of methanogens, followed by Getdé\W&iTP.
Sobacken WWTP had the lowesdlative abundance of sthanogensThus, therelative
abundance of methanogeinseach WWTIEs sludge samplmatch the results of the methane
emission measuremends 20 °C presented in Tabl8, where Rya WWTP had the highest
methane emission followed by Getter6 WWTnhd then Sobacken WWTP which had no
emission at this temperature. Sobacken WWTP also had the lowest emission at’@he 35
measurement hus, the results indicates that thativeabundance of methanogeniuences

the amount of emitted methadaring sudge storageTo increase the reliability of this result,
metagenomic analysis of sludge used in methane emission measurements at both 20,and 35
as well aof sludge collected during normal operating conditions at Rya WWTP would have to
be performedThus more investigations are needed in order to establish any defiretateon
between the amount of emitted methane and the relative abundanethahoges.

Table 6. Averagerelativeabundance of methanogens over all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getterd WWTRPsJuding standard error

WWTP Relative dundance of methanogens [%0]
Sobacken 274+ 1.5
Rya 6.13+ 0.19
Gettero 479+ 0.17

Methanogens from each of the three phylum Euryarchaeota, Halobacterioraand
Thermoplasmatotaas identifiecandamong thehesewerehydrogenotroplic, acetoclastic and
methylotrophic methanogens. Onlpeogenus of mthylotrophic methanogengasidentified
in among the samples, tiMethanomethylovoransThis genus of methanogemssin low
abundance (€0.05 % seeTable E.1 and B. in Appendix E) compared to thedentified
hydrogenotroplic and acetoclastic methanogenghis is consistent withmethylotropic
methanogen®nly accounting for a smathmount of the produced methane anstandard
municipal AD [28]. Among hydrogenotrophic methanogens seveaherawere identified,
including Methanobacterium Methanobrevibacter Methanoculleus and
MethanothermobacterSeveral OTUsf the family Methanobacteriaceawas identified as
well, but no genus was identiflevithin this family. Among the acetoclastic methanogéms
Methanotrichaceaeyas identified. Additionallyseveral OTUs of the famililethanosarcina
was identified. As previously mentioned, thethanosarcinaare facultative acetoclastic
methanogen and can in addition to acetate, utilisand CQ for methane productiof2§].
Other identified methanogens weriethe familyMethanoregulaceadhis family uss H> and
CO, for methane production but requires acetatgyfowth[58]. NeitherMethanosarcinanor
Methanoregulaceaereincluded inthe hydrogenotrophic ioacetoclasticelativeabundances
presented in Table 7 and But therelativeabundances of #se can be seen TrableE.2 and
E.3as well as E.10 and E.11 AppendixE.

35



Table7 shows theelativeabundance ahehydrogenotrophic methanogementioned above
including standard errar§able E.13 in Appendix E shows the corresponding results from the
reversed sequenced ddBased on the values presented in TahlBobacken WWTP has the
highestrelativeabundance fchydrogenotrophic methanogens and Rya WWTP has the lowest.
Methanothermobacteas a thermophilic hydrogenotrophitethanogefb9], andthis was found

to have a higherelative abundance at Sobacken WWTP compared to Rya and Gétesro
TableE.4 andE.14 in AppendixE), which is in accordance with the thermophilic conditions
during AD at Sobadeen WWTP. Thus therelativeabundance oWethanothermobactan the
sludge from Sobacken WWTP could contribute to the higletative abundance of
hydrogenotrophic methanogens these samplesompared to the samplésom Rya and
Gettero WWTP

Table 7. Averagerelativeabundance dfiydrogenotrophienethanogens over all 14 SingleM proteins in each
WWTP sludge sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundance of hydrogenotrophic
methanogens [%]

Sobacken 032+ 0.13

Rya 0.18+ 0.03

Gettero 0.23% 0.007

As previously mentioned, formate tonnected to the Hconsumption and essential for
hydrogenotrophic methanogens. Thus, an absence of formate can be an indication that all
formate has been consumed during the AD process/tsogenotrophic methanogeasd a
presence of formateoald indicatelow hydrogenotrophic activityThe only WWTP which
contained formate was Rya WWT$ee Tabl&), and as can be seen in Tabl¢his is also the
WWTP with the lowestelativeabundance fahydrogenotrophic methanogens.

Therelativeabundance of acetoclastic methanogersach WWTP sludge samptan be seen

in Table8, including standard error§able E.15 in Appendix E shows the corresponding results
from the reversed sequenced d&ga WWTP has the highestlativeabundance, followed by
Getter6 WWP, and Sobacke'WWTP has a lowrelative abundance ofacetoclastic
methanogens in comparisofss previously mentionedapproximately 70 % of the methane
produced in a standard municipal ADimsgenerakthrough conversion of acetdt2g]. In the
mesophilically digested sludgéhis is consistent with theelative abundance of acetoclastic
methanogens beirfgghercompared to the hydrogenotropimethanogens

Table 8. Averagerelative abundance ddicetoclastienethanogens over all 14 SingleM proteins in each WWTP
sludge sample (Sobacken, Rya and Getter6 WWTPS), including standard error.

WWTP Relative dundance of acetoclastic methanogens
(Methanotrichaceag %]

Sobacken 0.21+ 0.021

Rya 213+ 0.29

Getterd 207+ 0.30
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As previously mentionedMethanotrichaceaecan performdirect interspcies Ho/formate
transfer which can improve the AD efficiency [28], and the higherabundance of
Methanotrichaceaeould be a contributing factoto the highermethane emissions from the
mesophilially digested sludge

The relative abundance bfethanotrichaceaavas higher compared ftdethanosarcingsee

Table 8as wdl as E.8 E.10 and E.15)hich is in &cordance withow acetate concentrations

since Methanotrichaceaehas a high affinity foracetate,and it often dominatesover
Methanosarcinat low acetate concentratiof28]. The highrelativeabundance of acetoclastic
methanogens in combination with theesencef acetate in the sludge from Ryadad@etterd

WWTP (see Table 5 and 8) presents good condition for methane production amd is a
explanation of the higér methane emissiafrom the mesophilically treated sludge compared

to the thermophilically treated slge. In the same way, the absence of formate in combination

with the higherrelative abundance ohydrogenotrophic methanogens in the sludge form
Sobacken WWTP could explain the | ower emi ssi

