U

Universitetet
i Stavanger

FACULTY OF SCIENCE AND TECHNOLOGY

MASTER'S THESIS

Study programme/specialisation:
Masterds in envir Spring semester, 2019

Open

Author: Asma Ahsan Khan

,,,,,,,,,,,,,,,,

eeeeceeececeeeceeece
(signature of author)

Programmeoordinator:
Roald Kommedal
Supervisor(s):

Roald Kommedal, Anders
Wold

Title of master's thesis:
The study of biomethane potential from the Anaerobic Digestion and-digestion of comple
Organic Wastes in Batch and CSTR modes

Credits (ECTS): 30

Keywords:

Anaerobic digestion, Gdigestion, batch Number of page8: écéee
tests, CSTR, Sludge retention time,

Sewage sludge, Fish wastes and Food + s y ppl ement al %padge®r i
wastes. Total pageséééééééééé

Stavanger, 18June 2019




The Study of Biomethane Potential from the Anaerobic Digestion
and Ceadigestion of Complex Organic Wastes in Batch and CSTR
modes

University of
Stavanger

Asma Ahsan Khan

WATER SCIENCE AND TECHNOLOGY
ENVIRONMENTAL ENGINEERING STUDY PROGRAM
DEPARTMENT OF MATHEMATICS AND NATURAL SCIENCES
UNIVERSITY OF STAVANGER

2019


https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwilwYjZwOLiAhWCwsQBHUN6Cp0QjRx6BAgBEAU&url=%2Furl%3Fsa%3Di%26rct%3Dj%26q%3D%26esrc%3Ds%26source%3Dimages%26cd%3D%26ved%3D%26url%3Dhttps%253A%252F%252Farmacad.info%252Funiversity-of-stavanger%26psig%3DAOvVaw1aTZ-wqEZh7KNkicvewmRt%26ust%3D1560379467366551&psig=AOvVaw1aTZ-wqEZh7KNkicvewmRt&ust=1560379467366551

Abstract

The world is now exploring economical andveonmentally friendlyresources of renewable
energy.Refinedbiogas is one of the essentiesources of renewable energy that has the potential
of substitutingsome of thdossil fuels. Anaerobic digestion has been recognized as a biochemical
method ofbiogas generation that can transform organic compounds into a sustainable source of
energy but possess some drawbacks linked to substrate characteristics. Thama#ra)ic
digestion and @-digestion of variousvastesverecarried out to assess thgas yieldusing batch

and semi CSTR systemsin the batch tesisfour different waste fractions, i.eprimary and
secondary sewage sluddish wastesfood wastesand theindustrial sludgevere investigated in
monaodigestion and coedigestion processes. Different mixture ratios were prepared, and the
methane yield (¥14~gCODchd/gCODemoved, the specific methanogenic activity (SMA), and a
kinetic parameter ¢ were determined using the battigestion assays atephilic conditions

(35°C) and possible effect of edigestionof these wastes was examinddhe primary sludge
showed the higher (70%) COD conversion to methane than fish sludge-diggstion caused the
lowering of methangield (60%). But mixing of secondary sludge with food wastes and fish sludge
from Steinsvik had greater yield (89%) than individual substrate8@%8). The starch as positive
control gave about 780 % methane production showing good biodegradabllitgn codigestion

of primary sludge and fish sludge (3:1) was carried out in four CSTR reactors with 15 days, 7.5
days, 5 days and 3.75 days at a constant loading rate of 2.9gC&itltermorethe effect of
different operational conditions likeH, VFA conentration,hydraulic retention time (HRT),
chemical oxygen deman€Q©D)removaj]v ol ati |l e solid (VS) removal
methane productiowas studied in these reactofi$ie co-digestion of primary sludge and fish
sludge in CSTR showed a staldystem at retention times of 15 and days throughout the
experimentand give higher methane yiel(80-100%) The overall systermperformancevas stable

in each of the four reactors with different retention tigwed CSTR proved to be better system for
co-digestion than batch reactors.

Keywords:anaerobicco-digestion biodegradation assay$jochemicaimethane potential, Fish wastes,
municipal wastewater sludge: primary and secondsewagesludge household organic waste, Industrial
food waste, potato starch, synergistic effect, batch reactOm)tinuously stirred tank reactor.
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1. Introduction

Currently developed and developing countries &eking for alternativesources of energy.
Particularly in developing countries, significant quantity of waste is bgemgrated from both
householdas well agndustrial activities. On the way thisposeéhese wastesomeinnovativeand
advancedresearch plangOhnishiaet al, 2016) are initiated to transfornthe waste into
consumablesnergy orsomevalueadded productsAll developing countries are facing thege

problem of disposal of diverse municipal solid waste produced from urban centeget To
awareness dhe municpal solid waste management, organic fractijpmsluceca r e i dent i yed
beingevaluatedor recovery of energy (Pag&iazet. al,2015).

Today, most of the primary energy supply in the world is covered by fossil fuels such as oil, coal,
and natural gas, which togettemrcount fombout 81% of the energy dema(iidigure 11). Present
scenarios have shown that due to the negative impactssf foels on the environment and
continuousnisuseof the natural resources, theblicinterest has shifted towards renewable energy
sources to provide a sustainable future for energy production. According to the recommendations
of the European Union (BEUJabout 20% of the total energy supply should come from renewable
resources by the year 2020 (World energy consumption, Wikipedia).

Hydro
3%

Geothermal,

Nuc:ear solar, wind, heat
5% 1%
Natural gas
21%

Oil
31%

Coal

29%

Figure 11: World total primary energy supply in 2012 (PagBgazet. al, 2015)



In Europe, biogas production was tpl174TWh that was about 8% of total renewable energy
production in 2015 (Torrijos, 2016). Germany and Sweden are among the largest producers of
biogasltis mainly produced from wastewater sludge, agriculture wastes, households and industrial
wastes. Bogas is mainly used for the-generation of electricity and heat in the European Union
(EV), while cooking and lighting are the major utilizing forms in the developing cou(iaaspen

et al.,2016) Therefore, inthe last decades, these of the anaebic digestionfor treatment of
organic solid wastes becanmereasingly popularKaragiannidisand Perkoulidig2009 claimed

that this technical development could be explained by three main faetonstrily, regulatory
requirementdo apply atreatmentprocessin orderto dispose of organisolid wastess more
environmental friendly than landfillSecondlythe opportunityto obtain a renewabl@ternative

fuel and positive net energy productjgind thirdy, relatively lowproces design and operational
costs.

In Norway, production of biogas from sewage sludge and other organic waspsvesto bea

reliable way for waste treatmetitwe survey the preseitay scenario in Norwayghe Ministry of

Climate and Environmerih Norway introduced a new plan for biogas2014(Tormod Briseid

2015) The aimof this policy wado stimulate the production of biogas from different substrates

by using different methods in research and development. It could be achieved by increasing the
varietiesand amounts of organic wastes used. For this purpose, biowastes, fish sludge and fish
wastes wergroposedo beaddedin the digestion of previously usefood wastes, agricultural
wastes, industrial wastes as well as sewage slUddgedigestate produced during AD is used as
fertilizer in agriculture. But there are certain limitations for the digestate obtained from sewage
sludge, as it depends on the centration of heavy metals in the digestate.

Anaerobic digestiors a fermentation process during which the organic material is degraded and
then biogas (composed of ¢@nd CH gases) is producedh nature, this happens usually in
environments where ocagic material is available and redox potential is low (no external electron
acceptors). Examples are the stomachs of ruminants, in marshes, sediments of oceans, lakes and
ditches, in landfills and municipal sewers. AD is the @dftient method in remowg
biodegradable compoundsd widely usedto stabilize wastewater sludge and through that
reduce organic loatlefore final sludge disposdt is a wasteto-energy technology and &so
usedfor digestion ofotherorganic wastes, like animal manure, food waste, organic fraction of
municipal solid waste anthdustrial wastewatesludge (Liet al. 2015). Nonetheless, anaerobic
digestion of single substratesf unbalanced bacterial growth compositia challenging
Consequently, anaerobic -cligestion, the simultaneous digestion of two or more substrates, is a
potential option to overcome the drawbacks of mahgestion andimprove the economic
performancelue to higher methane production.
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1.1. Objectives

This study was the continuation of the project initiated by the municipality of Bergen (project
manager), in cooperation with several other institutions including: Aquateam COWI (project
supervisor),IVAR IKS, Bergen University College, the University of Stagan Norwegian
Seafood Centrand Bl ue Pl anet . UiflibaBon of wasfe ér@t matine todde wa's
production for regional renewable energgiming tooptimizethe utilization of organievastefrom
the aquaculture industrin the Western regionsf Norway. The main goals of the projectre:

1. Finding the optimal caligestion ratios for aquaculture waste and municipal waste.

2. Estimatethe potential for increasing methane production by utilization of aquagultur

waste.
3. Assess nutrient and heavy msteonversion in the duringnaerobic caligestion of fish
wastes
Sub-Objectives:

The subobjectives can be stated as

1. To evaluate theotentialof biogas productioand process stability when digesting and
co-digesting fish wastes, municipal waste and other organic wastes.

2. To investigate the synergistic andmpetetiveeffects of cedigestion.

3. What were the inhibiting factors in «bgestion with fish wastes as figlastes has higher
ammonia nitrogen and lipid content?

4. Which of the organic wastes produces highesthane yield ¥1s (NMLcH4/gV Ssubstrat}
and SMAspecific methanogenic activity (QCQER.cH4/gV Sinoculundd) and Ygcobrgcon

5. To understand thimfluences of caligestion of fish wastes and primary sludge and
operational conditions (sludge retention time) on overall methane yield
(NMLcH4/gCODsubstrat-

6. To compare the performances of baasisaysand continuous stirred fed tank reactors
(CSTR) inco-digestion and BMP of mixed sludges.

7. To evaluate théest possibléydraulic retention time for edigestion in CSTR.

2. Literature review and theoretical background

2.1 The basic principles ofanaerobicdigestion:

Anaerobic degradationalsoknoesd i gesti on can be deyned as a ¢
processn the absencef external electron acceptor for instance oxygeim agrobic processes or

nitrate andsulphate as in anoxic processesulting in the conversion of biodegradable organic

matter into mixture of two core end products: biogas and digestant. Biogas produced from AD

is a blend consisting by volume generally of methanes&H 6 0 %) , car boidn di ox
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40%), and small bitsfdhydrogen sulphide (£8), nitrogen (N), hydrogen (H), oxygen (Q),
carbon monoxide (CO), water vapor ®), or other gases and vapors of various organic
compoundsand digestate is the decomposed substrate, rich in mac micro nutrients and
therefoe suitable to be used as plant fertilizer (Mclnereéyal. 1980). This process igery
common to many natural environments and maagplied todayto producebiogas in airproof
reactor tanks.

There ardour basicchemicalandbiological stages ofinaerobic digestion includeslydrolysis

and DisintegrationAcidogenesis, Acetogenesis, and Methanogenesis (Agpeds, 2008) as
shown in the figure 2.TThe process of digestiobegins with the baerial hydrolysis of the input
materials to break dowsolubleor insolubleorganic polymers such as carbohydratéer the
hydrolysis, acidogenic bactermanvert thenonosaccharidemnd amino acids into carbon dioxide,
ammonia hydrogenand organic acidAfter that acetogenic bacter@nvert thesergaric acids

into acetic acidwith additional ammonia, hydrogen and carbon dioxide (Uehal., 2001).
Methanogenic bacteria then convert acetic acid and hydrogen to methane and carbon dioxide.

