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ABSTRACT

Evaluation of a disintegration technique for increaed biogas production from excess
activated sludge
Anna Akerlund

Stockholm Water is participating in the project @asmax. The main goal for the project is to
decrease the use of fossil fuels for transporturope by increasing the use and production
of biogas. As a part of the work within the projeStockholm Water evaluated a technique
for disintegration of excess activated sludge (EASHenriksdal wastewater treatment plant
(WWTP). The disintegration principle was mechanwéh rotating knifes connected to an
EAS thickening centrifuge.

With this technique, Stockholm Water was hoping tie pumpability of the EAS would
improve. The centrifuges for dewatering of EAS cotllen be optimized and the total sludge
flow to the digesters would consequently be redugegkduction of the sludge volume would
allow the WWTP to increase the biogas productidthee by taking in external organic
material or allow the organic material to a higliegree be degraded by increasing the
hydraulic retention time. Also, the organic matenaght due to the disintegration become
more easily degradable leading to an increasedfgpe®thane production from EAS in the
digesters at Henriksdal.

The aim of this Master thesis was to evaluate thmteégrating centrifuge by its benefits and
disadvantages. The rate of sludge disintegrati@htha effect in specific methane potential
and viscosity for EAS were determined. Finally, anergy balance was performed to
illustrate the benefits and disadvantages withtiélbnique applied at Henriksdal WWTP.

The results showed that the disintegration ratexfoentrifuge equipped with a disintegrating
device, at Henriksdal WWTP, in average was 1.6 fdhfickened EAS with TS contents of 6-
7 %. The rate of sludge disintegration by the c¢rge itself was in average 0.4 %. The
disintegration device showed to have a positiveafbn the viscosity and the pumpability for
EAS. If optimizing the centrifuges, the total sladfiow (EAS, primary sludge and external
organic material) to the digesters was calculatedeé reduced by 5 %. Furthermore, the
results showed that there was no increase in teeifspmethane potential for disintegrated
EAS, but that the degradation rate for EAS was sdmaé affected. However, in the case of a
full-scale application of the technique at HenriksSd/WTP, the biogas production from EAS
in the digesters was considered to only marginbly affected. Despite that, the energy
balance showed that the possible energy outputsawsing the disintegration method at
Henriksdal WWTP were higher than the energy inpreded. This was because the decrease
in the need of heating sludge was larger than kkeease in energy consumption for the
centrifuges.

Key words: excess activated sludge, disintegration, biogadymtion, specific methane
production, viscosity
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SAMMANFATTNING

Utvardering av teknik for disintegration av 6verskattslam fér 6kad biogasproduktion
Anna Akerlund

Stockholm Vatten deltar i projektet Biogasmax vdmsvudsakliga mal ar att minska
anvandningen av fossilt bransle for transportemuropa genom att 6ka anvandningen och
produktionen av biogas. Som ett led i arbetet ipoajektet utvarderade Stockholm Vatten en
teknik for disintegrering av overskottslam vid Hi&edals reningsverk. Principen for
behandlingen var mekanisk med knivar som roteragelé @m centrifug for slamavvattning och
sonderdelade det fortjockade dverskottslammet.

Med denna teknik hade Stockholm Vatten bland afiréioppningen att pumpbarheten av
overskottslammet skulle forbattras. En forbattradnpbarhet skulle medféra en optimering
av slamavvattningen och darmed skulle det totalgnvslamflédet till rétkamrarna kunna
minska. Detta skulle 6ppna upp for mojligheter satthdka kapaciteten for behandling av
externt organiskt material i rétkammarna ellerfattinga den hydrauliska uppehallstiden for
en Okad metanproduktion. Eftersom oOverskottslameventuellt skulle komma att bli mer
lattnedbrytbart tack vare behandlingen, forvanta@lesn en acceleration av nedbrytningen
samt en Okning av den specifika metanproduktiorrén Bverskottslam i rotkamrarna pa
Henriksdal.

Syftet med examensarbetet var att utvardera demelkttekniken med avseende pa dess
fordelar och nackdelar. Graden av sonderdelning affekten pa den specifika
metanpotentialen och viskositeten for overskottslamlerstktes. Slutligen berdknades en
energibalans for att belysa metodens for- och neleakdom den skulle appliceras pa
Henriksdals reningsverk.

Resultaten visade att graden av disintegratiorefbcentrifug utrustad med disintegrerande
knivar i medel var 1,6 % for fortjockat dverskodtsi fran Henriksdals reningsverk med
torrsubstanshalter mellan 6-7 procent. Graden &intégration fran en centrifug utan
disintegreringsutrustning var i medel 0,4 %. Belliagén hade en positiv inverkan pa
viskositeten och pumpbarheten for 6verskottslam@etb. centrifugerna for slamavvattning
optimeras till foljd av detta skulle det totala reféddet (6verskottslam, primérslam och
externt organiskt material) till rotkamrarna kunealuceras med 5 procent. Det behandlade
overskottslammet visade ingen Okning i specifik anpbtential, dock paverkades
nedbrytningshastigheten av Overskottslammet nagfiekten pa biogasproduktionen fran
slammet i rétkamrarna vid Henriksdals reningsveeddmdes bli marginell ifall den testade
tekniken skulle anvandas i full skala. Den framtagmergibalansen visade att de mdjliga
vinsterna i energi som kan erhadllas om teknikenliegnas pa Henriksdals reningsverk ar
storre an den energi som behoéver séttas till eftersarmebehovet minskar mer an vad
elanvandningen okar.

Nyckelord: 6verskottslam, disintegration, biogasproduktigecdsfik metanpotential,
viskositet
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POPULARVETENSKAPLIG SAMMANFATTNING

Utvardering av teknik for disintegration av 6verskattslam fér 6kad biogasproduktion
Anna Akerlund

Stockholm Vatten deltar i projektet Biogasmax vdmsvudsakliga mal ar att minska
anvandningen av fossilt bransle for transportemuropa genom att 6ka anvandningen och
produktionen av biogas. Som ett led i arbetet ipoajektet utvarderade Stockholm Vatten en
teknik for sonderdelning av oOverskottslam vid Hksdals reningsverk. Principen for
behandlingen var mekanisk med knivar som roteragelé @m centrifug for slamavvattning och
sonderdelade det fortjockade dverskottslammet.

Reningsprocessen vid Henriksdals reningsverk bestatre steg. Dessa steg utgors av
mekanisk, kemisk och biologisk rening. Det mekaaiskningssteget tar bort fasta partiklar
fran avloppsvattnet genom galler och sandfang.sliéfat anvands som fallningskemikalie i

det kemiska steget och renar framst vattnet fréafoftoreningar. Fallningen som bildas

sedimeterar till botten i en sa kallad forsedimengsbassang tillsammans med annat 10st
material som hinner sedimentera. Dekantet franefbinsenteringen leds sedan in till den

biologiska reningssteget dar mikroorganismer rea#inet fran organiskt material och kvéave.

Mikroorganismerna tillvaxer, samlas till klumparhobildar ett sa kallat aktivt slam som

sedan sedimenterar till botten i en efterfoljandssang. Innan vattnet fran det biologiska
reningssteget slapps ut i miljon passerar det gegtdfiiter av keramiskt grus och sand.

Slammet som bildas i férsedimenteringen kallas @rgtam. Det mesta av det aktiva slammet
fran sedimenteringsbassangen aterfors till debbiska reningssteget for att behalla en hdg
halt av mikroorganismer i basséangen. Det som ar d&allas Gverskottslam och avvattnas i
centrifuger innan det pumpas till rétkamrarna aitftenans med primarslammet. | rétkamrarna
bearbetas det inkommande blandslammet i en syndfii av mikroorganismer som omsatter

det organiska materialet i slammet till biogas.6tkamrarna vid Henriksdals reningsverk

behandlas aven en del organiskt avfall som tastifrém. Hur stor andel av det organiska

materialet i slammet som bryts ner i rotkammarenoh@a processparametrar som till

exempel processtemperatur och karaktaren av inkomenslam. Eftersom dverskottslammet
till stor del bestar av mikroorganismer ar dettarskelativt svarnedbrytbart.

Flertalet tekniker for sénderdelning av 6verskattslihar utvecklats for att géra dverskott-
slammet mer lattillgangligt for mikroorganismernadtkammaren, som i en syrefri miljo
bryter ned slammet. P& sa séatt kan biogasproduktidnan Overskottslammet 6ka och
mangden slam som avfallsprodukt minskar. For nanade finns mekaniska, termiska,
kemiska, biologiska eller kombinerade metoder @itderdelning av 6verskottslam.