3.5.4 Relative Abundance of Acetogens and Syntrophic-Oxidising Bacteria

Therelativeabundance of other microbes involvedther stages of the AD process, sash
hydrolysis acidogenesis aracetogenesjsvereinvestigated as welAmong thephyla
mentionedn section2.2 Anaerobid®igestion the phya Bacteroidetesk-irmicutes
ChloroflexiandProteobacteriavas identified The relative abundance of thegseylain each
WWTP sludge sample triplicate wererestigatedseeTable E.5E.8 and EL6-E.19in
AppendixE. Additionally, the genusSyntrophusthe orderSyntrophobacterakbelonging to
the classSyntrophobacteriandthe family Smithellacea¢o which the genuSmithella
belongswasidentified. Smithellaand Syntrophobacteis of particular interest since these are
involved in acetogenesis, specifically propionate degradadi®previously mentioned,
syntrophic acetogenesis is often the rate limiting steplhprocesssandapproximately
30% of the substratesn ke tranformed via theropionatepathwayduringtypical AD of
municipal wastewatd8].

The relative abundance oBmithellaceaeand Syntrophobacterakein the different WWTP
sludgesamplescan be seen in Table Table E20 in Appendix E shows the corresponding
results from the reversed sequenced data.

Table 9. Averagerelativeabundance cdcetogenivolved inpropionate degradatiawver all 14 SingleM
proteins in each WWTP sludge sample (Sobacken, Rya and Getteré WWTPS), including standard error.

WWTP Relative dundance of Relative dundance of
Smithellacea¢o] Syntrophobacterabg%]

Sobacken | 0.064+ 0.032 0.0040+ 0.020

Rya 137+ 0.15 0.0%+ 0.024

Gettero 2.63+ 0.18 0.10+ 0.017
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A corsiderable differencin relativeabundance odmithellacea@andSyntrophobacterakecan

be seerin Table 9between thenesophilically and thermophilically digested sledghis could
be an indication thahe digestionat Sobacken WWTP contasrsubstratesvith less long FA
intermediate compoundsich agpropionate and therefardo not need to go througlyntropic
acetogenesjsat least not ttough thepropionate pathwaylt is also possble that these
organisms are sensitive to thkevated temperatures the thermophilic conditions.

The genusSyntrophugs also involved in acetogenesis, but in the oxidation of butyrate and
other FAs. The sludge from Sobacken WWTP had the low&gtveabundance ahis genus

too, see Table 10rable E.21 in Appendix E shows the corresponding results from the reversed
sequenced data.

Table 10. Averagerelativeabundance adicetogenigenusSyntrophusver all 14 SingleM proteins in each
WWTP sludge sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundance oSyntrophug%]
Sobacken 00

Rya 0.023+ 0.013

Gettero 0.082t 0.016

Regarding thepresenceof SAO bacteria none of the species mentioned saction2.2.5
Syntrophic Acetat©xidising Bacteriawas identified. Howeverseveral OTUs of the order
Thermoanaerobacteralesvas identified, and these coulthclude the SAO species
Thermacetogenium phaewimce t belongs to this ordeAs previously mentionedhe SAO
bacteriafamily Dethiobacteraceawas also foundTable11 shows theaelativeabundance of
Thermoanaerobacteraleand Dethiobacteraceaén the different WWTP sludge samples. As
can be seen ifiablell, the sludge fronsobacken WWTP hashagherrelativeabundance of
SAO bacteriaWhen examining theeversed sequenced data, the higher relative abundance of
Thermoanaerobacteralesnd Dethiobacteraceaén the sludge from Sobacken WWTP was
more prominent, see Table E.22 in Appendix E.

Table 11. Averagerelativeabundance of SAO bacteaer all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative abundance of Relative abundance of
Thermoanaerobacterald%o] Dethiobacteraceagn]

Sobacken 0.051+ 0.016 0.080+ 0.030

Rya 0.031+ 0.010 0+ 0

Gettero 0.0061+ 0.0061 (0 0)

A higher relative abundance of SAO bacteria in the slidge Sobacken WWTRould be
relatedto the lowrelativeabundance of aoclastic methanogensthis sludgesince the SAO
bacteria are able twonvert acetate into4-hnd CQ, which in turn is converted to methane by
hydrogenotrophic methanoge[a8]. This is n accordance with previousentionedstudies
whereit been shown thahe methane formation progress mainly through acetate oxidation
coupled to hydrogenotphic methanogenesat thermophilic digestiori3]. Additionally, the
order ofThermoanaerobacteralésin generabdapted t@levated temperatus§0] and might
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therefor be moradaptedo the thermophilic environmeiatt Sobacken WWTRompared to
acetoclastic methanogenBurthermore Dethiobacteraceaénas previously been found to
replae acetoclastic methanogenesis in thermophilic digestidh [5

3.5.5 Quantification of Microbial Diversity

The result regarding quantification of naive alpha and beta diversity is presented in this section.
The quantificationof the naive alpha diversity includésills numbersand alphadiversity
profile plots. Theguantificationof beta diversity ivisualisedn PCoA plots.

3.5.5.1 Naive Alpha Diversity

The average nee alpha diversity of the three replicas for each protein and WWTP can be seen
in Table12 with corresponding standard errof$e naive alpha diversity was calculated for
diversity orderq=0 andg=1. The standard erronserecalculated fronthe standardieviation

of all 14 SingleM proteins anthe three samples of each WWTFhe average nae alpha
diversity based on the revered sequenced data can be JedneR.1 in AppendixF.

As can be seen in Table 12, Rya WWTP had the highest diversigg@orthus the highest
species richness, followed by Sobacken WWTP and lastly Gettero WWTR ladd the lowest
richness. Thus, the results show that Rya WWTP has the most species, Sobacken WWTP the
second highest and Getter6 WWTP the least number of species. The naive alpha diversity for
g=1 follows the same pattern gs0, meaning highest at R\@WTP, and lowest at Getter6
WWTP. Thus, Rya WWTP also had the most uniform distribution of specieseatbnOT)

is weighted exactly according to its relative abundance.