‘ Composite Particulate Material (100%) ‘

/N 10%
™ |nerts 10%

30%

Disintegration 30% 30%
Carbohydrates 30% Proteins 30% Lipids 30%
Hydrolysis  — 298
Y Y +
Monosaccharides 31% Amino Acid 30% LCFA 29%
13% 16%
Acidogenesis ¥ o~ 5%
VFA 29% 12% 20% 9%
Acetogenesis 12%  opy 9%
™ ¥ 6%

Acetate 64% T~ 26%

Methanogenesis

Methane 90%

Figure 2.1 showing different steps ofnaerobic digestion. COD flux for a particulate composite is comprised of ih@¥ and
30% of each of carbohydrates, proteins and lipids (in terms of C®@jstoneet al,.2002).
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2.1.2. COD mass balance in AD reactor:

The most useful parameterstov al uating the efyciency of bioge:e
VS or COD.Typically, most of the studies on AD of organic substrate have been experimented
with onestage mesophilic CSTR or se@5TR In these systems, the stable gdfitable
methodsto enhance Chkibiogas productiomnd decrease volatile solids @OD depend largely

on operatioal parametersin anaerobic digestioprocesseCOD ismostlytaken as a control tool

for biogas productionCOD is preferablyused to determine the orgarfraction of any sludge
samplerather than VS contenThis isattainedby addng astrongchemical agent to thgiven
wastes samplie an acidic systemn order to monitor performance of reactor, COD mass balance
is determind by measuring COD of influent, effluent and COD removed as mefitadacedC

Figure 2.2 shows COD balance of an anaerobic digesfMatheri et al.2017) and provides
information about efficiency of anaerobic digester

(0D
A

Anaerobic reactor CODeftyent

| mﬂinﬂuent

w

| EﬂDSIHdHE |

Figure 22 COD balance of anaerobic digestion (Mathetial.,2017)

2.1.3. Hydrolysis and Disintegration

Disintegrationinvolves the breakup and dissolution of the organic matandlseldom requires

any biological processs as thadepolymerizationenzymesoutsidethe microbe cellause the
existingorganic materiabreakingt into simplersubstanced his process iparticularlyimportant

for the complex wastes like sludges and food wastes as it allows for the lysis of complex organic
material.Moreover, it carchangethe rates of hydrolysis dafifferentcompositegBatstoneet al.,

2002) Hydrolysis is the process during whichzgmes excreted by anaerobic bacteria transform
complex, solid material into simple and soluble moleculesategpermeabl#rough the cell walls

and membranes of the microorganisms. During hydrolysis, particulate or soluble
macromolecules are converted to its soluble monomers. The most important particulate materials
are composed of proteins, carbohydrates and lipids that by the action of enzymes are converted to
amino acids, monosaccharides &t chairfatty acids respestely. The enzymes for the process

are produced by the bacteria themsel{idsnzeet al, 200). The heterotrophic organismsarry
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out this process by attachingtte particlessurface produce enzymes in tiseirrounding areand
get energy fronsoluble poducts released by the enzymatic reactiomsTthebacteria wharow
upon the particle should m®nsidereds the effective catalyahd known as fermentative bacteria
(Batstoneet al.,2002).For this reason, hydrolysis and disintegration are thelirateng steps in
AD. The monomers producdm hydrolysis areitilized byacidogenic bacteria.

2.1.4. Acidogenesis:

Acidogenesis is also known as fermentattoanaerobic oxidatioand occuin the absence of any

external electron acceptor or awonDuring this processacidogenic bacteria transfortime
monomers producedd hydrolysis tonumber ofsimplerproducts Sq theyconsumd.CFA, amino

acids and monosaccharides for their growth &urther convert them to volatile fatty acids,
alcohols, CQ, lactic acid, H, NH3, H.S. The nature of products formed during acidogenesis
depends on the operational conditions and nature of mediumIossshtrast to hydrolysis and
acetogenic steps, acigenesis is faster conversion step in the anaerobic digestion and free energy

of the reactions higherresponsible for higher growth rates in acidifying bactefidn at 6 s why
souring of reactor occurs sometimes and pH inside the reactor drops becaudesepiViRg

produced during acidogenesis. Consequently, methanogenic activity is inhibited in acidic condition

and methane production is reduced or stopped in some(ebgezeet al.,2009).

2.1.5. Acetogenesis

Acetogenesis involves the intermediary productiomadticacid At this stepshort chain fatty

acids are furthechangedinto acetate, Hland CQ and newbacteria biomasd t 6 s al so ca
homoacetogenesis because the formation of aceticegidalsooccur from Hand CQproduced

during acidogenesi3 he acetate formation is also oxidation reaction without any internal electron
acceptor. Therefore, an additional electron acceptor is required for activity of acetogenic bacteria.
The main substrates rfohis type of fermentation are propionate and butyrate, while commonly
used electron acceptors ar€,ibhs or - resulting in the production of +yjas and formate. The
products formed are further used by methanogenic bacteria. Thekéfayas is the inhibitor for

their activity. The ceexistence of K consuming methanogenic bacteria ang ploducing
acetogenic bacteria is only possible in theaiarharrow range of hydrogen fmrmateamounts

Thus, theyalso effect the kinetics, modelling and overall methane yieltdge anaerobic processes.

In a properly operational anaerobic reactor, a balance is retained between the methanogenic and
acetogeru activities, i.e., the Hproduced by acetogens is readily taken by methanogens and biogas

is formed(Henzeet al.,2009; Batstoneet al.,2002)

2.1.6. Methanogenesis

This is the final step of Aln which methane, C@and new cell material is formed from acetate,
format and methanolAs stated by Henzet al.,(2009) methanogenic bacteria are located at the
bottomof the anaerobic food chain, and due to their activity, organic nuigsnot accumulate

in anaerobic Bvironments in greater amounts. Methanogenic Archaeelassifiedbasedon the

14



substrates used for methane production: first are the strictly acetoclastic methanbgdns
convert the acetate to methamichconstitutehe genuslethanosaetandMethanosarcing and
second class are the hydrogenotrophic methanofgemsng the orders oMethanobacteriale
Moreover, the genudlethanosarcinas considered a mixotrophic methanogen sthes/ can use
either acetate or #C0O, to produce methaneAmong all microbesmethanogens are most
sensitiveto variations inenvironmental and operational conditionsanaerobic digestion

In fact, Ziganshiretal. (2013)observedhe accumulatiorof the Methanosarcinapeciewith the

increase INVFA concentratioa As Methanosarcinahas [ha=0.12 (1/d) and K30mgCOD/L

while Methanosaet&aspma=0.71 (1/d) and k=300mgCODL as illustrated in the figur2.3 So
Methanosaeta spare usually present abundantly in the systems with higher retention times such
as in sludge bed systems, anaerobic filters and biofilms and effluent concentrations are expected to
be lowest in such systems. Comparativéhgthanosarcinahaslower affinity with the substrate

but they can use variety of substrates and convert them to meBamdethanosarcinaare
expected to be present in the solid digestors.

Methanosarcina

25 mgCoD/1

Methanosaeta

Growth rate

Substrate concentration
Fig 2.3 showing growth curves atetogenicMethanosarcina sppandMethanosaeta spp (Henzeet al., 2009)

2.2 Anaerobic Co-digestion (AcoD)

Co-digestionmeansthe digestion of two different substratenultaneouslyfor increasingthe
digestionefficacy and energyroduction In co-digestion main substrate usedhg stdge from
wastewater while its mixed with lower proportions of other substrates like food wastes and
industrial wastes. When mixing these substrates, there can many possible results. It can enhance or
decrease the biogas production leading to synergistimompetitive effects. But edigestion

always requires the controlled management of the reactor condificinsbanogloust al.,2014)
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It is considered as a wadktablished process in Europe, along with Germany and Scandinavia for
being the pioneers, having over twenty yearkrmfwledgeand experience in the fie{@\ppelset

al., 2011). The number of etigestion plants is unremittingiypcreasing in so many European
countries and has become a regular practice largely in the agricultural sector. The advantages of
co-digestion take account of better digestibilisnhhanced degradation rates, higher digester
capacity with enhanced biogagduction as well as methane yield arising from the availability of
additional nutrients with more efficient utilization of cost sharing and equipment. Primarily,
because of the research perception, AcoD focused mainly on mixing substrates which favor
postive interactions, i.e. macro and micronutrient equilibrium, moisture balance and dilute
inhibitory or toxic compound@Mata-Alvarezet al.,2000) Further studies have revealed that co
digestion of numerous substrates, like for example, banana peesiplpatl, spent grains and

rice husk, pig waste, cassava peels, sewage and brewery sludge, amongst many others, have
resulted in bettequality methane yield by as far as 60 % compared to that achieved from single
substrates (Babeit al.,2009). On the dter hand, nowadays, because of the industrial viewpoint
and the improvement of methane production, it is maimgsaltof enhancinghe organic loading

rate (OLR)mostlythan synergisms, in which all kinds of mixtures are used.

In somecurrentpractices, codigestion ismajorly used, wherédwo or more than twdlifferent
substrateskphown asco-substrates) are combined in the reactor to increase the organic matter
content (inceasedchemical oxygen demand) and tHeyeattainingincreasedrates ofbiogas
production. Theyield andcomposition of biogamainly depend on the raw materials agge of
co-substrateuse ofpretreatment methods, efithe wastes having higheoncentrationsf lipids
andreadily bialegradable carbohydratg&ve indicationof higher methane production potential,
whereadignocellulosic materials refledower methane concentrations in biogkkreover, by
co-digestingthe content of heavy metals in the digestaigertainly decreaseahdthusimproves

the composition oftte digestate to confirm that it can be recyesléthout any further treatment in

the form ofbiofertilizer. To elude process failurabe best methodsised nowadaysivolve pre-
treatment of raw materials. It will include the evaporatiohstick-water toincreasethe solid
content, andat same timehe hydrolysis of fish material with high protein conteBy. applying
thesepretreatment methods increases the intensity of substrate degradatiefiigedcy of the
procesgHenzeet al.,2009. Presence of different substrates in wastes can give different biogas
yields as shown in the tab®l. The fats and greaseffer the highe yield of biogas per gram of
solids used by bacterthan proteins
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Table 2.1 biogas unit production and metha content (Tchobanoglous et al., 2014)

Substrate type Gas vyield perunit solids Methane content
used (n/kg)

Fats 1214 62-72

Scum 0.91.0 70-75

Grease 11 68

Proteins 0.7 73

2.3. Benefits of cedigestion
There arenormallythree factors that favor the-cigestion ofdifferentkinds ofsubstrates

Technical factors Primary factoist h a tafedsibléeshnological solution that hagalleviating

effect on tle problemof disposing waste§o, cadigestion is a better solution to remove complex
wastes from collecting system, particularly if a waste is making blockage, bad odors or any kind
of damage. Also, iincreasegshe capacity of existing anaerobic digester especially white co
digestingwastes that enhance biogas production of wastewater sludge and thereby increase loading
rates of organic soliddloreover, itoffersa reliableexit for wastewater sludges and other organic
wastesand expandknowledge of handling waste€onsequentlyif mixed sludges are properly
handled as a slurry, would be easier to transport through pipes and need less space than liquid
wastes.

Economic factors: By co-digestion more biogas igypically produced for combined heat and
power systemasit increases thavailability ofnutrients and bacteridiversityin substratéherdoy
augmentgshe anaerobic digestiorAs a result, solidsetention timds reduced, anthe efficiency

of biogasgenerateds increaseawing to a variability of organic materibhving bettenutrients

for theanaerobic consortia a digester(Matheriet al.2017) Furthermore,tireduces the cost of
waste treatmentoperationand odormanagemenin the anaerobicplantsand construction of
additional liquid treatment system can be avoided. However, profitiency of co-digestion
depends on many factors. The most important factors inolatteeof waste, location and distance
from plant, pretreatment and electity prices.