Med en mekanisk utrustning fér sénderdelning awskattslam kopplad till centrifugerna for

slamavvattning hade Stockholm Vatten bland anndiofipningen att pumpbarheten for det
fortjockade overskottslammet skulle forbattras. rigfeeter med att pumpa slammet har
tidigare satt granser for till vilken grad slamntetr kunnat fortjockas. Om pumbarheten
forbattras, kan centrifugerna for slamavvattningiropras och det totala slamflodet till

rotkamrarna minskas. | och med detta frigérs volyritkamrarna som till exempel skulle

kunna anvandas till att behandla en storre mangdrmxorganiskt avfall for att oka

produktionen av biogas. Eftersom oOverskottslammeintiellt skulle komma att bli mer

lattnedbrytbart tack vare behandlingen, férvanta@leen en 6kning av biogasproduktionen
fran det behandlade 6verskottslammet i rétkamraichédenriksdals reningsverk.

vV



Syftet med examensarbetet var att utvardera demelkttekniken med avseende pa dess
fordelar och nackdelar. Effekten pa pumpbarhet dibgasproduktion for behandlat
overskottslam undersoktes saledes. En energibalardknades darefter fram for att belysa
metodens for- och nackdelar om den skulle applicpéaHenriksdals reningsverk.

Resultaten visade att behandlingen hade en pasiterkan pa pumpbarheten for éverskott-
slam. Om centrifugerna fér avvattning av Overshatts optimeras som en foljd av detta
skulle det totala slamflodet till rétkamrarna kumealuceras med 5 % och volym frigoras i
rotkamrarna. Vinster i form av 6kad biogasprodukiiulle saledes kunna erhallas genom att
en 0kad méangd externt organiskt avfall kan behandtatkamrarna. Resultaten visade dock
aven att behandlingen endast marginellt skulle kurika biogasproduktionen fran
overskottslam i rétkamrarna vid Henriksdals renuggk. Den berdknade energibalansen
visade anda att de mojliga vinsterna i energi s@m &rhallas om tekniken appliceras pa
Henriksdals reningsverk ar storre an den energilsemdver sattas till.



GLOSSARY

Batch digestion test

Colloidal fraction of EAS

Decanter centrifuge

Degree of separation of suspended solids

Differential speed

Disintegration
Dissolved fraction of EAS

Activated sludge

Extracellular polymeric substances

Hydraulic retention time

Hydrolysis

Vi

substrate is added at thedftauch a
test and the gas production from the
substrate is followed over time. A batch
test can give the specific gas potential
for a substrate

particles between Oattd 4.4 um

a centrifuge separating sdtata
liquids by the principle of gravitational
settling, but the process is accelerated
by centrifugal forces

the defespended solids
separated from the liquid phase by for
example a decanter centrifuge

the difference in speed betwiben
inner scroll conveyer, which transports
the solids trough the centrifuge, and the
speed of the drum. Consequently, the
differential speed determines the
residence time for the solids in the
centrifuge and therefore also the degree
of sludge dewatering

split up/solubilisation
particles less tharbQun

the biomass of microorganism$ién
biological treatment

substancesadgtsecreted by bacteria
and organic and inorganic debris from
the sewage sludge

the average length of tiimethe
digester reactor volume to be fully
exchanged, i.e. the average length of
time that the sludge remains in the
digester

the first step in the biogas process chain
where complex substrates are broken
down to more simple substrates by the
action of different extracellular

enzymes



Inoculum

Laminar flow

Lysis

Normal cubic meter

Primary sludge

Reference centrifuge

Sludge age

Specific gas production

Turbulent flow

Volatile solids

digested sludge containing bacterial
culture for anaerobic digestion

when a fluid flows in parallel layers.
Also known as streamline flow

death of a cell by breaking the cellular
membrane

unit for a gas volume a0and
atmospheric pressure

precipitation from the primary
sedimentation tanks

centrifuge without disinteigiatevice
for comparison

the average length of time that a sludge
particle remains in the bio tanks

gas production in relatmone mass
unit of the substrate

random flow, the opposite of laminar
flow, often at high velocity flow

organic material

LIST OF ABBREVIATIONS

COD
DOC
DR
DRcol
EAS
EPS
JTI
Nm®
NT
RW
SGP
SS
TD
TOC
TR
TS
VS
WWTP

chemical oxygen demand

dissolved organic content

disintegration rate

colloidal disintegration rate

excess activated sludge

extracellular polymeric substances

Swedish Institute for Agricultural and Enviraental Engineering
Normal cubic meter

non-thickened excess activated sludge

reject water

specific gas production

suspended solids

thickened disintegrated excess activated sludge
total organic content

thickened reference excess activated sludge
total solids

volatile solids

waste water treatment plant

VI
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1. INTRODUCTION

1.1. BACKGROUND

Stockholm Water is participating in the project asmax, partly financed by EU, which is

run by seven city regions in Europe; Lille, StockhpGothenburg, Rome, Berne, Torun and
Zielona Gora. The main goal of the project is tordase the use of fossil fuels for transports
in Europe by an increase in the production anduteeof biogas. In Stockholm, the demand
of bio methane as a fuel is increasing and thelgugpgas has become a limiting factor. The
Biogasmax project aims at minimising problem cated to a limited gas supply by giving

opportunities for an increased production of bialhmaee and by expanding the numbers of
gas filling stations (Biogasmax, 2008). In this jpod, one role for Stockholm Water is to

develop strategies for an increased biogas pramucit the Stockholm Water wastewater
treatment plant (WWTP) in Henriksdal. The aim isstwow that the biogas production at
Henriksdal WWTP can increase with 10 %. This insesavill be achieved by process

optimization, use of innovative methods or by additernal organic material to the digester
(Vallin et al., 2008).

As a step in this direction, Stockholm Water eveddaa technique for disintegration of excess
activated sludge (EAS) at Henriksdal WWTP. Activhtdudge is a sludge that forms in the
biological treatment step in the wastewater treatrpeocess and to some extent is difficult to
degrade. Therefore, in recent years a wide rang#saitegration techniques for EAS have
been developed. In general, a disintegration treatrmakes the sludge more easily
accessible for degradation by microorganisms inpiteeeding anaerobic digestion process.
This increase in degradation degree increasesitigas production in the digester and also
reduces the final waste sludge mass. There arermhgsmechanical, thermal, chemical,

biological or combined disintegration methods aatali.

The disintegrating device evaluated by StockholmteNavas developed and produced by
Lysatec, a company in the Czech Republic. Thignreat principle is mechanical with knifes

that are rotating with an EAS thickening centrifudisintegrating the sludge. The equipment
was tested on one of the thickening centrifugeldeatriksdal during an evaluation period of
six months. With this technique, Stockholm Wates\waping that:

= The EAS viscosity would decrease and thereby thapaibility of the sludge
would also be improved. In late 1999 Stockholm Watstalled five centrifuges
for dewatering EAS. The sludge going in to the dlrges has a total solid (TS)
content of approximately 0.5-1 %. Theoreticallye trentrifuges have a capacity of
dewatering the sludge to a TS content of 8 % aiad bf 350 kg TS/h. However,
Stockholm Water experienced great problems to rdashlr'S content of 8 %. This
was likely due to the high viscosity of the sludgdich made it difficult to pump.
The TS content in the dewatered EAS only reachev@mage 4.6 % during 2000-
2005 (Vallin et al., 2008). By connecting the centrifsgeith a disintegrating
device, Stockholm Water hoped to increase the Tfteat of thickened EAS to 6-
8 %. This would reduce the total sludge flow andrélase the capacity to treat
external organic material in the digesters resgltin an increased biogas
production. A reduced sludge volume could altevedyi be used for an extension

! The registered TS content can be underestimaisalibe of the daily samples were probably taken vilnen
TS content in thickened EAS was as lowest.



of the hydraulic retention time in the digestersisTwould allow more biogas to be
produced from the substrates and reduce the anobwamergy needed for heating
the sludge.

= The specific methane production from the EAS in thgesters at Henriksdal
WWTP would increase as the organic material woddrore easily degradable.
The hypothesis was that the biggest influence wbeldn the rate of degradation
and not on the specific methane potential for tA& E

= Problems with foam in the digesters would be priddib This was not the main
reason for implementing the technique, but it wéaemefit that might come when
using this method. From time to time, Henriksdal WWRVhas problems with foam
in the digesters. This type of problem is not ungmn in anaerobic digesters
treating EAS. It is caused by growth of the filanwers forming bacteria
Microthrix parvicellae that floats up to the suda@and form foam. These
problematic bacteria grow in the activated sludgeegss especially at times when
the sludge age is high. Therefore, EAS is likely slource to problems with foam
in anaerobic digesters at WWTPs (Vallin et al.,200f the EAS passed through
disintegrating knives, it was likely that the filamts would be affected.

This master thesis evaluated the above mentiorgdtelgration technique, in a partly full-
scale study, by its benefits and disadvantagesrdatment of EAS. The work was done for
Stockholm Water as a part of the project Biogasmmagooperation withiTT Water and

WasteWater and the Swedish Institute for Agricalkand Environmental Engineering (JTI).

1.2. AIM AND DELIMITATIONS

The aim was to evaluate the Lysatec disintegratemhnique by answering the following
guestions:

= What is the rate of sludge disintegration?
= How is the viscosity of EAS affected by the disgregion treatment?
What will the effect be in the total sludge flowtlife dewatering centrifuges for EAS

are optimized?