Table 12. Naive alpha diversity of the sludge samples from Sobacken, RyGettetrd WWTPThe presented
values are averages over all SinglpMteinsand the three replicas of each WWaidstandard errois

included

WWTP Naive alpha diversity

g=0 g=1
Sobacken |147.12+2.51 107.62+ 3.64
Rya 160.36+ 2.73 125.48+ 3.23
Getterd 136.14+ 2.87 90.82+ 3.01

Figure7 shows thenaive alpha diversity profilef SingleM protein 1The plot shows howills
diversity numbefD depend on the diversity ordgrfor the three WWTPRsSobacken (blue),
Rya (red) and Gettero (yellowhediversity numbedecreaseasthe diversity order increases
and more wight is given tihe relative abundance of each OHénce, there are certain species
dominating the microbial communitiels. accodance with the data in Tabl®, Rya WWTP
has the highest diversifpllowed by Sobacken and lastly Getterd. Alpha diversity plots for
SingleM protein 114 can be seen Figure G.1G.28 inAppendixG.
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Figure 7. Naive alpha diversity profile for Singleptoteinl. The plot shows théependencef Hills diversity numbefD of
the diversity ordeq for the three WWTPs Sobacken (blue), Rya (red) and Getterd (yellow).

The collected sludge samples do not necessarily represent the true diversity of the microbial
communities, since the sludge is not homogen®asncrease the credibility of the results,
more samples could be collected and sequeriddditionally, the phylogenetic and functional
diversitycould be examirgtto nuarce theresultsand m&e any connections betweeliversity

and methane emission®ore reliableFurthermoreit is possible that theaicrobialdiversity of

the sludge at Rya WWTa&lsois affected by only one of the digestion chamla¢lRya WWTP
running during the sample collection.

As previously mentionedthe microbial diversity of the sludge influees the methane
production and a higher diversity means tlatunction of the microbial community is more
likely to sustain when exposed to perturbatidrss is in accordance withefsludge from Rya
WWTP being able to emit higher amounts of methane at lower temperatures compared to
GetterOWWTP, indicating thaRya WWTPcontainng microorganismsnoreadapted to lower
temperaturesiVhen examining thenethane emission from tlpeevious measurements at Rya
WWTP using sludge collected dinig normal operating conditions,eltonnection between a
higher microbial diversitygt Rya WWTPand higher methane emissions from sludge storage
cannotbe made. However, it cannot be assumed ttif@microbial diversity of the sludge at
Rya WWTP is independent on the changed operating conditfban only using one digestion
chamber, it is likely that the microbial diversityhiggher. The incoming sludge will contaia
variety of microbial commuities, andwith only one digestion chamber there is less time for
the microbes to outcompete each otlaed a few species are therefore less likely to dominate
This can be seen iine previously performed investigation of the microbial diversity at Rya
WWTP by Alyona Tormachen Shabsavhere the first digestion chamber in the sehiada
higher alpha diversity compared to digestion chanberand thre [40].

To investigate the relationship between the microbial diversitythe@mount of emitted
methane furtheinvestigations regarding the microbial diversity at Rya WWTP during normal
operating conditionsand at Getter6 WWTP in combination with methane eomss
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measurementsould beperformed.If future investigations would show relation betweea
higher microbial diversitanda lower methane emissialuring sludge storagéhatcould have
other explanations. As mentioned in secti@r2.6.1 Factors Affeaig the Microbial
Community previous studiefiave shown thatligestion with diverse microbial communities
result in higher methane productjamompared to those with lower diversig8]. A higher
methane productiowill result in a lower RMP which in turis related to lower methane
emission during sludge storage

Previous researclhas also found that thermophilically digested sluddpas less diverse
microbial communities than mesophilically digested slud@&$p. This is the case in th&udy
when comparing Rya and Sobacken WWTP, but it doesoratur with the results regarding
Getter6 WWTP.To further investigate this mattesjudge frommore WWTPs practising
thermophilic and mesophilidigestionas a part of their sludge treatment would have to be
analysed.

3.5.5.2 Naive Beta Diversity

Naive beta diversity dissimilarity mateswere obtainedfor all samples. The dissimilarity
matriceswere used to generate a PCoA plot for each SingleM pratésplayingthe similarity
in microbial communit compositiorbetween the nine samples (three replicatesaohof the
three WWTPs). This was done fdiversity orderg=0 andg=1. Figure8 showsthe PCoA plot
of g=0 for SingleM protein 1All PCoA plots for protein 114 and diversity orderg=0 andg=1
can be seen iRigure H.2H.28 in AppendixH.

As can be seen in Figu8ethe microbial communities of the three replicates from ¥&dhr P
sludge sampleesembles each other aimdmsseparate clustershis was the case for all PCoA
plots, sed-igure H.1H.28 inAppendixH. However the clusters were in general masteongly
prominent in the graphs showing0 compared tg=1. This wasexpected since the replicates
of each WWTP sample showed similar microbial composition in the heatmaps.
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Figure 8. PCoA plotfor SingleM protein Mdisplaying the samples from Sobacken, Rya and Getter6 WWTP. The plot is
based on a beta diversityssimilarity matrices of diversity ordeg=0.
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In PCoA, thelongest distancés explained by the >axis, and in general for afingleM
proteins, the sludge samplesrr the two mesophilic WWTPs had similar positions in the
direction of the Xaxis. This indicates that the mesophilic sludge samples have greater similarity
in microkal composition compared to the thermophilic one. This was expected since the
microorganisms in the two mesophilically digested sludge samples would have to tolerate
temperature within the same rangeékis is also in accordance withe generated heatmaps

see Figuré andFigure D.:D.28 in AppendixD. The three clusters are at approximately the
same distance of each other indicating a difference in the microbial community composition,
which was also seen from tRermanova tests where it was found t@alsgynificant difference

in the microbial composition of the three WWTPs

3.5.6 Microbial Community Composition in Relation to Methane Emissions

The resultspresentecaboveshows a possibleelation of ahigher methane emission during
sludge storagt a higherelativeabundance of methanogens and a highierobial diversity.
However,a higher diversityandabundance of methanogeare also qualitiesontributingto a
higher production of methane during digestion, which is something desirable. Thesulte
indicatethe eistencea tradeoff between maximising the methane production dudiggstion
andminimising the methane emission of the finished treated sludge

As previously mentioned, an efficient AD proceksv RMP anda high degree of digestion
decreases methane emissions associated with storage of the diJéstedtore, instead of
targeting the methane emission from sludge storagettieynptingto decrexe the relaive
abundance of methanogens or the diversity of the microbial communities in the sludge, it would
be more efficient to enhance the degreealigkstionby targeting these area®nepossible

option to achieve this could be througbaugmentation of species involved in the AD process
Such speciesould for example benethanogensacetogensSAO bacteriaor speciesable to
performdirect interspciesH./formate transfeiT his could both enhance the diversity and target
the rate limiting stepsf AD to make the digestion more efficient and tllesreasing the RMP
Microorganisms involved in hydrolysa extracellular enzymesuch adipases, proteases, and
cellulasescould be added tincrease the substrate availability safbsequent stepsf AD.
Another alternative could be to change the structure of the process, for example as previously
mentioned by using thermophilic digestion conditions or a post digester.