Environmental benefits. From environmental poinbf view, codigestion decrease land
application of organic wastes which provides methane production instead of demkide storage

in carbon sequesteringhus,it lowersthe dischargeof greenhouse gasespeciallymethane that
isdirectly relatedo improvingenergy recovery from wasteaterial{ Tchobanogloust al.,2014).
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2.4. Substrates for biogas production byAcoD
2.4.1.Fish Sludge

If the fish farming n Norwayis consideredmajor nutrients in the form ofitrogen 27gN) and
phosphorusd9g P) arebeinglost to the seavery yeain the form offeed residues and fish sludge
(Hamiltonet al.,2017). Theselossedvy fish fecesarecomparabldo thenutrientlosse byanimal
manure.This nutrientflow makes current fish farmingystemshighly unmanageablérherefore,
fish sludge needs to be anaerobically digested or used as a fertilizee{Bitgd017).The biogas
production by fish sludge varies wiits composition whichmainly depends on thigpe offish
species used, feeding habits, sex, season and fihalealth of fish.This wastas considered as

a mixture of solid and liquid wastes. The sah@ttercontainsfish tissues and boneshile the
liquid phaseconsistof bloodwater and stickvater,in which areboth proteins and oil& higher
amounts One of the major complications thastrictthe usageof thistype of sludgeis itsvariable
nature.Generally, fish wastes hawg to 60 %proteins up to 20 %fats andvarying amount of
minerals (calcium and hydroxyapatite from bones and scalesaddition, @imitic acid,
monosaturated acids and oleic aaréin abundance in tlsewaste streamg§Ghalyet al, 2013).
Presentstudiessuggestthat the digestion and edigestion of fish waste both have substantial
ability for methangoroduction Researcheimdicatebio methane potential of 629 CH m*/kgVS

of fish sludgeadded Furthemore, fsh waste is also used in anaerobic digestion experiments as a
sole substrate and as silage, also indogestion with cow manure, sisal pulp, and waste from
strawberry processing (Achinasal.,2017).Fish waste caligested witrsomefood wastes, such
as strawberry wastead produced methane yieldsat could becompaed to the yields of other
food-waste streams

L imitations of Co-digestion with fish wastes

The production of biogasy anaerobic oflifferent substrates with diverse properties beneficial
results with other substratdmitwaste from fish processimpsesatypicaltechnological problem.
From fsh wasts,increasedevels of ammoniaif(co-digested wittbio-waste rich in proteinsjong

chain fatty acidqco-digesting with biowastesch in lipids) and sometimes heavynetalsare
released duringligestion which prevents the digestion of substrates. Higtoncentrations of
ammonia can outcome in the accumulation of VFAs (aceticaacttie foremodipe in the batch
tests). [@pending onthe reactor type and organic loading rate, this can prevent the process
particularly if the substrate is very highfats andoils. Furthermore, the use of aquaculture wastes
leadsto the productiorof higher chemical oxygen demand that can cause the toxicity inside the
reactor and inhibition of anaerobic digestibleverthelesgpreviously studie@naerobic digestion

of some fish specieshowedthe considerable bianethane producin potential wheneisted in
mesophilicand thermophili@environmentgAchinaset al.,2017).In some previous researchés t
combination of acidity antdigher concentrationsf fats and proteis make thdish sludgeadifficult

to digest as airsgle substratdecause it can cause the production of long chain fatty acids and pH
in the digester is lowered/iethane productiors possibleat pHrangebetween6.5 to 8.5while
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theoptimumlevels for methane production is between 7 af/8iland, 2010)So, the prduction
of volatile fatty acids by fish wastes is challenging and can give poor biogas yields.

2.4.2.Food wastes

Food waste is the most challengipart of municipal wastbecause of its high moisture content,
variability andhigher amount of carbohydrates, proteins that can be efficiently converted into
methanewhich isused as energy source while sludge obtained as fertilizer (Davidsseinal.,
2008). Thus, charactstics of food waste and sluddgeterminethe feasibility and the operation
parameterdor co-digestion Although several possibilities have beenrecommendedor the
managinghefood wasts, including incineration, composting, the use of food waste disposal units
and AD, but anaerobic cdigestionhas attractethe moreattention mainly in strategymaking,

due to its potential for energy generatiéimod waste can either be utilized @sly nutrients
resourcdor anaerobidacteria in a biogas plant or can be mixed with other sludges like fish waste,
sewage sludge or septic wastes etc. or can be disposed in dedicated disposers of food. This waste
mixture denotesan extremelybiodegradable esubstrate, whichif exceedingcertain threshold
limit, improves the biogas production of teewage sludgdigestersonly by increasing the OLR
(Salman Zafar, 2018).

2.4.3.Industrial food wastes

Large quantitiesof food arewastedglobally, with anonsmall amount beingassignedo the
industrial as well aproduction level.One major benefibf industrial food waste is that it is
commonly a morbomogeneous resource that can be ratietlessly converted intbigher value
products.Industrial foodwaste streams were selected because they genkmage amount of
predictable foodvastestreams that arkighly consistentand homogenouthan domesticfood
wastestreams; such predictability is desirable in order to tatyetrecovery angrocessing of
specific compoundand incaseof anaerobic digestion (AD) allows for onsite consumption of
thegenerated bioga3here arevariety of applicationgvailablefor such foodwvastes. Anaerobic
digestionis averywell-developed technology@ihpermits to produce biogas for energy from food
waste.Thus, the appropriate handliog industrial food waste could alleviate the approximately
1.9x10°tons of CO, equivalent emissions currently beipgpducedby the waste. It imoticeable

that regardlss of theend-product, industrial food waste is an underutilizedircethat should be
placed to a higher value ss@&edCorret al.,2018).

2.4.4.Primary and secondary sludge

Primary sludge comprises of settleable solids derived from prisetiement tanks. Typically,
primary sludge is organic matter containing 17% protein but 27% carbohydrates and has a higher
C:N ratio than secondary sludge. Biogas production from primary sludge could be between 0.842
70.968 Nni/kg VS but sewage sludgesean general a poor feedstock for anaerobic digestion
because it contains insufficient carbon and too much nitrogen. Secondary sludge (surplus activated
sludge) has relatively low degradability, especially that resulting from the operation of activated
sludge plants at long sludge ages (Carregral.,2010). The composition of SAS is fundamentally
different to that of primary sludge because the activated sludge process results in biomass
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composed of microbial and extracellular polymeric substances (HR&83e aralensemix of
biopolymerswhich are comprised gfolysaccharides, proteins, nucleic acids, uronic acids, humic
substanceslipids and some other polymeric substances as. Wwelh a thé s2ason EP&re
comparativelyrecalcitrant to anaerobic digest. Various authors (Mininret al., 2004; Horan
and Lowe, 2008) showed that the biogas potential from SAS is relatively high, betweeii 0.767
0.868 Nni/kg VS, considering that the digestibility of SAS is commonly perceived as poor.

2.4.5.Potato Starch as positive control

Starchis a polysaccharide composed mianysix-carbonsugar (glucose) unitsonnectedhrough

1,4 alpha glycosididinkage In nature, itis made by photosynthetic plamsainly as energy
storage. It is the most common carbohydrate in human food and is present in large antbants in
common plantsike rice, wheat, maize and potatoes. Most commercial starch is made from corn,
wheat andootatoes Commercially, starch is obtained brushing or grinding staretontaining

tubers or seeds and then mixing the pulp with water; then its remaining impurities are removed
from resulting paste and then dried (encyclopd&titannicg. Among all categories of starch,
potato starch represents 14% of émtirestarch manufactured in Europe (GomaWthterschoot,
Fierens, & Delcour, 2015) and 4% in tfe@mainingworld (Basiak,Lenart & Debeaufort, 2017).
Potato starch isonsideredaave y reyned starch, which compri se
and lipids. Moreoverts lowerin cost, has a greater swelling power, paste clasdjubility and
viscosity than the starch gained from other natural sources for example wheat, rice Afsoo

it is rich in certainly degradable, high energy sugars that have considerable potential for
fermentation

2.5.Biochemical methane potential (BMP) tests

Different kinds ofmethods exist worldide to determine the BMP of numerous types of sludges.
These range from theoretical to experimental tools as shown in the figure 3. A Biochemical
Methane Potential (BMP) test is the most used instrunteeiprovide a measure @naerobic
degradability of agiven substrate methane yielthe extent of anaerobic activjtyeactionrate
kinetics, the influence of inoculupretreatments, and the effemtt mixing with diverse viscosities
because of its high reliability and validity as it is based on conditionapimabximate practical

AD processegJingura and Kamusoko, 2017). Moreover, BMP tests can measure the residual
organic material remaining after treatment that can still be used to convert to biogas and the non
degradable part remaining (Moody al, 2009) The use of BMP tests provides a relatively
inexpensive, simple and repeatable method to make comparisons of the anaerobic digestibility and
potential biogas potential between different substrates (Ogteris1993). The methane potential

is expressed in terms of standard temperature and pressure (STP) per@H) of VS added (mL

CHs4/ g VS) (Hanseret al, 2003). It was also reported that the information determined by BMP
tests is helpful to characterizeachevaluate the optimal design and performance of the AcoD
process. In addition, BMP testing can reveal the possible mechanisms of synergy between the co
digestion mixtures (Ebnest al., 2016). The conventional BMP process is complex and-time
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consumingand takes approximatel$0i 90 days. This length may increase the cost of feedstock
storage and management, and the optimal combinations of substrates may be unstable. Even though
detailed guidelines for BMP test protocols exist, recent studies have shawinetioaitcome can

vary significantly between laboratories, which indicates the need to further standardize the BMP
test protocalResearchers have suggested various alternative mdthatlsviate the drawbacks

of traditional BMP traditional BMP measurenTd.
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Figure 24 Overall summary of biomethane potential testdingura and Kamusoko, 2017)

2.5.1. Quality Check for Inoculum:
The BMP tests areonductedusing inoculum from well functioning anaerobidigester. As

described byAngelidakiet al.,(2009) thetypical values for operational parameters of the digester
showingan inoculum ofyood qualityexecutionare:

A pH: > 7.0 and <8.5

A VFA: <CODHD' gCH

A NH25gNNH.L?

A Al kalinidly: > 3 gCacCO

Sa theseconditionsshould be met before using an inoculama blank or medium in biomethane
potential tests.

2.7.Factors Affecting Performance andOperation

The performanceand operatiorof anaerobialigesters is influenced by many factorfheae are
mainly three types fofactors including loading factors, operational factors and environmental
factors. Process loading factors are sludge retention t@#T)( hydraulic loadingrate
environmentafactorsrange fromtemperature, pH, nutriehavailability, and theamountof toxic
substancesand operational factordike mixing, and thenature of the wastebeing digestel.
Moreover with thorough understanding of these parametestancedand healthy anaerobic
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system can be achievebh addition, stable conditiongeessentialto increasethe activity of
microorganisms responsibier methangroductionwithin the reactar

2.7.1.Solids Retention Time

The most important parameter affecting th#iciency and successfulexecution of any
biochemical operations solids retention time (SRT)Because ti decidesthe speciesof
microorganisms thatangrow inthe anaerobisystemand thedegrego whichdifferentreactions
would take placeFigure 2.4 showsharacteristiSRT fora variety ofanaerobidransformations
at 35 °C.SRT is dependent on the temperature of the reaction medium and types of sulddtrates.
lower temperaturesonger SRT are favorable as microbial activity is redGrddyet al.,2011).
Similarly, different sibstrates have different retention times in digestion, e.glrolysis of
insolublecarbohydrates and proteinsfe@m monosaccharides and amino adglfaster andakes
aboutthree daysComparatively lipids hydrolysis is quite slow and long chaityfatids formation
takes around six days.