= How is the specific gas production from EAS affeldbg the disintegration treatment?
Will the disintegration of EAS affect the anaeroflegradation of primary sludge?

= How does the treatment affect the components in,HR&flocs and bacterial cells?

= What energy balance will be obtained, if the desgmation technique is implemented
full-scale at Henriksdal WWTP, considering enenggut and output?

To be able to perform a comparable analysis, aatitee study was performed to examine
other available disintegration methods and theifgpgance in full-scale applications.



2. HENRIKSDAL WASTE WATER TREATMENT PLANT

2.1. GENERAL DESCRIPTION OF THE PLANT AND DIGESTERS

Henriksdal WWTP is located in Stockholm and is ynStockholm Water. The main parts
of the WWTP are situated in rockenriksdal WWTP is the biggest waste water treatmen
plant in Stockholm city and treats waste water frehghtly less than 800 000 person
equivalents. The mean flow rate at the plant isua8d0 000 nYday. Waste water from the
central and southern parts of Stockholm and alsm fthe municipalities Nacka, Tyreso,
Haninge and Huddinge is treated at the plant. Thezdn total seven anaerobic digesters at
Henriksdal WWTP with a total volume of 39 000.rRive of the digesters have a volume of
5000 n? and two of them have a volume of 7008, mmeating mainly primary sludge and
EAS. The digesters are all under ground level aedcantinuously supplied with substrate
from the bottom of the tanks. Digested materiathen brimming over at the top. The
hydraulic retention time in the digesters is apprately 20 days (Stockholm Water, 2008;
Vallin et al, 2008).

2.2. PROCESS DESCRIPTION

2.2.1. The waste water treatment process

There are mainly three steps in the wastewatetntexat process at Henriksdal. The steps are
mechanical, chemical and biological (Fig. 1). Thecess description in this chapter is based
on the Biogasmax report by Vallin et al. (2008).

Mechanical and chemical : Biological
I.. Crots I e ...I
te Ferrous
sulphate  Primary SE"—'PMEIY _ sulphate
! sedimentation Eio taxk sedimentation [ £a3md
chamber | | tank | A0 S P tark filter
M === 3 | B (RN e o = Fecipiant
re aer. e | !
. hasin [‘ | - v
| S
Centufize : 2] : -rl'-_'l .
Primary Excess_l — Biogas ‘|} E —— ™ Biogas use
shdge activated FEEEE |
s — - - o q
External __ :
orgamic [ g -[H Pnlymere
maternal | | _ TH——
Diizest
ﬂ'—' 1gester "'.r Centnﬁlge Diigested and

d.ewatered shidze

Figure 1. An overview of the process at Henriksdal WWTP (Madt al, 2008).

The mechanical step removes firm pollutions from itcoming waste water by screens and
a grit chamber. The screens remove the biggesutyik, like for example rags. The

following grit chamber removes particles with ard&er greater than 0.15 mm, which

represents pollutions like sand, seeds and coff@engs.
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Ferrous sulphate, used for chemical precipitati®@dded in the pre aeration tanks. By this
step mainly phosphorus compounds are removed fremwvater. Also, some suspended and
organic materials precipitate and sediment withfkbes in the primary sedimentation tanks
(Fig. 1). The precipitatiothat accumulates at the bottom, called primarygguds pumped
into the anaerobic digesters.

In the biological step, organic material and nigngare removed from the incoming water
with the help of microorganisms in the bio tankbeTbiomass of these organisms form a
sludge called activated sludge. In the secondadyrsntation tank the activated sludge is
allowed to sediment to the bottom. Most of the glics then pumped back into the bio tanks
to keep a high amount of microorganisms. The exaetgated sludge (EAS) is dewatered in
centrifuges and pumped into the anaerobic digesBafore the water from the biological
step is let out in the recipient, the water pasisesugh a filter filled with ceramic gravel and
sand.

In the digesters, primary sludge, excess activatadge and also some external organic
material are treated. During the year of 2005, 6®f%he total volatile solids, i.e. organic
material, in the digester originated from primatydgle, 20 % from EAS and 14 % from
externally added organic material. The digestedgdufrom the digester is dewatered by
centrifuges and with polymer addition. The dewateskidge is then used as deposit cover
and as soil conditioner. The produced biogas isiipaipgraded to vehicle gas and sold, but
Is also used as fuel for the WWTPs central hedtingace and electricity production.

2.2.2. The EAS thickening centrifuges

The EAS flow from the bio basins is equally divideder five decanter centrifuges (Alfa
Laval NX 4500; Fig. 2).

W

Q Q

Thiclened EAS

TTTTT

Dhigester

Primaty sludge
and external
organic material

I

Y EAS from
the bio basms

Figure 2. Process schedule over EAS thickening centrifug&M: external organic material.

Each centrifuge has a capacity of dewatering EA& T& content of 8 % at a load of 350 kg
TS/h. The input EAS flow to each centrifuge is apgmately 30 nh, the rotating speed of
the centrifuges is 2900 rpm and the level of thitkg is adjusted by varying the differential
speed for the centrifuges. The differential speethe difference in speed between the inner
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scroll conveyer, which transports the solids trotlgg centrifuge, and the speed of the drum.
Consequently, the differential speed determines rdstdence time for the solids in the

centrifuge and therefore also the degree of dewgterThe disintegrating equipment

investigated in this study was mounted on thickgraantrifuge number one (disintegrating
centrifuge). Centrifuge number two was used as @mpewable reference (reference
centrifuge).



3. THEORY

3.1. MICROBIOLOGY IN EXCESS ACTIVATED SLUDGE AND IN AN
ANAEROBIC DIGESTER

3.1.1. Excess activated sludge character

Excess activated sludge consists to a large exténmnicroorganisms. The suspended
substances, coming from the pre sedimentation step,assimilated and metabolised by
microorganisms in the activated sludge processlifvat al., 2008). In this step, the
microorganisms accumulate and form flocs. A flotanient and bacteria in EAS, are
illustrated in the microscope picture below (Fiy. 3

<k ;""‘ '-.:: A - 1111 |
Figure 3. Microscopic view of EAS from Henriksdal
WWTP. Photo: the author.

A single bacterium is too small to be seen in dletaia microscope picture like the one
above. A bacterium can be 0.3 pum as smallest @u2Mi08), and is therefore only seen as a
small dot in the microscope. However, by studyidgSEhrough a microscope, it is possible
to observe flocs, filaments and microorganisms.

The flocs consist of components like bacteria aggpes, single bacteria, filamentous
forming bacteria, cell debris, organic fibres andrganic particles (Wawrzynczyk, 2007).
The filaments are acting as a skeleton in the 8twicture (Juhlin, 2008). Microthrix

parvicellae is a common filamentous forming baaterin WWTP. It has a diameter of 0.5
pum and a normal length of 200-400 um (Bogh, 2002).

The components in the floc are held together byaegtlular polymeric substances (EPS) in
cooperation with multivalent cations, hydrophobiteraction and hydrogen bonds. The EPS
are built up by active secretions of bacteria apcbitganic and inorganic debris from the
sewage sludggWawrzynczyk, 2007). EPS consist mainly of complexrbohydrates,
proteins and long chain hydrocarbons (Gary ekaby).

Because of the cellular structure and the preseh&®S in the sludge, the EAS is relatively
difficult to degrade. As a consequence, the biggasduction from EAS is relatively low. In



comparison, primary sludge is easier to bio-degradet typically consists of more easily
digestible carbohydrates and fats (Gary et al.7200

3.1.2. Bacterial cell lysis

According to earlier studies, the disintegrationE#S by a disintegrating centrifuge causes
floc destruction and reduction of particle sizeisTieduction in particle size gives comparable
larger surface areas in relation to the particleiwe. Therefore, the hydrolysis of the sludge
in the preceding anaerobic digestion process isamg#d. This leads to an accelerated
degradation of the EAS (Zabranska et al., 2006).

Also, previous studies suggest that the disinteggatentrifuge, besides breaking of flocs,
causes lysis of bacterial cells (Dohanyos et d&)Q02 Zabranska et al., 2006). Also the
ultrasound disintegration technique has shown tsedacterial cell lysis (Zhang et al., 2007;
Wang et al., 2006). In general, a high energy inputeeded for disruption of bacterial cell
walls, while a lower energy input only gives redoistin the sludge floc size (Hultman &
Levlin, 2003). When the content of bacterial cédlseleased to the fluid phase in the EAS,
the bacterial material becomes much more easilyadefdle in the preceding anaerobic
digestion. In addition, enzymes are released tdltie phase and may act as a catalyser for
the degradation process in the anaerobic digeptiocess (Dohanyos et al., 2000).

Enzymes are used by the bacteria for their degmadaf substrates and are proteinaceous
molecules with the ability of catalyzing differdoibchemical reactions. There are two groups
of enzymes involved in the degradation processpenziymes and exoenzymes (Gerardi,
2003).