Another strategy to mimise the methane emissions at sludge stotagkl be toextend the
sludge treatment process to include treatnveittt a compoundnhibiting further methane
production The results fsm this study showed that liming of sludgeeventsmethane
emissons atboth 20 and 35 °C and could therefore be an alternative. However, the climate
impact of thelime would have to béaken into consideratiorFor exampleit might not be
possible to use the sludge for soil production in the same esiter@limed sludgedoesnot
compost wellTheclimate impact omanufacturing of limeeeds to be taken into consideration
as wdl asanyimpact of thdime during fertilisation on agricultural land
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Other alternatives which are being explored is treatroémhe sludgeby addition of urea,
natural cooling or coverage with orgamnaterial for increased methane oxidafiti. If these
treatmentsgprove to be effectivethe tradeoff between maximising the methane production
duringdigestion andninimising the methane emission of the finished treated sloogie be
avoided
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5 Conclusion

The result of the methane emission measurement showed that the limed sludge had no methane
emissiorat neither20 nor 35 °C. Thethermophilically digested sludge digested sludggtted

methane at 3%C, but not aR0 °C. The sludge treated by mesophilic digestomtted methane

at both20 and 35 °C and the emission increaseat the highertemperatureAt 35 °C the
mesophilically digested sludge emitted higher amounts of metheomparedto the
thermophilically digested sludg&ince this study only included sludge sample from four
WWTPs, further investigations of sludge from additional WWTPs are nded=mhfirm the

findings of this studytHHowever, tleresuls generated in this projezdn be used as a foundation

for further research within this area

Benchmark values for methane emission during storage of sladge7, 14 and 30 dayfor
sludge treated through mesophilic and thermophilic digestion as well as Vimsguccessfully
obtainedandcanbe used in tools for estimating the climate impeHdVWTPSs in Swederin
extension, the benomarkvaluescouldbe a stepn the waytowardsa net zero cihate impact

of Swedish WWTRBand reachinghe goal set by Swedish Watefie accuracynd reliability

of the benchmark values could be further improvednbiuding a larger number of WWTPs

in future investigationdHowever the use of calculation toadlsr estimating the climate impact

of anyprocesss anapproximationn itself, and the benchmark values generated in this project
are suitable to use until more reliable data becomes available.

The results fromthe metagenoin analysis showed théhere wasa significant differencép-
value<0.05) in microbial composition between the two conditions (mesophilic and
thermophilic) and between the three WWTPs (Sobacken, Gettel Rya).The results also
showed that theamples froommesophilicdigestion conditios had higher similarityto each
other than to the samples from thermophilic digestion conditions.

The aim of the study was also to investigateether there isrgy relation between thamount

of emitted methane and the presencenafroorganisms involved in anaerobic digestion and
methanogenesist was foundthat a higher abundance of methanogessilted inincreased
methane emissions. Additionally, the results showed that the type of methanvageads
depending on digestion catidn. A higher relative abundance ¢lydrogenotrophicand
acetoclastianethanogensvas found inthermophilicallyand mesophilicallydigested sludge
receptively The results alsdandicated that sludge containingmore diverse microbial
communitiesare able to produce methanemore efficiently at lower temperaturesSince
targeting thediversity orabundance of methanogewsien attempting talecrease methane
emission during sludge storage wounkbatively affect the biogas production efficienather
alternatives to minimise methane emission from sludge storage should be explared.
example, the use of thermophildigestion instead of mesophijlioptimising the biogas
production during digegtn to lower the RMPR or treatmentof the sludgeafter digestionn
order to inhibit further production ohethare.
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Appendix A

Table A.1. showshe ribosomal proteins corresponding to legleM proteins annotated
proteinl-14 in thisproject.

Table A.1.Proteins corresponding to SingleM protein$4l

Protein number SingleM Ribosomal protein
Protein 1 Ribosomal protein L2 rplB
Protein 2 Ribosomal protein L3 rplC
Protein 3 Ribosomal protein L5 rplE
Protein 4 Ribosomal protein L6 rplF
Protein 5 Ribosomal protein L11 rplK
Protein 6 Ribosomal protein L14b L23e rpIN
Protein 7 Ribosomal protein L16 L10E rplP
Protein 8 Ribosomal protein S2 rpsB
Protein 9 Ribosomal protein S5

Protein 10 Ribosomal protein S7

Protein 11 Ribosomal protein S10 rpsJ
Protein 12 Ribosomal protein S12 S23
Protein 13 Ribosomal protein S15P S13e
Protein 14 Ribosomal protein S19 rps S







Appendix B

Figure B.1 shows theumulative methane emission recorded at@%or all sludge samples
i.e. the triplicates of each WWTP

Cumulative Methane Emission at 35 °C
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Figure B.1. Cumulative methane emission [Nml/gTS] at 35 °C during the measurement period of 30 days from
triplicate samples frorfinished treated sludge collected frddammargard (grey), Sobacken (green),
Rya WWTP (blue) and Getter6 WWTP (orange).






Appendix C

Table C1 shows the waluesfrom the Permanova tesi$ each SingleM proteiand for
diversity ordeig=0 andg=1, when evaluating whether there was a significant difference
between thenicrobial community composition of thermophilically and mesophilically
digested sludge, for both the forward sequenced data and the reversed sequenced data.