Although SRTis the fundamental control parameteut it is usually challengingto determineit
preciselyin some anaerobiprocessed-dowever,SRT can be easily determined flow-through
systemssuch as anaerobic digesters, where it simply equals the HyRIFaulic retention time is
the time required for any microbe to digest and consume the given substrate and it should be
carefully controlled. Thenetabolic activiesof microorganismgan be ihibited by uncontrolled
retention timesThe longer HRTs cancausethe death of microorganisnthie to deficiencyof
nutrients.Therefore, ér industrialscale applications, shertHRTs areproposedo reducehesize
of the digester andnhance its capdyi(Li et al.,2015) Thus, totalbiogas production and net
electrical energy productiacan be increased by decreasing investment.costs

J I I | | | I [ | I | | |
Hydrolysis
[ ] Carbohydrates and Proteins
[ ]Lipids
Acidogenesis

[ ] Fermentation of Amino Acids and Simple Sugars

Anaerobic :: Long Chain Fatty Acids

Oxidation | [ | | Volatile Acids
Butyric Propionic

Methanogenesis
[[] Hydrogen Oxdizing
Aceliclaslic | ey o e e e jﬁ—_—l_l>
Methanosarcina Methanosaeta
L | | | | | | | | | | 1 | |
SRT, Days

Figure 25 Different SRT ranges for some conversions in anaerobic bioreactors (Grady et al.,2011)
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2.7.2. pH

Like all biochemical operations, the pH has an importagactin the AD system|f the pH
divergesfrom an optimal valug activity of microorganisms would be decreadeelcausethe
solubilization of organic mattelis greatlyinfluenced(Fenget al., 2015) Thus, availability of
substrate as well anzymatic reactions of microorganisi® dependent opH (Neshatet al.,
2017).During araerobic digestion, microbial consortia have different optimum pH values, but most
of them prefer to grow around neutral gHws,to achieve maximum biogas production, pH should
bemaintainedbetweert.8 and 7.ZLemmeret al.,2017) Thisrangemostlyoffers bestonditions

for the methanogerand isessentiato maintaintheir healthyactivity. The activity of acidogenic
bacteriais also influenced by pthowever, the effect is lessiportantand mainly changes the
types of products produced byem. Thehigher molecular weightolatile fatty acids are formed
at lower pH,especiallypropionic and butyric acidyut acetic acidformation is favored at higher
pH.

2.7.3. Temperature

Like all otherbiological processes, the performance of anaerobic processes is signiibantgd
by operating temperatur8electingandregulatingthe temperatures importantas itcontrolsthe
activity of microorganismsluring anaerobic digestion proces® is performed at three distinct
temperature rangeat psychrophilic (25°C)mesophilic around35°C), andthermophilic around
55°C)conditions( Rosi Bs ka and Hlebesopar®rinance isdlylaffajnedby
processat 30°C to 40°C formesophilicor 50°C to 60°C for thermophilicangesand generally
anaerobigrocesses are designedunction in these ranges. Usually methanogens are believed to
show optimum growth at these two temperature ranges. Thegroanatlower temperatureas
well, but longerretention timesare requiredto caunterbalancdor the slower specific ratesfor
maximum growthSo, for practical purposesemperatures in the 20°C 25°Climits arefoundto
be the lowst temperature in anaerobic systerdditionally, functionng temperatureaffects
hydrolytic and acidogeni@and acetogeniceactionsalsa But for wastewaterdaving higher
concentration of readily biodegradablerganic matter, theimpact of temperatureon
methanogenesis is thkey interest Comparativelyfor wastewaters consistingrgely of complex
organic compounds or particulate materials, the effect of temperaturhydrolysis and
acidogenesis will be thmost importantoncern

2.7.4. Organic loading Rates

The organic loading ratean bedefinedas the quantity of organic solids loadset unit time per
unit volume of ay wastewater treatment syste@LR is generally considered asssential
parameter forachievingoptimal microorganism activity (Neshat al, 2017) in an anaerobic
system So, OLR should be adjustad optimum rangdor any system becausewer OLRcould
cause thenefficiency of AD technologyOn the other handjdgher OLRincreaseshe diversity of
microbial speciesn reactor needsless energy foheating systes) and reduces theequired
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digestervolumeand costNeverthelesswhen the OLR i€nhancedhead otertainrange, itcan
cause thggreateraccumulation of VFA and ethanahadequateheat transfer, andnbalanced
circulation duringmixing.

2.7.5. Carbon to nitrogen ratio:

The carbon to nitrogen (C/N) ratio of organic materdg®has great effeaverall AcoD process.
There isan optimal C/N ratidor each anaerobic systesmdthe substrates having optimu@iN

ratio provide enougmutrients for microorganisms to maximize biogas productieilly et al.,

2016).Higher concentrations of ammordan be produced in the systems watwér C/Nratioand

inhibit microbial growth.Onthe contrary, highe€/N ratio tran optimalleads to formatiotarge

amounts of VFA®f in the fermentation proces$hus,keepinga suitableC/N ratio is important
in the AcoD techniquéor maximum methane yields

2.7.6. Inhibitory and Toxic Materials

The anaerobicsystems are vergensitive to inhibition by compoundsalreadypresent in the
wastewater or producetliring digestion aseactionintermediateslnhibition causes decrease

the maximum specific growth rate of microorganisms, therédbspnandinglonger SRTs of
biochemical operatianfor the equivalent yieldthat would beproduced in the absence of the
inhibitors. If the concentratiorof inhibitor increass continuously toxic reactionwill cause the
killing of microorganismsyesults in the failure oentire process.In the previousliterature
inhibition and toxicityhas been used interchangeably and no clear distinction has beerbmade
these érms should not bstrictly interpreted. However, it should beceptedhat,in most cases
increase irconcentration of compourdan change t he fiexicityo Oifferanbh i b i t i
inorganicsubstancesanproducean inhibitoryreaction the most important among these bgéat
metal cations, ammonia, sulfide, and heawtals.Also, sulfatehindersthe methane production
by giving an alternatingelectron acceptaand cause the production of dangerous §éareover,
soluble sulfideusesan oxygen demand that reduces the amour@@D removed as methane
Many organic compounds are alsgported to bénhibitory, particularly tamethanogengGradyet

al., 2011)like organic acids, nitrogenous compounds and fatty acids

Knowledge Gaps

Based on theoretical background, itds possib
considerablaesearch that had be@erformedon the cedigestion of fish sludges and seyea

sludge using CSTRdt was not fully established yet whether digesting fish sludge with other
sewage sludge has benefits or moinet biogas productioithis research was basically conducted

to study the advantages and disadvantages of anaeredigestion of fish wastes with other

sludges andrganic substrates using batch and CSTR systems. For this purpose, several substrates
were used to evaluate the methane potential of substrates and comparison was made between
digestion and caligestion in batclassays. Furthermore, the focus was to investigate the optimal
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SRT for CSTR reactors for converting organic matter to methane. To accomplish this goal, four
personally designed laboratory scale CSTR reactor systems were set up for treatment of various
sludge as substrates under mesophilic conditions (35 °C). Thus, steady state was achieved, and
optimum operational conditions were investigated. Daily methane production was meessuged
AMPTS instrument and COD recovery in the form of methane productiocal@dated.
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3. Materials and Methods

3.1.Substrates Collection and Preparation

Fish sludgewerebrought from Steinsviland Fister Smolt Hjelmelan@rimary sludge (municipal
waste) secondary sludge (Biowastes) were taken from IVAR Sentralrenseanlegglddozd
(SNJ)andfood wastes from food truck in Stavanger, were analyzed and utilized in the experiments
presented in this study. Septic sludgesfrom septic tankgn households @t do not have sewage
(dewatered septic sludgendustrial wastes frorifine were thewastes from dairy (Dairy waste).

We gotthese sludgefsom Ivar SNJwhere these areeated togethewith primary and bio sludge.
Flash tanks thepulpersludge that habeen pretreated with thermal hydrolydiswas collected

from IVAR Grgdaland whe thermalhydrolysis processs usedas a pretreatment methoéll

these sludges were collected in 1000ml bottles and preserved in the fridGesaioSurther used

in batch tests.

3.2.Set up of Biomethane potential tests:
3.2.1.Blank Samples

The inoculum was taken from the digester that was properly functioningat IVAR
Sentralrenseanlegg Noedderen(SNJ) For assuring the quality of inoculum, analysd#spH,
volatile fatty acids (VFA)ammonium bicarbonate and totalkalinity were performedt IVAR
using Internal methodss shown in th&able 3.11t was reported that theptimal pH for anaerobic
digestion is betwee®15-8.0. If pH dropsbelow 6, the activity of the methagensdecreasesapidly
so that at a ptef 5.5 theyusuallyinactive (Henzest al.). Therefore gvery timeBMP testwas set
up, all these parametevgeremeasured intermittentlyecaus¢éheinoculumwasalways takerfirom
the samesource

Table3.1 showing the analysis of Inoculumeasurecdat IVAR

Analysis Amount Method
Bicarbonate Alkalinity 6100mg/L HCQ@ Internal Method
VFA 423mg HACI/L Internal Method
pH 7.35 NS 4720

Total Alkalinity 7625mg/L HCQ@ Internal Method

3.2.2. Positive Control:

When performing batch testspgtive controlsamplesvererun forthe confirmation of BMP test
resuls. Thus,inoculumactivity is validated using atandard substrate aedperimentalield is

26



compared with thatported in the literatur@loreover, psitive controls also allowerification of
gas measurementethod For this purposepotato starch wassedaspositive contral However,

in the literature microcrystalline cellulose and tributyrin lsadhmonly useds positive controls
due totheir good performance in AD (Holligeet al,2016). Starch has similar properties as
cellulose therefore it was useddause of following reasonBirst, its structureis well-definedas

it is composedof glucose as the monomeshich allows the theoretical BMP to be easily
determined ashown belowSecond, its apolymerandinvolve allbiodegradation stepacluding
hydrolysisduring AD. Lastly, itwas convenient and storable, relatively chexajand could be
easily purchased asgmod quality product (e.g. from Sigmaldrich). The use of a mixture of
polymers would ban interesting option to validate inoculactivity towards more than one class
of biomoleculesFor each positive control substanaeis essential to confirnthe TS and VS
percentagef the product utilized in the tests.

Theoretical methane potential:

Sample Incubation CO2 + CH4 COz2-absorbing CHa Me§:jr¥0|lén;3ice
Unit (unit A) | Unit (unit B) = (unitg o

Figure 31 shows the flow of biogas in AD process

In an anaerobic reactor inlet COD transformed into gaseous COD can be measurement of
methane production: 1 kg of COD can theoreticallyrasformed ito 0.35 nimethane at
standardconditions (Equation 1) (Henzt al.,2008

8

, - ol N
w T® 0° ™05 50

Equation 3.1 theoretical methane production

Expected methane production values (volume) was calculated usingiteesal gas law. In the
equation, V is defined as volume occupied by the gas in liter, n is the moles of gas, R is the constant
0.082057 atm.L/mole.K, T is the temperature (kelvin) and P is the pressure (atm).
w=¢ Y'Y
For glucose: €H1206+H20 Y 3 C:E8CHy
COD/VS=1.07gCOD/gVSs
Max BMP= 374ml| CH/gVS
ExpectedThBMP= 336ml/gVS

For starch: GH1005+H,0 Y 3 CGEBCHy
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COD/VS=1.18gCOD/gVSsS
Max BMP= 414 ml| CH/gVS
ThBMP expectedg 370ml/gVS

3.2.3. Gasmeasurement

Biogas production isneasured by differertechniques, e.g. by volumetric, manometric, and gas
chromatographynethodsBut each method has discrepancies as continuous measurement of gas
canodt be measured. Ther aimetmodfprgas measuremenpwasused n t
using AMPTS instrument.