Tnsoluble
substrate

Cell membrane

Cell wall

Ezoenzyme Exocellular slime

Endoenzyme

Figure 4. Enzymes in a bacterial cdlGerardi, 2003).

Endoenzymes are produced within the cell and degsatlible substrates that have entered
the cell. Exoenzymes are also produced within #lebut are then excreted out through the
exocellular slime to meet the insoluble substrage is attached to the slime on the outside of
the cell (Fig. 4). When the exoenzymes get in adntdath the substrate, it solubilizes the
substrate, which then can be taken up by the cdll fally degraded by endoenzymes
(Gerardi, 2003). When the content of bacterialsc&l released due to cell disruption, it
contains enzymes with still some remaining actiyid@phanyos et al., 2000).



3.1.3. The biogas process

The substrates that are fed in to the anaerobiestig are degraded in several steps by
different groups of microorganisms (Fig. 5). Thaalfi product in the process is biogas,
consisting of mainly methane and carbon dioxideffelDent substrates can give different
methane content in the biogas. A high content ofharee is desirable as this is the energy
rich compound in biogas. The amount of substragggatied in a biogas process depends on
process parameters such as hydraulic retention tirganic loading rate and temperature but
also on the character of ingoing organic matefliak hydraulic retention time represent the
average length of time for the digester reactound to be fully exchanged, i.e. the average
length of time that the sludge remains in the digyeGerardi, 2008 At Henriksdal WWTP
approximately 5®@b6 of the volatile solids, i.e. the organic materfatl in to the digesters are
degraded and converted to biogas (Vallin et aD820

Complex substrates
Proteins, Carbohydrates, Lipids

l Hydrolysis

Simple substrates
Aine acids, Sugars, Fatty acids

Fermentation 1 Fermentation

Acids and
alcohols

CO2+ Hy |ee Acetate

Methane production

CHy + COz
Biogas

Figure 5. The anaerobic digestion steps (Gerardi, 2003).

In the first step of the anaerobic degradation dempsubstrates such as proteins,
carbohydrates and lipids are broken down to marpl& substrates like amino acids, sugars
and fatty acids. During hydrolysis, different compds are cleaved into smaller units by the
action of exoenzymes, excreted by hydrolytic baztéhen the in-going material contains a
high fraction of cellulose, the hydrolysis is thevsh rate-limited step for the degradation
process chain. Some proteins are also degradesl dtdwly in this step (Gerardi, 2003). The



degradation of complex EAS is also, due to thist fitep in the degradation chain, very slow
(Pérez-Elvira et al., 2006).

The products from the hydrolysis step are in thd neaction step degraded by a large variety
of different bacteria through different fermentatiprocesses. These reactions results in the
main products carbon dioxide, hydrogen gas, differganic acids and alcohols (Gerardi,
2003).

Acetate, hydrogen gas and carbon dioxide producgthgl the fermentation step can be
directly transformed to methane, while other a@dd alcohols first must undergo a further
degradation step, the so called anaerobic oxidafibis step is performed by specific bacteria
specialized for this degradations. The anaerobidadon results in the main products acetate,
hydrogen gas and carbon dioxide. The anaerobicatwid will only take place if the
hydrogen gas pressure in kept low in the process.hlydrogen gas pressure will be low due
to the methanogens, consuming hydrogen gas whddupmg methane. This cooperation
between the two groups of microorganisms is caksdtrofi, and is crucial for the
degradation process to proceed. If the methanogetigty is disturbed, the hydrogen gas
pressure will increase and the anaerobic oxidatieactions will not proceed. As a
consequence accumulation of organic acids will pecul the pH in the process will finally
decrease, which will inhibit the methanogens evesremIn the worst case, the whole
anaerobic degradation process will stop (Jarvie420

The last step in the biogas process is the metleaesgs. Methane is here produced from
mainly acetate, carbon dioxide and hydrogen gasrellare two main groups of methane
forming microorganisms. One group is called the rbgénotrophic methanogens and
converts hydrogen gas and carbon dioxide to meth@he other group is called the
acetotrophic methanogens and splits acetate toametand carbon dioxide. (Gerardi, 2003)
In general, the methanogens are a very sensitm@gof microorganisms. They are sensitive
to low pH levels, heavy metals, organic pollutargs)monia and even small amounts of
oxygen. The methanogens grow very slowly and ineortb avoid wash out of these
organisms the hydraulic retention time must natcbghort (Jarvis, 2004).

To avoid disturbances and obtain optimal degradatgfficiency, as well as biogas
production, conditions allowing all microorganistoggrow must be fulfilled (Jarvis, 2004).

3.2. ANALYSES FOR EVALUATION OF DISINTEGRATION TREA TMENT
EFFICIENCY

3.2.1. Disintegrating performance

The chemical oxygen demand (COD) method can be taseteasure the organic content of
sludge or a waste water sample and is widely usedhie determination of disintegration

rates for different disintegration methods. The hodt measures the amount of oxygen
necessary for a complete oxidation of the orgaratenml in the sample. A so called chemical
oxidizer is used for the analysis and the COD messed as mgAL (Borggren, 2007).

The disintegration rate is expressed as the inerebsrganic material in the dissolved phase
of EAS due to treatment, in relation to overall amg material in the sludge. The
disintegration rate is consequently the grade aflslisation of organic matter. Equation 1
describes the calculation of the disintegratioe edter treatment of EAS.
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s . dis,after CODdis before
Disintegration rate = DR = ’ ’ (1100 [%] (2)
CoDp, -COD

tot dis,before

where
CODyisaer  COD in the dissolved phase of EAS after treatmeng*[ ]
CODyis pefore. COD in the dissolved phase of EAS before treatriragtL™]
CODyt total COD in EAS [mg*[}]

The method for determination of the disintegratiatervaries between different studies.
Sometimes the biodegradable COD content is useeadsof the total COD content in
equation 1. The biodegradable COD content is deteinby an alkali hydrolysis (Mdller,
2003). The disintegration rate calculated with thisthod will be higher as compared to the
method used in this work. These differences are itapbto consider when a comparable
analysis is made.

3.2.2. Batch digestion tests

Batch tests can be performed to evaluate the apigedigestion potential and biogas
production for a substrate. By comparing the methamoduction in relation to one mass unit
of the substrate, in terms of for example totalati® solids, it is possible to obtain the
specific gas production, SGP (Davidsson, 2007).

\Y

SGP =—*& 2
mys

Vgas volume methane gas produced[m

Mys mass of the substrates volatile solids [kg VS]

To be able to compare SPG from different experimeiis produced volume of gas is
normally converted to the volume the gas has @ @nd atmospheric pressure. The unit is
then called normal cubic meter, Nigdarvis, 2004).

3.2.3. Indication of bacterial cell lysis

Several methods have been used to identify baktailalysis in studies for determination of
the composition of EPS, by extraction of EPS to th&l fphase (Wawrzynczyk, 2007). As
cell lysis disturbs the determination of the EPS gonents due to release of intracellular
material, this is an important parameter to measursuch studies. Methods used are for
example

= Measurements of the level of DNA

= Tests of the activities of strictly intracellularzsmes like glucose-6-phosphate
dehydrogenase

= Microbial cell counts

= Assessment of ATP released after treatment

During full-scale studies with disintegration tecues for EAS few such methods seem to
have been used. The focus has instead often beshot® the disintegration rate and the
increment of methane production from disintegraid®. Above mentioned methods might
also be useful in evaluations of bacterial cellidyafter use of different disintegration

techniques for EAS.
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However, in recent years some studies have beee toevaluate the effect of ultrasound

treatment on bacterial cells in the sludge (Zhang.e2007; Wang et al., 2006). Analyses of

DNA concentration and protein content in laboratsiydies have shown that concentration of
both compounds increased significantly after arastiund treatment. These results indicated
that bacterial cell lysis had occurred. Studieshef appearance of bacterial cell lysis in full-

scale applications of disintegration techniqguesh&y my knowledge, not been performed.

In this work, because of limited time, an analysighe disintegrating centrifuges ability to
cause bacterial cell lysis was not performed.

3.2.4. Sludge viscosity

As disintegration causes changes in the structfuEA8, the sludge viscosity will be affected.
Therefore, measurements of sludge viscosity ar@ aite way of evaluating the efficiency of
a disintegration technique. A decrease in viscositgesirable as the pumpability of EAS
consequently will be improved. In the context of ExiScosity, the fundamental concept of
rheology is central. Rheology is the study of tleéodmation and flow of matter under the
influence of an applied stress, which might be dgampel shear stress. Rheology dealing
with shear stress is called shear rheology (Drh&d Holm, private communication, 2008).
The theory for rheological characterization of EA®uisher described by Holm (2008).