Table C.1. Resulting pvalues from the Permanova testgh 1000 permutationsomparing mesophilic and
thermophilic digestion conditions for each SingleM protein. Tvalpes of the forward and reversed sequenced

data and the diversity order q=0 and g=1 is shown.

p-values
SingeM protein | Forward sequenced data Reversed sequenced data

9=0 =1 g=0 g=1
Protein 1 0.010989 0.016983 0.014985 0.009990
Protein 2 0.008991 0.010989 0.011988 0.004995
Protein 3 0.016983 0.003996 0.017982 0.005994
Protein 4 0.014985 0.011988 0.006993 0.016983
Protein 5 0.011988 0.011988 0.008991 0.010989
Protein 6 0.000999 0.005994 0.012987 0.011988
Protein 7 0.011988 0.014985 0.006993 0.010989
Protein 8 0.008991 0.009990 0.010989 0.012987
Protein 9 0.006993 0.008991 0.011988 0.003996
Protein 10 0.013986 0.008991 0.015984 0.017982
Protein 11 0.007992 0.010989 0.004995 0.007992
Protein 12 0.013986 0.010989 0.005994 0.016983
Protein 13 0.006993 0.011988 0.011988 0.003996
Protein 14 0.009990 0.011988 0.005994 0.002997

Table C.2 shows theyalues from the Permanova tests of each SingleM pratirfor

diversity orderg=0 andg=1, when evaluating whether there was a significant difference
between sludge collected at the three WWTPs (Rya, Sobacken and Getter6 WWTP), for both
the forward sequenced data and the reversed sequenced data.



Table C2. Resulting pvalues from the Permanaestsvith 1000 permutations comparing Scken, Rya and
Getterd WWTHor each SingleM proteirThe pvalues of the forward and reversed sequenced data and the
diversity ordem=0 andg=1 is shown.

p-values
SingeM protein | Forward sequenced data Reversed sequenced data

=0 =1 =0 =1
Protein 1 0.003996 0.006993 0.006993 0.000999
Protein 2 0.004995 0.000999 0.005994 0.003996
Protein 3 0.003996 0.003996 0.004995 0.000999
Protein 4 0.004995 0.003996 0.002997 0.004995
Protein 5 0.005994 0.003996 0.002997 0.002997
Protein 6 0.004995 0.003996 0.001998 0.004995
Protein 7 0.002997 0.003996 0.004995 0.008991
Protein 8 0.003996 0.001998 0.000999 0.003996
Protein 9 0.006993 0.001998 0.003996 0.002997
Protein 10 0.007992 0.003996 0.004995 0.003996
Protein 11 0.004995 0.002997 0.002997 0.002997
Protein 12 0.007992 0.004995 0.003996 0.004995
Protein 13 0.005994 0.004995 0.002997 0.004995
Protein 14 0.002997 0.006993 0.005994 0.004995

Vi




Appendix D

AppendixD contains all heatmaps generated in this study, for SingleM protdidddr both

the forward and reversed sequenced dature D.1D.14 shows théeatmaps generated

from the forward sequenced d&ta SingleM protein 114 respectivelyand Figure D.15

D.28 shows the heatmaps generated from the reversed sequenced data for SingleM protein 1
14 respectively
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Figure D.1.Heatmap displaying the 20 OTUs with highest abundance for SingleM protein 1.
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Figure D.3. Heatmap displaying the 20 OTUs with highest abundance for SingleM p8otein
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Figure D.4. Heatmap displaying the 20 OTUs with highest abundance for SingleMrp4otei
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Figure D.5. Heatmap displaying the 20 OTUs with highest abundance for SingleM p¥otein

VI



p__Verrucomicrobia; c_ Verrucomicrobiae:0TU10 o o o 03 31 05 02 02 03

-

e o

JER
Gettero_2 EHE o

p__Bacteroidetes; o__Bacteroidales:0TU32 ® @3 @ @3 @ 03 04 02 3
p__Bacteroidetes; f_Prolixibacteraceae:0TUL1 o o 0 03 03 03 37 02 1
p__Verrucomicrobia; c_ Verrucomicrobiae:0TU23 o o o 08 1o 03 31 17 03
p__Chloroflexi; f__Anaerolineaceae:0TU21 ® ® o 03 03 1 31 14 08
p__Verrucomicrobia; o_UBA1784:0TU28 o o 0 38 24 03 02 05 0
p__Firmicutes A; g_ Saccharofermentans 03 o4 08 35 17 05 02 o ]
p__Chloroflexi; c¢__Anaerolineae:0TU25 o o 0 03 0 0 24 14 37
p__Actinobacteria:0TU26 | 03 0 o 25 03 03 o7 02 37
p__Desulfobacterota; o__Syntrophales:0TU17 o o 0 0 0 0 26 39 17
p__Acidobacteria:0TU7 ® ® o 03 03 o 02 - 03
p__Chloroflexi; o__Anaerolineales:0TU15 ® ® o 16 03 o 24 a1 03
p__Desulfobacterota:0TU13 o o 0 0 03 0 42 46 03
p__Halobacterota; f_Methanotrichaceae:0TU9 o 04 o 06 o7 05 02 34 43
p__Bacteroidetes; T_DTU049:0TU18 | 48 27 20 g o o 0 ) )
p__Halobacterota; f _Methanoregulaceae:0TU31 o o o 28 31 03 02 22 31
p__Desulfuromonadota; c_ Desulfuromonadia:0TU33 34 4l 28 09 o 03 02 o
p__Verrucomicrobia; c_ Kiritimatiellae:0TU16 03 -- o 0 08 04 0
p__Bacteroidetes; f_F082:0TU3 o o o o ) ) )
d_Bacteria:OTU2{ © 0 0 03 03 n 28
m I
&