3.2.4. AMPTS Il instrument:

In this study, chemical methane potential (BMP) testere used tcas®ss the anaerobic
biodegradability anBiomethangotential oftomplex organic wastes wdl as the ratef methane
production on lab scaleactorsFor this purposeAMPTS Il instrumentwas used for performing
batch tests with triplicate positive contralsnsisting oflL5 test vessels

Preparation of NaOH solution for COz-absorption:

For CQ measurement, 3M NaOH solution was prepared and following procedure was followed
It is highly alkaline, so preparation was done inside the fume hood using protective igiavdsr

to prepare a 3 M NaOH solution the necessary amount of NaOH was weighed and mixed with
approximately75% of the needed volumef distilled water (e.g. 120 g NaOH #b0mlof 1 L
water). The solubilizationof NaOH produced high heah water, scsmall volumesof additional
water were added followed lyagnetic stiing. When the NaOH i&lly dissolved, whole amount

of remaining water was added and mixed waflerwards, a 0.4 % Thymolphthalein gRidicator
solution was preparealy dissolving40 mgof it in 9 ml ethanol 99.5% followed bgddingl ml
water. As thymolphthaleirs notsoluble in water, but it iseadily soluble in ethanolln the last

step the Na@ solution containing the pH indicator was prepared, by mixing 5 ml of the 0.4 %
Thymolphthalein solution péiter of 3M NaOH solution The color of the solutiofrom colorless

to dark blueas a resulbf pH indicator Thymolphthalein.

Equipment Functioning:

The instrument setupould bedivided into three unitas shown in the figur.7:

A is a thermostatic water bathconsisting of 15 glass bottles (500 ml) as reactors having plastic
caps with agitators/motors and short motor cables

B is COz absorption tray, and

C is gas volume measuring devimemprising ofwater bath package (including water tank, flow
cell holder, 15 injectiormold flow cells containing magnetic metal pieces, base and protection
plate) with plastic glass lidn thesampk Incubation Unit (unit A), upotl5 vials containing small
amounts of a sample with anaerobic inoculmare incubated at aequiredtemperature. The
medum in each vialwas mixed by a slow rotating agitatofhe operating conditions, substrate
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concentrabns and temperaturevere kept constantwhile mixing was applied. Mixing also
minimizesaccumulation ofolids and themountof scum Biogaswas continuously produced
inside these anaerobic reactor vesdelshe CQ-absorbing Unit (unit B), the biogas produced in
each vial passes through an individual vial containing an alkaline solution. Severghss&s
fractions, such C&and HS,wereretained by chemical interaction with NaOH, only allowingsCH
to pass bythe biomethane Gas Volume Measuring Deviés. mentioned earlier pH indicator
was added into each vial for controlling the acid binding capacity of the solution. In the Gas
Volume Measuring Device (unit C), the volume of Odhs released from unit Basmeaured
using a wet gas flow measuring device with a rildiv cell arrangement (15 cells). This
measuring devicevasworking according to the principle of liquid displacement & buoyancy and
can monitor ultrdow gas flows; a digital pulseasgenerated when a defined volume of gas flows
through the device. Aassimilateddatarecognitionsystemwasemployedto record,presentand
analyze the resul{®ioprocess control. (n.d.)

n biopr :cess

=

\ bioprocess biopr ~cess

Figure3.2 showing the three basic components of AMBIdprocess control manual,2018)

3.3. Initial Batch Tests 1 and 2

g

Batch reactor

co2 |
measuring

unit

CH4 measuring device

Figure3.3 showing schematic diagram of batch test set up
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3.3.1. Anaerobic Digestion and Cedigestion of Fish Sludge and Primary

sludge:

The anaerobic batch tests wel@nein triplicatesat mesophilic conditions (&) in accordance

with the givenproceduregivenin AMPTS Il instrument manuaBiomethane potential of the dried

fish waste from Steinsvik and the primary sludge ftv/#R, SNJwas determined in the first two
experimentsAn inoculumhaving2% TS and 1.1% VS wasilized for eachof the batch tests. The
original volatile solid (VS) ratio of substrate to inoculum wasgproximatelymaintainedat 1:2
duringall the experirental setups. A BMP test waarried out foinoculumto assesshe volume

of methane produced by the fermentatiorblaink sampleTen BMP tests were conducted and
each of them were run in triplicates. First three reactors were used as blank with A60ubain

in each of them without adding any substrate, in the next 3 bottles, a start medium containing 400ml
inoculum and 2g starch was introduced. The inoculum was added to prepare an optimal growth
medium for the substrate in the batch test and potaralS{SigmaAldrich) was used as positive
control

Two batch tests were run simultaneously with AMPTS Il instrument. The substrates were analyzed
with respect to their VS content in the initial 1.0 batch test setup (Table 1) included reactors with
triplicates of control/reference samples (blank), fish waste samples of different VS concentrations
and primary sludge samples of different VS loads.

In the batch tests 2 six reactors (4,5,6,7,8,9) were set up as triplicate of a 50% VS/VS mix, while
two other reators (10,11,12,13,14,15) were set up as triplicates of a mix of 25% fish waste and
75% primary sludgeEach reactor wittb00ml capacitywas filled with400 mL of inoculum and

given amounts of VS afubstrate. Theubstrate proportions the different bath systemsare
summarized in Tabl8.2and3.3. After the setup all the reactors were sealed with rubber septum
and metallic cover and then flushed with an anaerobigalfor some time During the whole
incubation period the reactors were kept & water bathat 3%C (+1°C) and were shaken
continuously at 50 rpm.
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Table 32 Batch test of fish sludge and primary sewage sludge

Reactor Numbers Amount of substrate Actual conditions

1 Blank 400ml inoculum

2 Blank 400ml inoculum

3 Blank 400ml inoculum

4 29 VS Positive control 2.003g starch+400ml inoculum

5 29 VSPositive control 2.001g starch+400ml inoculum

6 2g VS Positive control 2.001g starch+400ml inoculum

7 2g VS Primary Sludge 53.721g primary sludge+400mi
inoculum

8 2g VS Primary Sludge 53.9264g primary sludge+400mi
inoculum

9 2g VS PrimanySludge 53.565g primary sludge+400ml
inoculum

10 3g VS Primary Sludge 77.039g primary sludge+400mi
inoculum

11 39 VS Primary Sludge 77.125g primary sludge+400mi
inoculum

12 3g VS Primary Sludge 77.951g primary sludge+400mi
inoculum

13 29 VS FishSludge 2.869q fish sludge+400ml inoculu

14 2g VS Fish Sludge 2.891g fish sludge+400ml inoculu

15 29 VS Fish Sludge 2.85¢ fish sludge+400ml inoculun




Table3.3 batch test 2 cadigestion of fish sludge and primary sewage sludge

Reactor Numbers | Amount Actual amount added
1 39 VS Fish Sludge 4.323g fish sludge+400mi
inoculum
2 39 VS Fish Sludge 4.311¢g fish sludge+400ml
inoculum
3 3g VSFish Sludge 4.299¢ fish sludge+400ml
inoculum
4 19 VS Primary Sludge+1g VS Fish| 26.228gPS+1.443gFS+400ml|
Sludge inoculum
5 Mix: 1g VS Primary Sludge+1g VS| 25.817gPS+1.47gFS+400ml
Fish Sludge inoculum
6 Mix: 1g VS Primary Sludge+1g VS| 25.906gPS+1.458gFS+400ml|
FishSludge inoculum
7 Mix: 1.5g VS Primary Sludge+1.5g| 38.829gPS+2.193gFS+400ml
VS Fish Sludge inoculum
8 Mix: 1.5g VS Primary Sludge+1.5g| 39.990gPS+2.215gFS+400ml|
VS Fish Sludge inoculum
9 Mix: 1.5g VS PrimanSludge+1.5g | 38.274gPS+2.14gFS+400ml
VS Fish Sludge inoculum
10 Mix: 1.75g VS Primary 44.968gPS+0.387gFS+400ml
Sludge+0.25g VS Fish Sludge inoculum
11 Mix: 1.75g VS Primary 44.247gPS+0.383gFS+400ml
Sludge+0.25g VS Fish Sludge inoculum
12 Mix: 1.75g VSPrimary 44.858gPS+0.370gFS+400ml
Sludge+0.25g VS Fish Sludge inoculum
13 Mix: 2g VS Primary Sludge+1g VS| 52.725gPS+1.459gFS+400ml|
Fish Sludge inoculum
14 Mix: 2g VS Primary Sludge+1g VS| 51.466gPS+1.561gFS+400ml
Fish Sludge inoculum
15 Mix: 2g VS Primary Sludge+1g VS | 51.478gPS+1.433gFS+400m|
Fish Sludge inoculum
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3.3.2. Batch Tests 3

AcoD of Food wastes, Fish Wastes arscondary sludge
In the batch test 3, secondary sludge from IVAR, SNJ was used in addition to food wastes and fish
sludge from Steinsvik. Food wastes were also collected from IVAR, SNJ Mekjarvik. In the first
part of the experiment, 3g VS of each of the sludge was digested and if paet 2codigestion
was carried out using the mixture (1:1 ratio) of the sludigastly, one triplicate sample was run
including the mixture of food vaes,fish sludgeand secondary sludge each consisting of (1:1:1)
ratiosas shown in the tables below

Table 3.4 Setup of Batch test 3

Reactor Numbers
Amount Actual amount added

1 Blank 400ml inoculum

2 Blank 400ml inoculum

3 Blank 400ml inoculum

4 3g VS Positive control | 3.262) starch+400ml inoculun
5 3g VS Positive control | 3.046g starch+400ml inoculun
6 3g VS Positive control | 3.001gstarch+400ml inoculun
7 3g VSSecondarnsludge | 67.125gSS+400mhoculum
8 3g VSSecondarsludge | 67.209gSS+400mhoculum
9 3g VSSecondansludge | 66.839gSS+400mhoculum
10 3g VSFood waste 136.026gFW+400nmhoculum
11 3g VSFood waste 136.772gFW+400mhoculum
12 3g VSFood waste 136.193gFW+400mhoculum
13 3g VS Fish Sludge 4.308g FS+400mhoculum
14 3g VS Fish Sludge 4.379g FS+400nmhoculum
15 3g VS Fish Sludge 4.352g FS+400nmhoculum
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Table 3.5 Setup of Batch test 3

Reactor Numbers

Amount

Actual amount added

16 Mix:1.5g Fish Sludge+1.5¢g 2.203 fish sludge+33.675¢g
Secondary Sludge SS+#00ml inoculum

17 Mix:1.5g Fish Sludge+1.5¢g 2.201g fish sludge+33.067g
Secondary Sludge SS+#00ml inoculum

18 Mix:1.5g FishSludge+1.5g 2.209 fish sludge+33.067g
Secondary Sludge SS+#00ml inoculum

19 Mix: 1.5g VS Fish Sludge+15g 2.224 fish sludge#68.175g
VS FoodWase FW+400ml inoculum

20 Mix: 1.5 VS Fish Sludge+15g 2.209y fish sludge+68.685g
VS FoodWase FW+400ml inoculum

21 Mix: 1.5 VS Fish Sludge+15g 2.194y fish sludge+68.6869g
VS FoodWase FW+400ml inoculum

22 Mix: 1g VS Secondry 1.409y fish sludge+#46.116g
Sludge+1g VS BodWaste+1g FW+22.6099SS400ml
Fish Sludge inoculum

23 Mix: 1g VS Secondry 1.408 fish sludge+45.827g
Sludge+1g VS BodWaste+1g FW+23.011gSS#00ml
Fish Sludge inoculum

24 Mix: 1g VS Secondry 1.408 fish sludge+#45.882g

Sludge+1g VS BodWaste+1g
Fish Sludge

FW+30.102 gSS400ml
inoculum
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3.3.3. Batch Test 4

AcoD of septicwastesand fish food wastes

In the 4" batch test, fish food wastes and septic sludge were collected from IVAR, SNJ Mekjarvik.