3.2.5. Energy consumption

Electrical consumption is an important parametemeasure in a disintegration technique
evaluation. In the case of a disintegrating ceamgef the kinetic energy provided by the
centrifuge is used for its operation. The frictiohtbe sludge against the rotating knives
causes higher total energy consumption for therifegé and its operation. In chapter 4 the
energy consumption for different disintegration ht@iques in full-scale applications are
presented.
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4. METHODS FOR EAS DISINTEGRATION

Due to the environmental and economical consequetid follow the handling of waste
sludge from WWTP, there have been several technideesloped for reduction of the final
waste sludge mass. The target can be reached Ioferatece in one of three different stages
in the waste water treatment process; in the watey in the sludge line or in the final waste
line (Pérez-Elvira et al., 2006). In this work thecend strategy is the one of most interest:
methods in the sludge line. The present disintemgratiechniques for EAS are mechanical,
thermal, chemical, biological or combined and Ww# described more closely in this chapter.
Although reduction of the final waste sludge masa direct consequent of the treatments, it
iIs not always the main purpose for implementingrth&he purposes are often to further
increase the biogas production or improve the tggbib pump EAS etc. In the following
summary, some results from full-scale applicatiarespresented.

4.1. MECHANICAL

4.1.1. High pressure homogenizers

High pressure homogenizers have units that comdish multistep high-pressure pump
together with a homogenizing valve. The pump congpthe EAS with pressures of several
hundreds of bar. When the EAS passes trough the demmong valve, the pressure drop
drastically and high turbulence, shear forces asutlaration occur. The cavitation bubbles
formed implode and induces temperatures of sevanabreds degrees of celcius. These
factors together cause disintegration of the dallse EAS (Pérez-Elvira et al., 2006). The
method has shown very promising results in labesddbwever, the method has not been
used with satisfactory results in full-scale apgions and long term operational conditions
(Hultman and Levlin, 2003). Kappala WWTP in Swedes tried a pressure homogenizer in
a full-scale application for treatment of EAS, fam ancreased biogas production and to
prohibit problems with foam in the digester. Thesstge for compression of the EAS was
relative low, 10-12 bar, and the specific energyuinwas 3 kWh/m sludge, i.e. 0.08-0.21
kWh/kg TS. The treatment increased the content cdirocgmaterial in the dissolved phase by
10-130 % and the rate of EAS degradation was foaruktaccelerated in a batch laboratory
test. However, the achieved effect on the gas mtomlufrom EAS and reduction in length of
problematic Microthrix bacteria due to the disimeggn device was not as good as expected.
The full-scale digester was foaming despite the tiaat the flaments were shortened by the
treatment (Sundin, 2006). Another option is to ulke high pressure homogenizers in
combination with a chemical treatment, see chapter

4.1.2. Ultrasound

Ultrasound treatment is a well-known method thatased on ultrasound waves that causes
periodic compression and attenuation of the medilihe ultrasound wave’s frequencies
range from 20 kHz and higher. Cavitation gas bubldemed are growing and collapse in a
few microseconds. The collapse causes strongly hyelchanical shear forces in the medium
around the bubble. The shear forces disrupt thetraibs in the surroundings of the bubble
and causes disintegration of the sludge. The camitdtubbles receive temperatures and
pressures of up to 5000 K and hundreds of atmosph{@iehm et al., 2001). A lot of studies
have been done to evaluate the ultra sound disatteg technique. Several WWTP around
Europe have implemented the method in their prof&sdff et al., 2007). Full-scale studies
have been done for example in WWTPs in Sweden anch&@g (Daverhdg & Balmér, 2008;
Wolff et al. 2007).
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The results from the ultrasound full-scale applmadi vary. The study in Sweden suggests
that the increase in biogas production and in suggluction due to the ultrasound treatment
of EAS was marginal. An energy input of 0.3-0.5 kRS gave a disintegration rate of
approximately 3 % at one WWTP. An energy input d3400.07 kWh/kg TS at another
WWTP gave a disintegration rate of approximate®p.1The investment and operational costs
were found to be high. Therefore, the method waadao be cost effective only if the sludge
disposal costs are very high. However, during treduation period the ultrasound technique
showed a positive effect in prohibiting foam inudl-5cale digester, at a plant that normally
has such problems (Daverhdg & Balmér, 2008).

On the other hand, some studies show very promigsglt for the ultrasound technique
considering biogas production. Wolff et al. (200d)nsidered the ultrasound treatment
technique for EAS to be cost effective even thoughdisposal costs in the actual case were
low. The pay back time for the equipment was catedl@o be approximately three years. The
energy input was 0.044 kWh/kg TS. Since the volatdbkd degree of degradation increased
from 34 % to 45 %, the improvement in digester @enfance was 32 %.

For the studies in Sweden and Germany (DaverhogalnBr, 2008; Wolff et al. 2007), the
energy input was approximately the same. Possthly, construction performance of the
ultrasound equipment has influence of the disirs®gg performance.

4.1.3. Stirred ball mill

Stirred ball mills disintegrate the EAS mainly byeah forces. The equipment consists of a
cylindrical chamber which is packed with severahding beads. The grinding beads are
forced into a circular movement by a rotor (Pérearklet al., 2006). Full-scale studies have
been done in Germany. The result at one German W8#olRed a high rate of disintegration
for the stirred ball mill, approximately 23%Miiller et al., 2004). The energy input in this
study was approximately 21 kWhirBAS. At another German WWTP, the biogas production
and the degree of degradation increased by appedeiyn20 % (Winter, 2002). However, in
both studies, the disintegration method was consttléo be cost effective only if the waste
sludge disposal costs are high.

4.1.4. Disintegrating centrifuge

The disintegrating centrifuge disrupt the thickei#®b by knifes rotating with the thickening
centrifuge. The equipment will be further describecchapter 5.1. Full-scale studies have
been done at WWTPs in Czech Republic and in Gerrfidalyranska et al., 2006; Dohanyos
et al., 2004; Muller et al., 2004).

The results from the full-scale studies varied. e German WWTP, a disintegration rate for
EAS of approximately 5 $swas achieved. The energy input was here approxiyna
kWh/m® EAS (Miller et al., 2004). Results from three oth®WTPs showed higher
disintegration rates for EAS, between 9 and 17.RA%4hese three WWTPs and one further,
the biogas production was also evaluated in fudlesadigesters. The results showed an
increase in the total specific biogas productiotween 7.5 and 26 % (Dohanyos et al., 2004;
Zabranska et al., 2006).

%2 The increase of dissolved COD is related to theldjradable COD content of EAS determined by aalialk
hydrolysis (see chapter 3.2.1).
% See footnote 2 above.
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In an earlier stage, EAS from Henriksdal was desirited and the specific gas potential was
analyzed in a laboratory study (Lysatec, 2004). EA& wlisintegrated with a laboratory
disintegrator giving a disintegration rate of 8.1 ¥aboratory digestion tests were then
performed with EAS (treated and untreated) and W#% mixed with primary sludge. The
primary sludge was also collected from HenriksdaVIWP. The specific biogas production
from EAS was found to increase with 10.5 % afterdisntegration. The increase from the
mixture of EAS and primary sludge was 12.3 %. Thins,disintegrated EAS seemed to have
a stimulating effect on the degradation of primsindge at Henriksdal WWTP.

A benefit from using the disintegrating centrifuggehnique is that the investment cost is
relative low compared to other methods, assumeidthieathickening centrifuge already is in
place (Muller et al., 2004).

4.2. THERMAL

Thermal hydrolysis destroys the cell walls and mesaintracellular substances so that it
becomes easily accessible for degradation. Fomaptresults the temperature should lie
somewhere in between 160 and 13D. Above this temperature, formations of non-
biodegradable compounds occur (Pérez-Elvira e2@06). Full-scale studies have been made
in Denmark, Norway and the United Kingdom (Kepp @&it&im, 2001; Weisz et al., 2000).

The method has shown to cause high rate of EAS dggiation, between 20-50 % depending
on the temperature (Kepp & Solheim, 2001). Thermedtment is considered to be the best
method for sludge disinfection and it reduces thal fwaste sludge mass considerably (Pérez-
Elvira et al.,, 2006). Therefore, this method is ahli¢ in countries with strong regulations
concerning the hygienic status of the sludge andte@ming disposal costs. The method has
also proven to be economic in many situations (Weisl., 2000).

4.3. CHEMICAL

4.3.1. Mineral acid/alkali addition

Addition of strong mineral acids or alkali to thiidge can be used for disintegration of
organic compounds and for solubilisation of micedlgells. The use of alkaline addition is

more common than the use of acids. In the alkahe&tment process, the pH is increased to
about 12 and kept at this high pH level for appmagely 24 hours. Lipids, hydrocarbons and
proteins are at this pH hydrolyzed to smaller sldwompounds. The alkaline process shows
a high rate of disintegration, but it should beedbthat not all of the soluble compounds
formed are possible to degrade (Pérez-Elvira eR@06). A full-scale study has been done in
combination with the high pressure homogenizerrigle (Gary et al. 2007; se also chapter
4.5.).

4.3.2. Ozone

Ozone treatment oxidizes and hydrolyzes organictanafhe ozone reacts with hardly
degradable compounds and oxidizes them in to sn@li@pounds that are easier to degrade
(Pérez-Elvira et al., 2006). A full scale study skodwhat the disintegration rate for EAS was
very high, approximately 35 %The energy input was approximately 49 kWhEAS and
the treatment was found to be cost effective ohtixe disposal costs are high (Miller et al.,
2004).