Sobacken_3
Sobacken_1
Sobacken_2
Rya_2
Rya_1
Gettero 3

Figure D.6. Heatmap displaying the 20 OTUs with highest abundance for SingleM péotein
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Figure D.7. Heatmap displaying the 20 OTUs with highest abundance for SingleM protein
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Figure D.8. Heatmap displaying the 20 OTUs with highest abundance for SingleM p8otein
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Figure D.9. Heatmap displaying the 20 OTUs with highest abundance for SingleM pgotein
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Figure D.10. Heatmap displaying the 20 OTUs with highest abundance for Singlelgimpidt
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Figure D.11. Heatmap displaying the 20 OTUs with highest abundance for SingleM pidtein
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Figure D.12. Heatmap displaying the 20 OTUs with highest abundance for SingleM pi@&ein
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Figure D.13. Heatmap displaying the 20 OTUs with highest abundance for SingleM pi&ein
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Figure D.14. Heatmap displaying the 20 OTUs with highest abundance for Singletdipl4.
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Figure D.15. Heatmap displaying the 20 OTUs with highest abundance for SingleM ptotein
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Figure D.16. Heatmap displaying the 20 OTUs with highest abundance for SingleM pgotein
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Figure D.17. Heatmap displaying the 20 OTUs with highest abundance for SingleM p8otein
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Figure D.19. Heatmap displaying

the 20 OTUs with highest abundance for SingleM pBotein
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Figure D.21. Heatmap displaying the 20 OTUs with highest abundance for SingleM protein
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Figure D.22. Heatmap displaying the 20 OTUs with highest abundance for SingleM p8otein
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Figure D.23. Heatmap displaying the 20 OTUs with highest abundance for SingleM pgotein
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Figure D.24. Heatmap displaying the 20 OTUs with highest abundance for Singlefeipid.
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Figure D.25. Heatmap displaying the 20 OTUs with highest abundance for SingleM pidtein
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Figure D.26. Heatmap displaying the 20 OTUs with highest abundance for SingleM pi&ein



d__Bacteria:0TU49 a0

p__Desulfobacterota; o__Syntrophales:0TU13

p__Chloroflexi; f_Anaerolineaceae:0TUL1

d__Bacteria:0TU23 03

d__Bacteria:0TU33 -
- o 1l

p__Chloroflexi:0OTU41

p__Firmicutes A; f_Oscillospiraceae:0TU32
p__Halobacterota; f__Methanotrichaceae:0TU20
p__Firmicutes A; c__Clostridia:0TU10

04

0

0

04

08

d_Bacteria:0Tu26 (SN

p__Bacteroidetes; c¢_ Bacteroidia:0TU27
p__Bacteroidetes; T_DTU049:0TU14
p__Bacteroidetes; o_ Bacteroidales:0TU24
d__Bacteria:0TU22

p__Halobacterota; o__Methanomicrobiales:0TU8

p__Synergistetes; g Acetom!crobmm--

p__Halobacterota; f_Methanotrichaceae:0TUG
p__Actinobacteria; ¢_ Actinobacteria:0TU2
p__Acidobacteria:0TU7

p__Bacteroidetes; f_Prolixibacteraceae:0TU12

°

°

<

Figure D.27. Heatmap displaying the 20 OTUs with highest abundance for SingleM pi&ein
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Figure D.28. Heatmap displaying the 20 OTUs with highest abundance for SingleM pidtein
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Appendix E

Table E.1E8 shows the result of the forward sequenced data from investigating the relative
abundance of different microorganisms involved in AD.

Table E.1. Average relative abundancemkthylotrophic methanogeserall 14 SingleM proteins in each
WWTP sludge sample (Sobacken, Rya and Getterd6 WWTPSs), including standard error.

WWTP Relative dundance of methylotrophic methanoger
(Methanomethylovorafn$%o]

Sobacken 0.018+ 0.018

Rya 0+ O

Getterd 0.013+ 0.0068

Table E.2. Average relative abundancetbe genudviethanosarcinaver all 14 SingleM proteins in each
WWTP sludge sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundancef Methanosarcind%]
Sobacken 0.057+ 0.031

Rya 0.0069+ 0.0069

Gettero 0.014+ 0.014

Table E.3. Average relative abundance Me&thanoregulaceaever all 14 SingleM proteins in each WWTP
sludge sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundancef Methanoregulaceafo]
Sobacken 0.031+ 0.019

Rya 2.08+ 0.20

Getterd 1.32+ 0.19

Table E.4. Average relative abundance Methanothermobactasver all 14 SingleM proteins in each WWTP
sludge sample (Sobacken, Rya and Getterdé WWTPS), including standard error.

WWTP Relative dundancef Methanothermobactdpfo]
Sobacken 0.32+ 0.13

Rya 0+ O

Gettero 0.034+ 0.0082

Table E.5. Average relative abundance Bécteroidetesver all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundancef Bacteroidete$%o]
Sobacken 7.77+ 1.02

Rya 10.30+ 0.37

Getterd 14.82+ 0.21

Table E.6. Average relative abundance Eifmicutesover all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getteré6 WWTPSs), including standard error.

WWTP Relative dundancef Firmicutes[%]
Sobacken 29.42+ 0.53

Rya 16.67+ 0.71

Getter6 7.08+ 0.26
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Table E.7. Average relative abundance ©hloroflexiover all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundancef Chloroflexi[%]
Sobacken 3.01+ 0.20
Rya 9.55+ 0.20
Getterd 14.28+ 0.47

Table E.8. Average relative abundance Bfoteobactericover all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getter6 WWTPs), including standard error.

WWTP Relative dundancef Proteobacterigd%o]
Sobacken 14.88+ 0.40
Rya 14.39+ 0.70
Gettero 8.88+ 0.81

Table E.9E22 shows theesult of the reversed sequenced data from investigating the relative
abundance of different microorganisms involved in AD.

Table E.9. Average relative abundancemkthylotrophic methanogeiaser all 14 SingleM proteins in each
WWTP sludge sample (Sobacken, Rya and Getter6 WWTPS), including standard error.

WWTP Relative dundancef methylotrophic methanogens
(Methanomethylovora$%o]

Sobacken 0.018+ 0.009

Rya 0.0076+ 0.0076

Gettero 0.0061+ 0.0061

Table E.10. Average relative abundancetbe genudMethanosarcinaver all 14 SingleM proteins in each
WWTP sludge sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundancef Methanosarcind%]
Sobacken 0.034+ 0.021

Rya 0+ O

Gettero 0.018+ 0.018

Table E.11 Average relative abundance M&thanoregulaceaever all 14 SingleM proteins in each WWTP
sludge sample (Sobacken, Rya and Getter6 WWTPS), including standard error.