During the current experiment, in the first 6 flasks, 3g VS of fish food wastes sludge and 2g of

septic sludge were digested with positive control and blanks whereas in the lastdigestmn

was carried out using the mixture (1:1 ratio) of each ofggdadAll samples were run in parallels.
Table 3.6 set up of batch test 4

Reactor Numbers | Amount Actual amount added
1 Blank 400ml inoculum
2 Blank 400ml inoculum
3 3g positive control 3.003) starch+400ml inoculum
4 3g positive control 3.003) starch-400ml inoculum
5 29 septic wastes 76.830g septic waste400ml
inoculum
6 29 septic wastes 77.2669 septic waste400ml
inoculum
7 3g fish food wastes 5.534 g fish food waste400m|
inoculum
8 3g fish food wastes 5.534 g fish food wasteg00ml
inoculum
9 Mix:1.5g Fish food 37.422gSeptic sludge2.049gFsh
wastes+1.5g septic wastes | food wastes400ml inoculum
10 Mix:1.5g Fish food 37.422gSeptic sludge2.049gFsh
wastes+1.5g septic wastes | food wastes400mlinoculum

3.3.4. Batch Test 5

Anaerobic digestionof Industrial food wastes and fish sludge Hjelmeland
In the 4" batch test, industrial food wastes and fish sludge were collected from IVAR, SNJ

Mekjarvik. Industrial food wastes includeod wastes from restaurant, dairy wastes from Tine
dairy industry, angbulper. During the current experiment, in the first 14 flasBg VS of each of

the fish sludge from Hjelmeland, and 2g of septic sludge were digested with positive control and
blanks whereas in the last onedigestion was carried out using the mixture (1:1 ratio) of each of
puler and flash tankludges. All sarples were run in parallels.
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Table 3.7 shows the saip of batch test 5

Reactor
Numbers Amount Actual amount added
1 Blank 400ml inoculum
2 Blank 400ml inoculum
3 4g VS Positive control 4.007g starch+400ml inoculum
4 4g VSPositive control 4.001g starch+400ml inoculum
i 39 \Ase li;i';aﬁg“dge 30.342) Fish sludge
J hjelmeland400ml inoculum
5 39 \I_/l.sel':rgsegﬁgucjge 30.342 Fish sludge
J hjelmeland-400ml inoculum

39 VSFood Waste 30.258 FoodWaste
7 Restaurant Restaurant400ml inoculum

3g VSFood Waste 30.328 Food Waste
8 Restaurant Restaurart400ml inoculum
9 3g VS Flash Tank 46.384 Flash Tank400ml inoculum
10 3g VS Flash Tank 46.2879 Flash Tank400ml inoculum
11 3gVS pulper 32.42% pulper+400ml inoculum
12 3gVS pulper 32.429 pulperr+400ml inoculum

2g Tine dairy waste _64.574; Tine dairy wastes400mi
13 inoculum

2q Tine dairy waste 64.553 Tine dairy wastes400ml
14 inoculum

Mix:1.5g Flash Tank+1.§

15 pulper 23.25¢ flash tank+16¢2pulper

+400ml inoculum
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3.4. Continuous Stirred fed Reactors(CSTR):
3.4.1. Sample collection and characterization:

Collected sludge wasriginally blended byPolytron PT3000 blendeto reduceany heavier
fragmentsprior to feeding.Both sludgesamples werestoredin plastic containerafter collecting

from sources Then, transported to the | aboratory
physicochemicahnalysis and treatmerktor dilution purposes Jkalinity was maintained between
5.2g CaCQ/l by using 0.1MNaHCGQ.

34.2. Seeding Seeding of CSTR was done usingculumcollected from municipal sewage

treatment plant situated iMekjarvik. Reactor was fedvith mixed sludge (7% primary
sludger25% fish sludgehaving suspended solids52 g-TSS/L and0.45 g volatile suspended
solids (VSS) per liter. The generated biogasstudiedafter 24 tours

3.4.3.CSTR construction & Operation

FouronelL continuousstirred tank reactors (CSTRs) were operated at mesopbiliditions with

a hydraulic retention time (HRT) db days,7.5 days, 5 days and 3.75 days which wedeonce

a day throughout thexperimentThe temperature was kept23 + 1 °Cvia build-in waterbath

The reactas werestirred with a metallic stirrer powered by an electric motortinuouslywith 50
rpm. All reactos werefed with amixture of primarysludge andish sludgein a ratio of3:1, based

on theVS content of the substratdsach of thenwasfilled with 750millili ters of inoculum at the

start ofthe experiment, and initially operated at an organic loading rate (OLRY &f/d for 15
days.The ports were fitted with Tygon laboratory tubes for sludge feeding (inlet) and sludge
removal(outlet) as shown in the figure &. The laboratory tubes had fitted plastic tubing clamps
for opening and closingndreactors had rotating shaft for continuous sample mixibgiring the

tests, the biogas production was monitored continuously from eachrréaityo The bioreactors

were incubated fof5 dayswith continuous feeding dailyn thefirst week, conditioning of reactor
wasdone todetectstability of the systemsuch as gas leaking, reactor performance and inoculum
quality. The inoculum had a pH of 7.35 when the sludge mixture was introduced to the bioreactors.
During feeding proces$i¢ stopper tube connected to unit B was closed using a plastic clamp to
prevententry ofgas.Feeding was doneith a 100 ml plastic syringe through the feeding inlet. In
the first reactor, 50 ml of sample was injected, and 50 ml of sample was withdrawn in the first
bioreactor with HRT of 15 daySimilarly, in the second reactor 100of sample was injected,

and 100 ml of sample was withdrawn in the first bioreactor with HRT of 7.5 days. “Tdred3"
reactors were operated at 5days and 3.75 days respeesvahpwn in the table 3.A volumetric
cylinder wasutilized to accumulag the sludge effluent from the outlet tubhe volume in the
reactors were maintained at 750 milliliteesxdoccasionallywhen the total volumgent above

750 ml, a necessary sample volume was extracted. In CSTR, theisHiR& same aSRT.
Conductivityand pH were measured daily on the effluent samples. VFA, nitrogen, phosphorus,
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total COD were conducted several times during@8&R running time. The biogas produced was
measured by the AMPTS Il and the results were presentetheasurednline by the sftware
system used in bioprocess control.
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Figure 34 showing schematic diagram of CSTR system used

Table 3.5 showing the operational conditions in the CSTRs

Reactors Reactor Volume @ Feed (ml/d) OLR (gCOD/d) HRT/SRT(d)
(ml)

R1 750 50 2.9 15

R2 750 100 2.9 7.5

R3 750 150 2.9 5

a4 750 200 2.9 3.75
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3.5. Analytical Methods

Before performing anlysisit was madesurethat sample to be analyzed was homogenized by
shakingin orderto haveuniform particle distributionln some cases, the samples were blended
using a blendetJsually, washing and/or dilutingag prerequisitefor analysisn someanalytical
proceduresFor this purposejistilled waterwas usedIn order to characterize sludge before (the
inlet sludge)during and afterdffluent), several analytical methods werarried out In some of
thecasesthesludge samples were diluted so that the end concentrations would fit the concentration
rangesof the test kits. The end concentrations werecateulated bsed on the established sludge
characterizations. For measuremenvolatile fatty acids and alkalinifyfiltration wasnot used
because clogging was expected in this case due to larger particles and their higher concentrations
Therefore, to analyze tldssolved or soluble substances, tkatrifugation at 10000 RCF fob1
minutes using Thermo Fisher Heraus Sepatech Biofuge 17RS centrifpgevided a clear
supernatant anshowed promising result$he analytical methods used are describedlbsvys.

3.5.1. pH Measurement

pH measuremenin each reactor wasarried out immediately after collecting efflueasing
TitroLine® 5000 AutaTitrator. All pH meters were calibrated with standard solutwinguffers
with pH4.01 and 7.0@n a regular bss

3.5.2. Volatile fatty acids and alkalinity measurements

The volatile fatty acids and alkalinity measurements of the effluents were carried out during 45
days of CSTR running. Normal titrations were carried out using an automatic titsgstem
TitroLine® 5000 Autatitration (Instrumenteknikk AS, Oslo).TitroLine® 5000 system is made
of six main components: valkaver lid and display; probe; dosing unit; titration tip unit; stirrer;
and acid/base bottle. Howevanmnanual titration setip wasalsousedto validate the result§he
VFA analysis followed the-pointtitration procedure (Lahav & Loewenthal, 2000). 15 ml sample
of the respective effluent from each reactoss centrifuged using a Therntasher Heraus
Sepatech Biofuge 17RS dafuge. About 5 ml of the centrifuged sampleasdilutedto 50 ml
using deionized water and placed on a magnetic stirrer. The rotation was set & entmleto
minimize theabsorptioror loss of carbon dioxidey the solutionAdditionally, conductivityand
temperaturegneasurements weetsoconducted (4.4.1). The initial pH was recordedt titration
purposes).065M and 0.1Mhydrochloric acid (Sigm&ldrich) were prepared and used as titrant.
In manual titration, e titrant was addetirough a 50 mgjlass burette. Volume of acid addedre
read afour differentpH values approximatelground6.7, 5.9, 5.2 and 4.3. The actual volsno#
acids used at respectipél values were notedFinally, amount of alkalinity as mGaCQy/L and
VFA concentrations were calculated using foftwargprogram TITRA 5.

3.5.3. Orthophosphate and total phosphorus measurements
At the end of the experiment in CSTR reactors, nitrogen and phosphorous removal were studied.
During this study, the hpsplate test kits from Merck Spectroguant were used to perform
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orthophosphate and totahosphorus measuremeiis the sludge samples. A measuring range of
0.055.00 mg/l PO4P was used.During the following procedure, thetbophosphate ions in a
sulphuric slution will react with molybdateons to form molybdophosphoric acidlso, the
ascorbic acidpresentin the cell will reduce this tgohosphomolybdenum blue that can be
determined photometrically. As this test only measarég®phostphate, the sludge sdesshould
havebeen decomposed by digestion befose can measuréhe total phosphorus concentrason
(moreinformation can be found in the Merck Spectroquastruction manugl As statedin the
Merck Spectroquant instruction manual, digestion for the determination of total phosplasrus
done by pipetting 5nl of diluted sludge sample into a reaction cell and adding 1 dose of the
included reagent-BK. Afterwards, he reaction cell was &m heated at 120 °C for B@inutes in a
Merck TR 620 thermoreactorhencoolingit to room temperature, 5 dropsrefigent 2K and 1
dose of reagent-BK was added and the cell was shaken vigorouslyc€&hevas left to stand for

5 minutes andoncentréon of PQs-P was determined using a Mer8pectroquant Pharo 300
spectrophotometeFor determination of orthophosphate, thigestion step was excluded

3.5.4. Ammonium and total nitrogen measurements

In order to measure ammonium and tatié#logen in the effluent at steady state, ammonium and
total nitrogen test kits from Merck Spectroquant were usegheasuringange of 4.680.0 mg/I
NHs-N were used asused for ammonium testing, and two differer@asuring ranges were used
for total nitogen testing: 0-85.0 mg/l and 1450 mg/l. During this process, inside the
thermoreactor, organic and inorganic nitrogen compowegdsconvertedo nitratein the presence

of an oxidizing agent. This nitrate reacts with -Bifethylphenol to form -itro-2,6-
dimethylphenol which can bmeasuredohotometrically todeterminethe total nitrogervalue
(additionalinformation can be found in the Merck Spectroquant instruction manAsiwritten

in the Merck Spectroquant instruction manual, 10 ml of diluted sample was pipéitad empty
cell. Thenl level of reagent NLK was added and the cell widmroughlymixed. After mixing, 6
drops of reagent 2K wereadded and the cell was mixadain The prepared cell waseatedat

120 °C in a thermoreactor for 1 houiter cooling,1 ml of sample wasransferredfrom the
digested, sample and pipetted into a reaction Adb, 1 ml of reagent NBK was added antthe

cell contents were mixed. The oti@n cellcouldstand for 10 minutes and thereasuredy Merck
Spectroquant Pharo 300 spectrophotometer.