* The increase of dissolved COD is related to tleldégradable COD content of EAS determined by aalialk
hydrolysis (see chapter 3.2.1).
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4.4. BIOLOGICAL

The method is based on enzyme activity that is yataj the degradation of sludge. The
enzymes are either produced internally by autolgsiexternally (Pérez-Elvira et al., 2006).
Research concerning enzymatic treatment of waseewatidge is presently ongoing by
Wawrzynczyk (2007). At the time of writing, this thed is also examined in lab scale at
Henriksdal WWTP within the project Biogasmax (Beij2008).

4.5. COMBINED DISINTEGRATION METHODS

The biological disintegration method can successgfiodl used in combination with physical
disintegration methods that increase the surfaea &r proportion to the particle volume. It
then gives the enzymes better accessibility tosthestrate. A laboratory study shows that a
combination of ultra sound and enzymatic treatmesiulted in higher the amounts of
methane produced as compared to the summary ofpgaduced from the separated
treatments (Davidsson, 2007).

The MicroSludge procesis a patented disintegration process that combimeslkaline and
high pressure homogenizer techniques. A full ssaldy with this method was done in Los
Angeles County by Gary et al. (2007). In this stuthg disintegration resulted in a reduction
of the viscosity of EAS by approximately 90 %. Fertore, as the concentration of
dissolved COD was 100 times higher in treated E&®mared to unprocessed EAS, the rate
of disintegration was high. The degree of degradaith a full scale digester also improved
with 6 %. Despite that, the amount of gas prodwstemlved no increase during the test period.
The energy input was 36 kWhirEAS and the method at the actual WWTP was considered
cost ineffective due to the high energy input neéeded high investment and operational
costs. A microscope study showed that filamentoigarmsms were broken into smaller
fragments due to the treatment. However, as shownSbndin (2006) this does not
necessarily reduce problems with foam in digesters.

4.6. BENEFITS AND DISADVANTAGES WITH EAS DISINTEGRA TION
METHODS

The disintegration methods for EAS in full-scale &ailons have shown positive effects in
the degree of degradation, biogas production, temluof the final waste sludge mass and in
EAS viscosity. Results also show that mechanicainiigration techniques shorten

problematic filamentous bacteria in the EAS, bus itinclear if this observation is sufficient
for judging if problems with foam in digesters che prevented. To prevent the filaments
from, after the treatment, growing large again fitements likely not only need to be

shortened but also lysed.

Cost factors when implementing the disintegratexhhiques are: the energy input, operation
and investment. In general, the effect of a medamisintegration technique is improved at
higher energy inputs (Hultman and Levlin, 2003)te@falso the disintegration techniques
have been considered to be cost effective onlyeifdisposal costs are high.

The concentration of COD, phosphorus and nitrogempounds in the sludge fluid

suspension increases due to the enhanced degradatimosolids. Such an increase might
cause high unwanted concentrations of nitrogenpdnphorus in the reject water from the
dewatering of the digested sludge. The increment®@D in the reject water is relatively

small as compared to the total load of COD on thatmnd can therefore be neglected. If the
phosphorus and nitrogen polluted water is retutoethe inlet of the waste water treatment
process, the load on the process will be highewd¥er, in most of the studies that have been

15



performed, only very small increments of phosphaaspounds have been found. In a full-
scale study the ammonia concentration in the rayater increased with 5-16 %, depending
on disintegration method used (Mller et al., 2004)

Due to the increased number of small particles exhus/ the disintegration of the EAS, a
higher polymer demand at the dewatering centrifdgesligested sludge is needed. This is
because the total surface area of the sludge legrti@s increased. Therefore, more polymers
are needed to neutralize the surface charge (Zgkdiaat al., 2006). On the other hand, due to
an improved degradation process, less sludge negsisio be treated with polymer. In a full-
scale study the increase in polymer demand waseeetvé and 28 %, depending on pre-
treatment method (Mdller et al, 2004).
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5. MATERIALS AND METHODS

5.1. DISINTEGRATING EQUIPMENT

The disintegrating device is assembled at the erideo€entrifuge and the sludge that passes
through the equipment becomes thickened by therifteyg. The device consists of one
stationary part and four rotating parts (Fig. 6).eTétationary part is a chamber with
destructive prisms, making a labyrinth for the pag<EAS during the disintegration. The
chamber, made of stainless steel and partially afdbik 500, is constructed to capture the
whole production of thickened sludge. The rotatiagghold one 96 mm long knife each, i.e.
there are four knives, which are placed with 90releg intervals between each other and are
rotating inside the chamber. The knives are madealfsteel and fixed in a special socket.
The sockets with the knives are mounted onto théetogection of the centrifuge. All
sensitive parts in the disintegration device amel hap protected. The sludge retention time in
the disintegration equipment can be adjusted atitie of installation, but a higher retention
time also means higher energy consumption (Kusiefigorivate communication, 2008).

Stationary part: chamber with prisms

Rotating part: special socket with knife

Figure 6. Principal figure of the disintegrating device, mted on a thickening centrifuge. The
picture was obtained from Lysatec homepage andgtdal with permission from Lysatec.

Figure 7.|The disintegrating equipment patly unted on
centrifuge number 1 at Henriksdal WWTP. Photo: Btotm Water.
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5.2. PERFORMANCE OF DISINTEGRATING AND REFERENCE CE NTRIFUGES

To ensure that the disintegrating and referenceritiegees performed equally, reject water
samples were taken from both centrifuges. As teatdigrating device was assembled at the
end of the centrifuge, where the sludge already deagatered, the reject water quality was
not affected. In order to compare the performantceéhe two centrifuges, the degree of
separation of suspended solids was calculated.y8eslof suspended solids were performed
on both centrifuge reject water and of the TS cantérthickened EAS. In the calculations,
suspended solids in thickened EAS were approximatedjual the TS content. The analysis
data is presented in appendix 1.

5.3. DISINTEGRATING PERFORMANCE

To get information about the actual performancehef disintegrating centrifuge, different
fractions in the sludge was analysed. The @Qiontent in the sludge was divided into three
fractions based on particle size. These fractionse veeispended COD (CQ{ colloidal
COD (CODQy) and CORis. The fractions had the following divisions, basedparticle size
(Elmitwalli et al, 2000)

CODss> 4.4 um (3)
0.45 um < COIy<4.4 um 4)
CODyis < 0.45 pHm (5)

For most disintegration methods, the concentrabb@OD,; after treatment equals C@D
before. However, this is not the case for a digr@teng centrifuge that also simultaneously
dewaters the sludge. Therefore, the disintegratdesrfor the disintegrating and reference
centrifuges were calculated with C@Dneasured in thickened EAS (Equation 1, page 9).

In addition to the calculation of the disintegraticate based on the increase of dissolved
COD, also the same calculation was made basedeomdhease of colloidal COD (Equation
7-8).

COD,

col,after

COD,

tot,after

- CODcoI before
D 1100 [%)] (7)
-COD,

col,before

Colloidal disintegration rate = R =

CODgy = COD - CODyis (8)

CODx was the result of a COD analysis of sludge fillereugh a filter with a poor size of 4.4
pm. Methods for COD analyses and sampling are ibestin the following chapter (5.4.).

By comparing the disintegration rates for a diggning and a reference centrifuge,

information was obtained concerning the disintaggatperformance of the treatment
equipment.
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5.4. ANALYTICAL METHODS AND SAMPLING

5.4.1. Chemical and physical analyses

Laboratory analyses were performed by the authdieariksdal WWTP, and by personal at
Stockholm Water Laboratory.

For the evaluation of the disintegrating perforngrsamples were taken at 9 occasions in the
period between 17 October and 18 November 2007 (Table 2). During this period, the

operational parameters for the disintegrating afdrence centrifuge were kept equal and
constant (speed: 2900 rpm, differential speedphd)r Samples were taken of non-thickened,

thickened disintegrated and reference EAS. At fitdhe sampling occasions, also reject

water samples from the two centrifuges were takehamalysed as daily mean values.