WWTP Relative dundancef Methanoregulaceafo]
Sobacken 0.029+ 0.017

Rya 1.43+ 0.25

Gettero 1.17+ 0.12

Table E.12 Average relative abundancemgthanogeneverall 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundancef methanogens [%]
Sobacken 1.33+ 0.09
Rya 591+ 0.72
Gettero 4,95+ 0.13

XVIII



Table E.13. Average relative abundanoéhydrogenotrophic methanogeoser all 14 SingleM proteins in each
WWTP sludge sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative abundance of hydrogenotrophic
methanogens [%)]

Sobacken 0.48+ 0.096

Rya 0.16+ 0.032

Gettero 0.34%= 0.014

Table E.14. Average relative abundance M&thanothermobactesver all 14 SingleM proteins in each WWTP
sludge sample (Sobacken, Rya and Getteré6 WWTPS), including standard error.

WWTP Relative dundancef Methanothermobactdpfo]
Sobacken 0.42+ 0.066

Rya 0+ O

Gettero 0.0061+ 0.0061

Table E.15. Average relative abundanceaxfetoclastic methanoge(idethanotrichaceaedver all 14 SingleM
proteins in each WWTP sludge sample (Sobacken, Rya and Getteré WWTPSs), including standard error.

WWTP Relative abundance of acetoclastic methanogens
(Methanotrichacea€fo]

Sobacken 0.21+ 0.042

Rya 241+ 0.54

Gettero 2.21+ 0.070

Table E.16. Average relative abundance Bécteroidetesver all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundancef Bacteroidete$%o]
Sobacken 7.56+ 0.46
Rya 9.45+ 0.37
Gettero 11.97+ 0.68

Table E.17. Average relative abundancefmicutesover all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getteré WWTPSs), including standard error.

WWTP Relative dundancef Firmicutes[%]
Sobacken 29.05+ 0.37

Rya 17.42+ 0.26

Gettero 7.32+ 0.25

Table E.18. Average relative abundance ©hloroflexiover all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getteré WWTPSs), including standard error.

WWTP Relative dundancef Chloroflexi[%]
Sobacken 2.61+ 0.25
Rya 9.97+ 0.52
Gettero 14.37+ 0.82
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Table E.19. Average relative abundance ®ifoteobacteriaover all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative dundancef Proteobacterid%o]
Sobacken 15.60+ 0.31

Rya 15.15+ 0.81

Gettero 9.51+ 0.15

Table E.20. Average relative abundanceadetogenvolved in propionate degradation over all 14 SingleM
proteins in each WWTP sludge sample (Sobacken, Rya and Getteré WWTPSs), including standard error.

WWTP Relative abundance &mithella Relative abundance &yntrophobacter
[%0] [%0]

Sobacken | 0.099+ 0.020 0.0097+ 0.0097

Rya 1.11+ 0.22 0.053+ 0.019

Gettero 223 0.17 0.049+ 0.020

Table E.21 Average relativabundance of acetogenic ger@ytrophusover all 14 SingleM proteins in each
WWTP sludge sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative abundance &yntrophug%]
Sobacken 0.029+ 0.017
Rya 0.053+ 0.017
Gettero 0.064+ 0.012

Table E.22 Average relative abundance ®AO bacteriaver all 14 SingleM proteins in each WWTP sludge
sample (Sobacken, Rya and Getter6 WWTPSs), including standard error.

WWTP Relative abundance of Relative abundance of
Thermoanaerobacterald%o] Dethiobacteraceagn]

Sobacken 0.13+ 0.018 0.78% 0.65

Rya 0.016+ 0.0083 0+ 0

Getter6 0.027+ 0.014 0 O
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Appendix F

Table F.1 shows theaive alpha diversitfor the microbial communities found in the sludge
samples from Sobacken, Rya and Gettero WWiBEBed on the reversed sequenced data

Table F.1. Naive alpha diversity dhe sludge samples from Sobacken, Rya and Getter6 WWhiePpresented
values are averages over all Singlphdteinsand the three replicas of each WwWaiRdstandard errois
included

WWTP N_alve alpha diversity _

=0 =1
Sobacken | 149.69+ 2.69 115.32+2.41
Rya 159.57+ 3.22 128.2& 3.03
Gettero 142.52+ 2.34 102.66 + 2.03
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Appendix G

FigureG.1-G.14 shows thenaive alpha diversity profile for SingleM proteind4 generated
from the forward sequenced data d&iglure G.15G.28shows the naive alpha diversity
profile for SingleM proteins-1L4 generated from theversedequenced data
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Figure G.1. Naive alpha diversity profile for SingleM protein 1. The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacke, Rya and Getter6 WWTP.

160 1_
- —— Sobacken
140 Rya .
Gettero

=
o]
o

=]
o

Diversity number (9D)
=
o
(=]

=)}
o

40
0.0 0.5 1.0 1.5 2.0
Diversity order (q)

Figure G.2. Naive alpha diversity profile for SingleM prote®a The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.3. Naive alpha diversity profile for SingleM prote® The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.4. Naive alpha diversity profile for SingleM protedn The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Figure G.5. Naive alpha diversity profile for SingleM protein The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré6 WWTP.
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Figure G.6. Naive alpha diversity profile for SingleM protefin The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.7. Naive alpha diversity profile for SingleM protefn The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Figure G.8. Naive alpha diversity profile for SingleM proteBa The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré6 WWTP.
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Figure G.9. Naive alpha diversity profile for SingleM prote®n The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.10. Naive alpha diversity profile for SingleM proteif.IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Figure G.11. Naive alpha diversity profile for SingleM proteii.IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré6 WWTP.
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Figure G.12. Naive alpha diversity profile for SingleM protei2.1The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.13. Naive alpha diversity profile for SingleM proteiB.IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Figure G.14. Naive alpha diversity profile for SingleM proteid.IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré6 WWTP.
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Figure G.15. Naive alpha diversity profile for SingleM protein 1. The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.