Ammonium nitrogerusuallyexists bothas ammonium and as ammonia. Ammonium nitrogen is
presenalmostentirelyas ammonian the highlyalkaline envionment. This ammonia reacts with
hypochlorite ions and forms monochloramine. Monochloramine reacts with substituted fohenol
form a derivative indophenol that is blue in color and can be determined photometrically to
establish the ammonium valu&urther information can be found in the Merck Spectroquant
instruction manugl As staed in the Merck Spectroquant instruction manual, @1 @f diluted
sample was pipetted into a reaction cell and mixed. To the diluted sample, aciddedsuntilt
reachedhepH of below®6. It was done to avoid thess of nitrogen itheform of NHz gas. After
mixing,adose of reagent NHLK was added and the reaction cell whaken vigorously. The cell
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was left to stand for 15 minutes and then measured in a Mepectroquant Pharo 300
spectrophotometeiastly, anmonia concentrations were calculated based on the determined
ammonium concentratiored the pH (Equation 1).

35.5. Error and accuracy analysis

The WTW Multi 340i,wasused for pH and conductivity measments, provided the following
instrument specifications: pH accuracy0.01 pH, £1 mV. Conductivity accuraey1% ofvalue.

The pH accuracy valuganalsobe applicable for VFA measurements.addition, he AMPTS |l
COp-absorbing Unit (unit B) had measured absorption efficiency of >98#e Gas Volume
Measuring Device (unit C) had a measured accuracy of 5% (relative acet@gynd a precision

of 1% (coefficient of variation) (Bioprocess control, u.dchr measuring COD, nitrogen and
phosphatesthe cell test kits from Merck Spectroquant provided analytical quality assurance in
theirinstruction manualas shown in the table below (jenny, 2018).

Table 38 showing error and accuracy analysis of methods used

Cell Test Measuring Range = Unit Standard Accuracy of
deviation of the measurement
method value

CcC® 50-500 Mg/l COD +2.0 max +13

COD 500-10000 Mg/l COD +31.3 max 143

Phosphate 0.055.00 Mg/l PQ-P +0.024 max +0.08

Ammonium 4.0-80 Mg/l NH-N +0.49 max 1.9

Nitrogen(total) 10-150 Mg/l N +1.1 max +5

Nitrogen(total) 0.515 Mg/l N +0.14 max 0.6

3.5.7.Analysis of Sludges:

The total solids (TS), volatile solids (VS), and chemical oxygen demand (COD) are definitive
analysis. TS is theotal of dissolved solids and suspended solids. TS and COD are important to
assess anaerobic process efficiency. TS, VS and COD were calaudatgdstandard methods
statedbelow. All the measurements were taken in triplicates and standard error was calculated
using the formula
fir o2 ~x-3.0AT AROEAOGET I

30AT APOAS i

Where n=number of replicateStandard error was calculated instead of standasidten

because three independent measurements were made in each case.
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ANALYSIS 1. DETERMINATION OF TOTA L COD (TCOD) OF SLUDGESBY

COLORIMETRIC CLOSED REFLUX METHOD

29 of Fish sludge andthersludges was taken anéach of thendiluted 100,200, 400times To

make sure sludge sample to be analyzed is homogenized shaking was used, or preferably a
homogenizer to make sure enough particle and solids distribution was achieved. Using a volumetric
pipette, 2 ml of diluted homogenized sludge samysadded to a COD vial, and immediately
covered and the vial became Hatthis study, COD test kits were used to carry out the wastewater
analysis. These kitsavedigestion and catalyst solutions that, undemagecdconditions, react

with wastewater saples to be measured. The COD tests kits used were Merck Spectroquant®
which were 100 and 1500 mg/lI of COD concentration raimpe.sample was digested in thermo
reactor(Model TR 620)at 148°C fortwo hours using fume hood. Afterwards, COD vial was
remowed from reactor andllowed tocool in metal test tube rack until room temperature. Tube was
swirled a couple of times during cooling. Upon reaching room temperature, test tube was placed in
spectrometer cell compartmegi@pectroquant Pharo 30@nd markwas aligned with orientation

mark, thusCOD was noted. Reading is equivalentt@OD. COD vial was placed in prescribed
container (do not empty content as the reagents contain strong acids and may include Hg).

ANALYSIS 2: DETERMINATION OF TOTA L SOLIDS (TS)AND TOTAL VOLATILE SOLIDS

(TVS) BY EVAPORATION , COMBUSTION AND WEIG HING

This measurement method was conducted based on the standard method for characterization of
wastewater (SM 2540 B, C and E) (Clesceri, Greenberg, & Eaton, TB88)evaporating dish
(porcelain dish) was preombusted (prégnited) and cooled in desiccator (prepared already) using
gloves.The homogenized samples of each sludge were taken ingtgsd to have good precision.

The tara weight of evaporation dish was weighed on an analytical balance (0.1 mg resolution) and
notedasmgishn. 25 50g of digestate was weighed out in
Wsample GlOves were used, amuktra care was taken to avoid touching the dishie@s. evaporation

dish was placed ithe evaporatingvenTermaks 9000 laboratory drying ovah9597°C and left

to evaporate overnight. The evaporated residual was dried for 1 h-40%03. Dish was cded

in desiccator to room temperature. Evaporating dish and residual were weighed on analytical
balance. Weight was noted and cooled for another 15 minutes in desiccator. Measurements were
repeated to check that (dish + residual) has constant weight.sB&hpfe was calculated as

SN 6
Q W

After that porcelain dish was placedNiaberthermmuffle ovenand sample was combusted for 20
30 min and dish was cooled for a short time in air before transfestocdeor (until temperature
has cooled to the drying temperature; approximate). TVS of sample was calculated as
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Finally, fixed solids residual was removed, and porcelash dvas soaked in soayater
(Kommedal, R., 2017)
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4. Results

Sludge for sample inoculation in all experimentye collected fromdVAR, SNJ and subjected to
biogas potential testing using AMPTS instrument. The results phividgd into 2 sections. In the
first part, dfferent substratedjiowaste together witfish waste, potato starcmunicipalprimary
and secondary sludges well as their mixtures in different ratios wéssted In the second part,
co-digestion of primay sewage sludge and fish sludge from Steinsvik werdigested in CSTR
using the same but measuring system was modified for CSTR operation.

4.1.Initial characterization of sludges

Tables4.1 shows the initial substrate characterization. The total solids (TS), volatile solids (VS),
and chemical oxygen demand (COmgrestandardanalysis.The COD/VS ratio was determined,

which isspecific COD and isypically reliablewith the characteristics dhe given substrate or
sludge. But determination of COD for the solid heterogenous sludge was quite difficult and open
to uncertainty. Therefore COD/VS ratio found for some of the sludges were different than expected.
For example, secondary sludge fromAR has 1.95COD/gVS that is quite higher than normally
expected. Similarly, fish sludge from Fister Hjelmeland had @&MYgVS that was lower than
normally expected for fish sludge. Apart from these ressfiscific COD ratio determined for

other sludges was within typical ranges reported for these sludges. Highest ratio was obtained for
food wastes (@O./gVS) thatcould beexplained by the fact that food wastes contaore energy
contentthan primary, secondary and fish sludges. These sludges used to have higher content of
fiber and due to its less degradability, are not contributing to the specific COD measurement of the
substrate. Moreover, if we compare the VS/TS content in the given sample, all types of food wastes
(food wastes, fish food wastes. Food waste restaurant had higher percentage of VS/TS ratio as
compared to fish sludge and secondary sewage siinbgengthehigher amount of organic matter
present in the food wastes than their percentages in sludges. Also, food wastes tend to have higher
amount of lipidsand other biopolymengresent indicating the more VS content because lipids had
higherspecificCOD (1.86COD/gVS) content as compared to other biomolecules. Flash tank is
the pulperwastes that had beehermally hydrolyzedas a prereatment as a resulfraction of
biodegradabléCOD increasedIt might be the reason flash tank has slightly specific COD than
pulper.
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Table 4.1 showing initial characterization of sludges

Sludge Type st VS8 cobD VSITS COD/VS
(g/kg) (%) g/g

Primary sludge IVAR
(batch tests) 450t0.01 3.95%0.04 62+2 87 1.54
Primary sludge IVAR
(CSTR) 3.68t0.02 3.42+0.03 4743 93 1.36
Secondary Sludge IVAR - o oci0 02 4.6:0.02 9082 81 1.95
Fish Sludge (Steinsvik) - o1 3107 72301002 9955 79 138
ST SR (R 10.16:0.02 9.94t156 6143 08 0.61
hjelmeland)
Food wastes

2.240.01 2+1 40+4 91 2
Mixed Sludge
CSTR 5.15:0.02 4.45+0.04 58+3 86 1.30
Food Waste Restaurant 10.25:0.03 9.94:0.02 148+2 97 1.49
(FWR)
Flash tank

7.41+0.02 6.45t0.01 120+1 87 1.86
Pulper

11.42+0.04 9.2740.03 164+1 81 1.77
Fish foodwastes

62.40.05 56+1 928+1 90 1.65
Septic wastes g7

3.0£0.1 2.6£0.1 4642 1.77
Tine dairy wastes

3.4+0.2 3.1+0.1 31+3 91 0.99

4.2 Batch Tess1 and 2:
AD and CeADof Fish Sludge and primary sewage sludge:



The aim of this experiment was to determinegbtential forbiogas production in mordigestion

and cadigestion processder fish and primary sludge&ish sludgesnd theprimary municipal

solid wastes from MAR, SNJwere monedigestedandco-digestedat a loading rate ratio of 1:0,
0:1, 1:1,1:3 respectivelyAdditionally, blank samples and positive controls using 2 g starch were
also run in triplicates.

AD and ceAD of primary sludge with fish sludge
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Figure 4.1 shows the total methanproduction for primary sludge together with fish sludge

Eachcurvecorrespondso the average of three parallels of the specific substratefiguresshow
theaveragdotal methane productidor each samplmeaninghe methane producedtimeblanks

has not been subtracteds indicated in the figuret.l, the primary sludge has the highest
production of methangergVs of the substrat@hen compared with the other medigested and
co-digested samplesvhile fish wastes lower the methane praitut when cedigested with
primary sludge having same amount of M&is is because primary sludge has higher COD/VS
ratio and in mixed samples also, higher ratio of primary sludge in (3:1 PS+FS) is producing more
methane than 1:1 PS+FS.