Table 2. Samples taken and parameters analysed at theediffesampling occasions. NT: non-
thickened EAS, TD: thickened disintegrated EAS, TiiRckened reference EAS. RW: reject water.
COD: chemical oxygen demand, TOC: total organibaay DOC: dissolved organic carbon, TS: total
solid content, VS: volatile solid content, SS: srgped solids. SW lab: Stockholm Water laboratory

Date Time Samples Parameters analysed Analysis by
2007-10-17 09:15AM NT,TD, TR COD, TS The author
2007-10-22 08:15AM NT,TD, TR COD, TS The author
2007-10-22 01:45PM NT,TD,TR COD, TS The author
2007-10-23 08:15 AM NT,TD, TR  COD, TOC, DOC, TS, SW lab
VS
RW SS, TOC, DOC
2007-10-25 09:15AM NT,TD, TR COD, TS The author
2007-11-05 08:30 AM NT,TD, TR  COD, TOC, DOC, TS, SW lab
VS
RW SS, TOC, DOC
2007-11-05 01:00 PM NT, TD, TR  COD, TOC, DOC, TS, SW lab
VS
RW SS, TOC, DOC
2007-11-13 08:00 AM NT,TD, TR  COD, TOC, DOC, TS, SW lab
VS
RW SS, TOC, DOC
2007-11-13 01:00 PM NT, TD, TR  COD, TOC, DOC, TS, SW lab
VS
RW SS, TOC, DOC

The COD and DOC/TOC were determined in the sludgeksraccording to table 3 below
The COD analyses at Henriksdal WWTP were determingd bange COD cuvette tests
(Table 4). TS content was determined by drying ofshmples at 108C oven over night.
After cooling of the samples in an excicator thengkes were weighted and material still left
after drying were considered as TS. Table 5 showg#nameters analysed by Stockholm
Water laboratory and the analysis methods used.
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Table 3.The different sludge samples and the sludge tmastanalysed for each sludge by means
of COD and DOC/TOC.

Sludge sample Particle size fraction

EAS

Disintegrated thickened EAS| total colloidal dissolved
Reference thickened EAS 0.45um—4.4um <0.45um

Table 4.Lange COD cuvettes used for the COD
analyses at Henriksdal.

Order number Measurement range
LCK 314 15-150 mg gL
LCK 514 100-2000 mg &L
LCK 014 1000-10000 mg 4L

Table 5. Parameters analysed by Stockholm Water

Laboratory.

Analysis Unit Standard method
TS % SS028113-1
VS % of TS SS028113-1
COD Mg/L SS028142-2 mod
DOC Mg/L SS-EN 1484-1
TOC Mg/L SS-EN 1484-1
SS Mg/L SSEN872-1

The colloidal and dissolved COD fractions in thedgk fluid phase were prepared by
filtration. The filtration was performed at site elitly after the sampling. The sludge samples
were filtered trough 4.4 pm (Schleicher & Schu@®b5%) and 0.45 um (Schleicher & Schuell
ME 25) pore size filter papers. The COD analyseseairidsdal were made instantly after the
filtration. For the determination of total COD ihi¢kened and non-thickened sludge, the
sludge was diluted 50 respectively 10 times. This d@ne in order to reach the measurement
range for the Dr. Lange Cyvettes. All COD analysese done in triplicates. The sludge and
filtrate samples for analysis by Stockholm Watebds@tory were kept cold until reaching the
laboratory (1-2 days).

The disintegration rate based on COD was calcultdedoth the disintegrating and the
reference thickening centrifuge. In addition to thme sampling occasions when the
operational parameters for the centrifuges werd &epstant, some complementary samples
were also taken when the operational parameters waied. This sampling was performed
in order to receive a wide spectrum of TS conterthiokened EAS and thereby be able to
determine the disintegration rates for both camges as a function of TS content. These
samples were analysed for both TS content and C@bmethod as described above.

5.4.2. Batch laboratory digestion test

In this work, the specific gas production was deiaed and used for an evaluation of the
disintegrated sludge as a substrate for biogasuptimh. Batch laboratory digestion tests for
analysis of specific methane production potentiatenvtherefore performed, in cooperation
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with JTI, both with thickened disintegrated and refee EAS. Tests were also performed for
both types of EAS but mixed with primary sludge. Thigture of EAS and primary sludge
were made approximately according to the relatignbletween these two sludge in the real
large-scale digester at Henriksdal WWTP.

The sludge and inoculum for the batch laboratoryeslign test was both collected at
Henriksdal WWTP on the 360ctober 2007. The inoculum was taken from the ofitten
one of the digesters and used as bacterial cufarrelegradation of the substrates in the
digestion tests. 25 L inoculum, 5 L disintegrateidkened EAS, 5 L reference thickened EAS
and 5 L primary sludge was collected and transpadieectly to JTI in Uppsala. In Uppsala,
the sludge was placed in a cold room of +4 °C fatags before the test was started. The
inoculum was during these 4 days incubated at €3ih“a constant room in order to degrade
endogenous organic material in the sludge. Notatkgt material in the sludge can lead to
high background production of methane in the basedt, making them more difficult to
evaluate. Both the different sludge’s and the im@atuwere analysed for TS and VS content
(Table 6).

Table 6.TS and VS for the sludge and
inoculum used in the methane production batch

tests.

Sludge TS [%] VS [%]
Inoculum 2.31 1.33
Disintegrated EAS 5.53 3.59
Reference EAS 5.24 3.52
Primary sludge 2.45 1.99

The batch laboratory digestion test was performettiphicate glass bottles (1 L) and the set-
up is shown in figure 8. In total, fifteen bottlesre filled with inoculum to reach a total
volume of 600 ml for inoculum and substrate. Threxdtles were used as controls for
background methane production and to the rest efltbitles, substrate was added to a
corresponding load of 3 g VS/ L, i.e. 1.8 g VS abstrate was added to each bottle. The
mixture of EAS and primary sludge were made in apprtion of 1:3 (Table 7). After
addition of inoculum and substrate, the bottlesewiushed with nitrogen to exchange the
atmosphere. The bottles were then closed with rustb@pers and aluminium caps.
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b db dEdF

Inoculum Dismtegrated EAS  Reference EAS  Disintegrated EAS  Reference EAS
Inoculum Inoculum Primary sludge Primary sludge
Ihoculum Inoculum

Figure 8. The set-up of the batch laboratory digestion test.

Table 7. The amount of inoculum and substrate added tbaoktées in the batch laboratory digestion
test.

Trial 1. 2. 3. 4. 5.
Inoculum Disintegrated Reference Disintegrated Reference
EAS EAS EAS and EAS and
primary primary
Sludge added [g] sludge sludge
Inoculum 600 549.58 549.58 522.29 522.04
Primary sludge 0 0 0 60.91 60.91
Disintegrated EAS 0 50.42 0 16.8 0
Reference EAS 0 0 50.42 0 17.05

The prepared bottles were incubated at +37 °C ienapérate room. The measurements
during the test period were then made in this robhe gas and pressure development was
followed by measuring the pressure with a digitalsgure meter (GMH 3110) equipped with
a pressure sensor (GMSD 2BR; -1000 to 2000 mbarm. mhthod for calculation of gas
production from pressure is described in appendiAfier measuring the pressure, a gas
sample of 1 mL was taken from the headspace obditides and transferred to 30 ml serum
vials. The gas in these vials were later analysathifwl week) with a gas chromatograph.
For the last four measurements another gas chrgmnagio was used, but this should not have
affected the results. The method for methane amalymid specification of gas
chromatographs used are described in appendixtér &fe gas sampling the pressure in the
bottles was levelled out to atmospheric pressure. t€bt was finalized after 49 days, when
the gas production rate had ceased off. Durindgesieperiod, the bottles were shaken by hand
one or two times a day except for the weekends winene was no shaking.

5.4.3. Microscope study

The disintegrating efficiency was also evaluated rbigroscopy. A digital camera was

connected to the microscope for documentation. Tdtesize and shape, filament length and
floc compaction were compared in disintegrated @idrence EAS. To be able to separate
the flocs, the samples were diluted with distiVeater 15 times before microscopy. The study
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was made with 100 times of magnification. To ensurepresentative and fair comparison,
several drop samples were studied. Representatids Df vision were photographed.

Samples, for microscopy studies, of thickened thgirated and reference EAS were collected
on the 1% December 2007. At that time the TS content in ghelge were 5.7 and 5.9 %
respectively. The sludge was kept cold until twosditer when the sludge was studied in
microscope.

5.4.4. Viscosity

Viscosity measurements of disintegrated and reberdtAS were performed by ITT Water
and WasteWater during the evaluation period fordisentegrating centrifuge The outcome
of these viscosity measurements was used as toadgahe possibility of an improved EAS
thickening while still having remaining pumpability

During the viscosity measurements, the shear riggotd disintegrated and reference EAS
was examined by means of pipe pressure loss measnte and rotational rheometer tests.
By changing the flow rate respectivly the rotatiosygeed, the characteristics of the EAS was
obtained. The flow may either be laminar or turbyleand there are rheological models
presented for both laminar and turbulent flow ctinds (Dr. Richard Holm, private
communication, 2008). The model used in this stedgrs to thepower lawmodel and was
applied for laminar region data. This model is a tparameter model in which fluid
consistency and fluid behavior index is determifnadhe case of sludge, this index indicates
a so called shear thinning behavior. In this stillg,difference in rheology characteristics of
disintegrated and reference EAS was studied for EAB different TS contents. The range
of TS contents in this study was between 3.5-6.51%n, 2008).