XXVII



—— Sobacken
—— Rya
—— Getterd

=
wu
o

=
a2
w

100

75

Diversity number (D)

50

25

0.0 0.5 1.0 1.5 2.0
Diversity order (q)

Figure G.16. Naive alpha diversity profile for SingleM protez The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Figure G.17. Naive alpha diversity profile for SingleM protedn The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré6 WWTP.
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Figure G.18. Naive alpha diversity profile for SingleM protedn The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.19. Naive alpha diversity profile for SingleM protéein The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Figure G.20. Naive alpha diversity profile for SingleM protein The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré6 WWTP.
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Figure G.21. Naive alpha diversity profile for SingleM protei The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.22. Naive alpha diversity profile for SingleM prote The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Figure G.23. Naive alpha diversity profile for SingleM prote®n The plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré6 WWTP.
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Figure G.24. Naive alpha diversity profile for SingleM proteif.1IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.25. Naive alpha diversity profile for SingleM proteid.IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Figure G.26. Naive alpha diversity profile for SingleM proteiR.IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré6 WWTP.
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Figure G.2. Naive alpha diversity profile for SingleM proteiB.IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Getteré WWTP.
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Figure G.28. Naive alpha diversity profile for SingleM proteid.IThe plot shows the dependence of Hills
diversity numbefD of the diversity ordeq for Sobacken, Rya and Gettero WWTP.
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Appendix H

Figure H.2H.28 shows th&®CoA plotsfor diversity ordeig=0 andg=1 for Single M protein
1-14. Figure H.1H.14 is based on the forward sequenced data and FiguseH28 is based
on the reversed sequenced data.
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Figure H.1. PCoA plot for SingleM protein 1 displaying the samples from Sobacken, Rya and Getter6 WWTP.

02

® Sobacken
m  Rya
Getterd

PC2 (23.7%)

Q=1

-05 -04 -03 02 -01

PC1 (45.4%)

0.0 01 02

0.3

® Sobacken
m  Rya
Gettero

The plot is based on a beta diversity dissimilarity matrices of diversity gefleto theleft andg=1 to theright.
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Figure H.2. PCoA plot for SingleM protei@ displaying the samples from Sobacken, Rya and Getteré WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity greleto theleft andg=1 to theright.
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Figure H.3. PCoA plot for SingleM proteiB displaying the samples from Sobacken, Rya and Getteré6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity qr@eto theleft andg=1 to theright.
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Figure H.4. PCoA plot for SingleM proteid displaying the samples from Sobacken, Rya and Getteré WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity grleto theleft andg=1 to theright.
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Figure H.5. PCoA plot for SingleM proteib displaying the samples from Sobacken, Rya and Getter6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity gedleto theleft andg=1 to theright.
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Figure H.6. PCoA plot for SingleM proteid displaying the samples from Sobacken, Rya and Getter6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity qr@eto theleft andg=1 to theright.
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Figure H.7. PCoA plot for SingleM proteii@ displaying the samples from Sobacken, Rya and Getteré6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity grleto theleft andg=1 to theright.
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Figure H.8. PCoA plot for SingleM protei displaying the samples from Sobacken, Rya and Getter6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity gedleto theleft andg=1 to theright.
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Figure H.9. PCoA plot for SingleM proteif displaying the samples from Sobacken, Rya and Getteré6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity qr@eto theleft andg=1 to theright.
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Figure H.10. PCoA plot for SingleM proteid0 displaying the samples from Sobacken, Rya and Getterd
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversity ggr@leo theleft andg=1 to

theright.
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Figure H.11. PCoA plot for SingleM proteid 1 displaying the samples from Sobacken, Rya and Gettero
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversity ggr@ld¢o theleft andg=1 to

theright.
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Figure H.12. PCoA plot for SingleM proteid2 displaying the samples from Sobacken, Rya and Getterd
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversitygr@do theleft andg=1 to

theright.
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Figure H.13. PCoA plot for SingleM proteid3 displaying the samples from Sobacken, Rya and Getterd
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversity ggr@leo theleft andg=1 to

theright.
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Figure H.14. PCoA plot for SingleM proteii4 displaying the samples from Sobacken, Rya and Getterd
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversity gpr@do theleft andg=1 to

theright.
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Figure H.15. PCoA plot for SingleM proteid displaying the samples from Sobacken, Rya and Getteré WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity qr@eto theleft andg=1 to theright.
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Figure H.16. PCoA plot for SingleM proteif displaying the samples from Sobacken, Rya and Getteré WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity ge@eto theleft andg=1 to theright.
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Figure H.17. PCoA plot for SingleM protei® displaying the samples from Sobacken, Rya and Getter6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity gedleto theleft andg=1 to theright.
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Figure H.18. PCoA plot for SingeM protein4 displaying the samples from Sobacken, Rya and Getteré WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity qr@eto theleft andg=1 to theright.
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Figure H.19. PCoA plot for SingleM proteib displaying the samples from Sobacken, Rya and Getteré WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity grleto theleft andg=1 to theright.
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Figure H.20. PCoA plot for SingeM protein6 displaying the samples from Sobacken, Rya and Getter6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity gedleto theleft andg=1 to theright.
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Figure H.21. PCoA plot for SingleM protei displaying the samples from Sobacken, Rya and Getter6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity qr@eto theleft andg=1 to theright.
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Figure H.22. PCoA plot for SingleM proteiB displaying the samples from Sobacken, Rya and Getteré WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity grleto theleft andg=1 to theright.
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Figure H.23. PCoA plot for SingleM protei® displaying the samples from Sobacken, Rya and Getter6 WWTP.
The plot is based on a beta diversity dissimilarity matrices of diversity gedleto theleft andg=1 to theright.
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Figure H.24. PCoA plot for SingleM proteid0 displaying the samples from Sobacken, Rya and Getterd
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversitygr@do theleft andg=1 to

theright.
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Figure H.25. PCoA plot for SingleM proteid 1 displaying the samples from Sobacken, Rya and Getterd
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversity ggr@leo theleft andg=1 to

theright.
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Figure H.26. PCoA plot for SingleM proteid2 displaying the samples from Sobacken, Rya and Getter6
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversity ggr@ld¢o theleft andg=1 to

theright.

q=0

03

02

01

PC2 (22.4%)
o
o

—0.1

® Sobacken
m  Rya

Getterd

—04 03 02 01

PC1 (37.0%)

00

01

02

PC2 (23.8%)

1

q:

‘e

02

—0.1

0.0

01 02
PC1 (41.7%)

03

04

05

® Sobacken
m  Rya

Gettero

Figure H.27. PCoA plot for SingleM proteii3 displaying the samples from Sobacken, Rya and Getterd
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversitygr@do theleft andg=1 to

theright.
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Figure H.28. PCoA plot for SingleM proteifi4 displaying the samples from Sobacken, Rya and Getterd
WWTP. The plot is based on a beta diversity dissimilarity matrices of diversity ggr@leo theleft andg=1 to
theright.
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