Also, further analsis of primary sludge and fish sludge (Steinsvik) were carried out at local
laboratory Eurofins and proteinsarbohydrateand lipids were estimated as shown in the tédlile
below.

46



Table 4.2 shows initial analysis of primary sludge and fi&idge from Steinsvik

tSyIFl)J:ge NHs-N Total Nitrogen Proteins Carbohydrates | pH lipids
Fish sludge 8.6gNH./g
(Steinsvik) | VS 61gN /g VS 318g/gVS  526g/g VS 5.1 121 g/lg VS
Primary

uage -Uog /g g/9 g/9 . a/lg
slud A8gNHAG 54 059/9vs  109g/gVS  506g g VS 5.4 175 gllg VS
(IVAR)  V°

1400 AD and Caligestion of fish sludge and primary sludge

1200
T T I I,I:I:I:I I
T TI—'T"' ' -
1000 TR T
— L&
§ q
© 800 TLT:T:T_I I I I—| —e— Mean 2gVS fish sludge
E gl
% —0— Mean(1.5gFS+1.5gPS)
% 600 Mean mix(0.25gVSFS+1.75gVSF
(@) Mean MIx(1g VSFS+2gVSPS)
400 —8— Mean3gVs fish sludge
200 —8— Mean 2gVSPositiveControl
0
0 5 10 15 20 25 30

days

Figure 4.2 showing Ghproduction by fish sludge and edigestion

| t dear from the figure 4.2 that abgested samples of fish sludge and primary sludges are
producing higher methane as compared to that produced by sole fish sludge samples with same VS
content.This is clear from the table 4.1 that fish sludge has low@DAV'S ratio.

Rate of Reaction:

The flowrate of the methane production (Figure 3) in batch test 1.0 is the methane production

rate given in ml/d. All series, except the blank, experienced a decrease in the flowrate after 3 days.
The series with thhighest loading (3g VS) of primary sludge showed the highest production rate
while lowest rate was found for 2g fish sludge. The test was terminated at day 21 when the methane
production of all series entered a methane production phase like that ofrtkie bla
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—&— mean blank
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400 pA
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days

Figure 4.3 showing the average daily flow rate of methane in batch test 1

4.3.Batch Test3:

AD and CeADof Fish Sludgefood wastesand secondary sewage

sludge:

Afterwards, the nexéxperiment wagperformedto determine thefficiency ofbiogas production

in monadigestion and caligestion processder fish wastes, food wastes and secondary sewage
sludges Secondary sewage sludge is referred to as bio sludge as shown in the figure 3. Fish
sludges, food wastemnd theseconary municipal solidwastes from IVAR, SNJweret.4monc
digestedandco-digestedat a loading rate ratio of 1:0, 0:1, 1111, 1:1:1respectivelyin the 3rd

batch test

Rate of reaction: The flowrate of the methane production (Figure 4.5) in batch testi8ei
methane production rate given in ml/d. All series experienced a decrease in the flowrate after 3
days. The series with the highest loading (3g VS) of mixed sludge (1gfood wastes+1g biosludge+1g
fish sludge) showed the highest production rate whilesd rate was found for 3g bio sludge. The

test was terminated after 25 days when the methane production of all series entered a methane
production phase like that of the blank.
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Figure 4.4 shows methane production by AD of food wastes, bio sludgefishdsludge
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—&— mean blank Flow [Nml/day]
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—— mean positive control Flow [Nml/day]
700 —A—mean biowaste Flow [Nml/day]
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Figure 4.5 shows the reaction rate in AD of food wastes, biowastes and fish sludge

Estimation of hydrolysis constant(k):

Results from BMP testwereused tadfind further dataon the given substrate like the hydrolysis
ratesincethe hydrolysis is limiting the anaerobdigestionprocessthe results obtained are given
in the tablet.3. By using the first part of the experimental cueadefor the determination of the
total methane produain of agiven substrate (e.g., theitial five days ofmethane production
curves, thehydrolysisconstant k (day?) for first order hydrolysis modetas defined
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Q0 2
where, S is the biodegradable substrate, t the time ratite Kirstorder hydrolysis constanBy
separahg and integrahg the variableand consideringthe relation between the biodegradable
substrate anthe methan@roduced it can be written as

.0 0 s
a 8—6 Qo
Where B is theamountof ultimate methane producti@and where Bis the methane produced at
a given time, tThenthe first order hydrolysis constafkn) wasobtained fromthe slope of the
linear curve obtained his constants distinctiveof a given substrate and giviesowledgeabout
the timeexpectedo producea given ratio of the ultimate methane potentMaceet al 2003.
The example of this model application for food wastes is shown in the fidubdélow.

0 é... 2 3 4 5

—~ e
o O,

2 ..... .....
) y =-0.7037X #0437
= 3 R? = 0.9952

-4 . .

Axis Title
® In(B -Bt/B )  ceceeeees Linear (In(B -Bt/B ))

Figure4.5b showing the 1st order model f&k calculationfor food wastes

Biomethane potential of substrates

Methane vyielddescribesmetabolic activity in a anaerobicsystem and can bdetermined
according to following equation:

OcHa ") T(;6 $\|mLCH4:gVSsubstrat}

where Ychais methane yieldVcha is theaccumulatedolume of methane (NmLproduced and
VS is thegrams ofvolatile solids in the substrate added to the reactorsT{g. biomethane
potential yield in terms oMLCH4/gVS, mICH/gCOD and gCOD/gCODRlvere determined as
shown in the table 2. The background methane production from the inochtamed fronblank
tess (whereno substratevas added)wasdeductedrom the methane production obtained in the
original substrate assays. The blardstswere carried out in triplicateas well for statistical
importance
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Table 4.3 showing yield in terms of mL CH4/gVS, ml CH4/gCOD and yield in terms of gCOD/gCOD

Sludge Type BMP (mL Hydrolysis
BMP (mL CHgVS) CH/GCOD) BMP (gCOD/gCOD) fonstant(k]) day

Positive control 2592 21742 0.62+0.00 0.83

Primary sludge 414415 245+2 0.70+0.01 0.73

Fish sludg€Steinsvik) 318+1 207+1 0.59+0.03 0.64
. orlrri

Mix S0%(primary 3539 21443 0.61:0.06 0.7

sludge+ fish sludge)

Mix 75% (primary

sludge+25% fish 3865 231+4 0.66+0.01 0.71

sludge)

Positive control 351+10 295+4 0.84t0.01 0.7

Secondary sludge 267+6 13742 0.39t0.04 0.57

Food wastes 40445 202+1 0.58t0.03 0.7

Fish sludge 286t2 204 0.59+0.01 0.63

Mix 50%(Fish

Sludge+ Secondary | 390t1 234+1 0.670.00 0.60

Sludge)

Mix 50%(Fish

Sludge+ Food 4563 2703 0.770.05 0.7

wastes)

Mix: 33.3%

(Secondary Sludge+

Food Waste+ Fish 550+2 311+1 0.89t0.04 0.66

Sludge)

4.4.Batch Test4:

AD and Co-AD of Fish food wastesand septicsludge:

In the batch test 4, fish food wastmsd thesepticwastes from IVAR, SNJwere monedigested
andco-digestedat a loading rate ratio of 1:0, 0:1, 1Additionally, blank samples and&tarch
samples were also run in duplicat€ébe experiment was ruat similar conditions as the first two
batch tests.
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Figure 4.6 shows methane production by AD of fish food wastes and septic sludge

Fish food wastes and septic sludge héatger particle size and they should havetpeated. So many of

the flasks stop producing biogas after few days and it was possible to measure biogas for only one of the
parallels for each of the sludge type. Nevertheless, if we compare the ultimasmenptibduction of
different wastes, fish food wastasd septic wastdsad highest methane production while mixtafédoth

sludges has lower productiorilhe septic was taken as 2g VS while food wastes were take last the

BMP/g VS were almost same 3&l/gVS= fish food wastes and septic wastes=450ml/gVS respectively.
Rate of reaction:

The flowrate of the methane productigimen in mi/d (Figure 6) in batch test 4 showed the different
results than ultimate methane production ratas is because different VS amounts were taken.
The test was terminated after 23 days when the methane production of all series entered a methane
production phase like that of the blank.
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Figure 4.7 shows the flow rate of methane for AD of fifslod, septic waste and their mixture

Table4.4 showing yield in terms of mL GHVS, ml CWlgCOD and yield in terms of gCOD/gCOD

Sludge Type BMP (mL
CH/gVS)

Positive control 275

Fish food wastes 440

Septic wastes 448

Mix: 50% (fish food 352
wastes+ septic wastes

Paositive control 285
Fish sludgedielmeland 116

Food wasterestaurant 121

Tine dairy wastes 660
Pulper 442
Flash tank 375
Mix: 50% (flash 434

tank+biopulver)

BMP (mL
CH/gCOD)

231
267
253
206
242
190
81

667
227
202

240

BMP
(gCOD/gCOD)

0.66
0.76
0.72
0.65
0.7

0.54
0.23
1.9

0.65
0.6

0.7

Hydrolysis
constant(k,)
day?
1.097
0.74

0.67

0.84

0.92

0.71

0.78

0.75

0.93

1.02

0.89
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4 5. Batch Test5:

AD of restaurant food wastes pulper, flash tank, Tine dairy wastesand fish sludge
Hjelmeland

In the batch tesh, restaurant food wastes, pulper, flash tank, Tine dairy wastefsingdludge
Hjelmelandwere anaerobically treated in biomethane potential tasts, blank samples angp
starch samples were also run in duplicaldge experiment was rugt similar conditions as the

previousbatch testsCo-digestion was carried out with only pulper and flash tank wastes (1:1) as
shown in the figure 4.8.

2500

N
o
o
o

—@— mean blank

o
o

—8— mean 49 VS starch
mean 3g VS FS hjelmelan

mean 3g VS FWR

npethang voluighe
o
o

—@— mean3g VS pulper

—@— mean 2g VS Marierier

25 _@—3g VSFT Volume [Nmi]

Days —&— mix (1.5gVSFT+1.5gVSBF
Volume [Nml]

Figure 4.8 shows the total methane production fodifferent sludgesin batch test 5

1200 —8—Dblank Flow [Nml/day]
1000 —@—mean 4g VSstarch Flow
[Nml/day]
mean 3g VSFS hjelmeland Floy
800 [Nml/day]
o mean 3g VS FWR Flow
%oo [Nml/day]
> —8—3g VSFT Flow [Nml/day]
c
§Loo —@—mean 3gVSpulper Flow
& [Nml/day]
= —8—mean2g VS Tine dairy
200

[Nml/day]
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Days

Figure 4.9 shows the total methane productiorior different sludgesin batch test 5
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4.5. Effectsof co-digestion on BMP yield

In thepresentesearchanaerobic digestion alifferent organic substrates and their mixtures were
carried out. The results obtained from batch tests are summarized in the figQurelle
biomethane potentiabf the co-digesed mixtures arecalculatedfrom the yield of the single
substrateshy consiering the VS of each substrateCo-digestion ofdifferent substratesare
supposd to caussynergistic orantagonistic effects. The synergissrthe enhanced biogggeld

for blendedsamplesover theaverage othe sole substratesSimilarly, indication of antagonisrar
competitive interactioms by reduceanethane yield in the edigestion samplei$ contrasted with

thar individual substrate8ut it 6s not al wlatiesolids arenotadhe sltenate e ¢ a u ¢
parametersandit could ke due tovariableCODin the sludge sampldgcause COD isontrolling

the outcome of anaerobic digestidine samples with reduced methane potential could be due to
higher unbiodegradable COD.

Bio sludge fish sludge Food flah tank Septic primary  fish