® The measurements performed by ITT Water and WasteMéoncerned mainly pumpability of disintegrated
and reference EAS on the pressure side of the pftonplifferent flow conditions and TS contents. Tdfere,
these measurements only gave restricted informatidhe disintegration effect on the EAS perfornaint the
suction side of the pump, i.e. the ability of iaitstartup of pumping. At Henriksdal WWTP, also 8startup
procedure for EAS pumping has been a problem.
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6. RESULTS AND DISCUSSION

6.1. PERFORMANCE OF DISINTEGRATING AND REFERENCE CE NTRIFUGES

For all sampling occasions, during the period sfrdegrating performance evaluation, the TS
content in thickened disintegrated EAS was equdbwer than the TS content in reference
EAS (Fig. 9). These results indicated that the twaotrdeges had slightly different
performance.

8.0
— 7.0 \ . LA
E 60’ a a i A .
5.0 1
4.0 T T T T 1
0 2 4 6 8 10

Sampling occasion

s Disintegrating centrifuge Reference centrifuge

Figure 9. TS content in thickened disintegrated EAS andreefee EAS at different sampling
occasions. The centrifuges were kept with identiparational parameters for all sampling points.

The spread in TS content in thickened EAS betwkersampling occasions was likely caused
by a daily variation of TS content in EAS. In gealerthe TS content of incoming non-

thickened EAS to the centrifuges was lower in trermng than in the afternoon, depending
on the waste water flow in to the plant. Measuresieshowed that the TS content of
thickened sludge was correlated to the TS conteincoming non-thickened EAS (Fig. 10).
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Figure 10.The TS content of thickened EAS correlated toTtBecontent of incoming non-thickened
EAS. The data was from one day of measurements,saitnpling in the morning side of the day and

in the after noon. The thickened EAS was sampledfthe disintegrating centrifuge (differential
speed: 10).
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Both centrifuges showed very good performance wapect to the degree of separation of
suspended solids (97-99 %). This indicated thatenohthe centrifuges were overloaded

during the test period.

However, even though both centrifuges obtainedsémee load, the speed of the centrifuges at
the different sampling occasions was somewhat reifte (Table 8). The disintegrating
centrifuge showed significantly lower speed tham tbéference centrifuge. This lower speed
was likely due to friction, caused by the contastween the knives against the sludge, acting
as a brake on the centrifuge. The disintegratingriéege reached the correct differential
speed, but the overall speed was affected (Tabl€H3 difference in speed might explain the
difference in thickened TS content obtained with tivo centrifuges.

Table 8.Speed and differential speed for the disintegratidig)
and reference (Ref) centrifuge at different sangpbncasions.

Date Time Speed [rpm] Diff.speed [rpm]

Dis Ref Dis Ref
2007-10-17 09:15 2890 2900 10 10
2007-10-22 13:45 2890 2900 10 10
2007-10-23 08:15 2900 2910 10 10
2007-10-25 09:15 2900 2910 10 10
2007-11-05 08:30 2890 2900 10 10
2007-11-05 13:00 2890 2910 10 10
2007-11-13 08:00 2900 2910 10 10
2007-11-13 13:00 2890 2910 10 10

6.2. DISINTEGRATING PERFORMANCE

6.2.1. Disintegration rate

The disintegration rates for the disintegrating agférence thickening centrifuges are shown
in table 9. The calculations were based on theltrésum the COD analyses. The standard
deviation for the COD analyses ranged between Ca@dup to 15 %.
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Table 9. Disintegration rates at several sampling pointdHe disintegrating and reference thickening
centrifuges. TS: total solid content. DR: the irms® of dissolved COD due to disintegration rel&ved
total COD. DRcaol: the increase of colloidal COD daodisintegration related to total COD.

Non-thickened Disintegrating Reference
EAS centrifuge centrifuge
TS TS DR DRcol TS DR DRcol
Date Time [%0] [%] [%] [%] [%] [%] [%]
2007-10-17 09:15 AM 0.74 57 1.6 - 6.3 039 -
2007-10-22 08:15 AM 0.51 57 1.4 0.77 6.0 0.35 0.69
2007-10-22 01:45 PM 0.81 6.7 1.6 0.50 7.4 042 0.58
2007-10-23 08:15 AM 0.71 59 1.6 0.66 6.0 0.36 0.68
2007-10-25 09:15 AM 0.73 59 14 0.66 6.7 0.41 0.77
2007-11-05 08:30 AM 0.61 56 15 - 56 028 -
2007-11-05 01:00 PM 0.90 6.4 1.5 - 72 045 -
2007-11-13 08:00 AM 0.89 6.3 1.7 - 7.1 045 -
2007-11-13 01:00 PM 1.00 7.0 19 - 7.3 052 -

The disintegration rates for the disintegratingtarge varied between 1.4 and 1.9 % with a
mean value of 1.6 %. The performed correspondirsinigigration rates of the reference
centrifuge were between 0.28 and 0.52 %, with anvedue of 0.40 %. From theses results it
was clear that the disintegrating device increaed amount of organic material in the
dissolved phase of the EAS. However, the increasgissolved COD was relatively low in
relation to the total COD content in the EAS.

The colloidal disintegration rate, based on fouraswements, for the disintegrating

centrifuges were between 0.50 and 0.77 % with annvedue of 0.65 %. For the reference

centrifuge these values varied between 0.58 and %.Wwith a mean value of 0.68 %. Based
on these results, the disintegrating device didseeitn to have affected the colloidal phase in
the EAS.

Compared to other studies the disintegration rafie@% achieved in this study at Henriksdal
WWTP was low. Results from other full-scale studmath disintegrating centrifuges show
disintegration rates betweefi &d up to 17.9 % (Dohanyos et al., 2004; Miillealet2004;
Zabranska et al., 2006). However, there are sevfabrs affecting the rate of sludge
disintegration making it difficult to directly corape different studies. For example, the speed
of the centrifuge and the degree of sludge dewajaifects the disintegration rate. As shown
in the next chapter (6.2.2.), the disintegratide renproves at higher TS content in thickened
EAS. Also, the sludge age might affect the ratslofige disintegration. Sludge with a high
age is very stable. The substrate has under lomg Itieen assimilated and metabolised in to
cell structures of microorganisms and the flocsehgrown large. Possibly a high sludge age
make the sludge more difficult to disintegrate. kHksdal WWTP has biological nitrogen
removal as a part of the waste water treatmentegscTherefore, the sludge age in the
activated sludge process is higher than sludge ag@8VTP without nitrogen removal. The
sludge age for the samples in this study was betw8eand 18 days, which was considered
relatively high.

® The increase of dissolved COD is related to theldjradable COD content of EAS determined by aalialk
hydrolysis (see chapter 3.2.1).
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The low disintegration rate obtained in this stedggests that the cell walls of bacteria were
not broken by the rotating knives. Disruption ofctesial cell would have induced higher
COD content in the dissolved phase. Possibly tleeggninput was to low for breakage of the
cell wall. That no bacterial cells were broken isoasupported by the fact that the
disintegrating device did not influence the colldighase in the sludge. Likely there was no
increase in the number of free-swimming bacteriatha fluid phase of the EAS. The
influence of the disintegration centrifuge on fikize and shape is further discussed in chapter
6.4.

When comparing the results it is important to cdesthat the reference thickening centrifuge
show slightly higher TS content in the thickened SEAompared to the disintegrating
centrifuge. In the following chapter the importarafethe TS content of thickened EAS for
the disintegrating rate is further discussed.

6.2.2. Disintegration rate as a function of EAS rention time in disintegrating device

The retention time for the EAS in the disintegrgtiaquipment depends on the degree of
dewatering in the centrifuge. The result from tsisdy showed that the disintegration rate
improved at higher TS contents in thickened digiraeed EAS (Fig. 10). Furthermore, the

reference centrifuge also showed slightly increadisthtegration rates at higher level of

dewatering (Fig. 10). However, the increase wagelafor the disintegrating centrifuge than

for the reference, likely caused by the effect iffiedent retention times for the sludge in the

disintegrating equipment.
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Figure 10. The disintegration rates as a function of TS auntethickened EAS for the disintegrating
and reference thickening centrifuges.

6.3. SPECIFIC GAS POTENTIAL

6.3.1. Background biogas production

The three control bottles with only inoculum proddanethane gas despite the incubation in
37 °C during 4 days before the test. As a consemuehthe inhomogeneous inoculum being
difficult to divide, the standard deviations in im&be production at the different measurement
occasions varied between 2.3 and 33 %. The gasigiiod from the control bottles with only
inoculum at the measurements occasions was highlation to the gas production from the
test bottles with also substrate added (37-86 %nwidmmpared to bottles with reference
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EAS). Therefore, the inhomogeneous inoculum likelgde the evaluation of the different
substrates more difficult. Furthermore, at two b& tmeasurement occasions, one of the
inoculum bottles showed approximately zero in pressThe measurement data from this
bottle at these occasions was therefore not tak@naiccount in the calculations. The bottle
with a deviating methane production was one outwaf bottles having a different kind of
cap. The other bottle with this kind of cap alsmwbld a lower methane production.
Therefore, the likely explanation for the low proatan was leakage.

6.3.2. Biogas production from disintegrated and refrence EAS

The results from the batch tests with disintegrated reference EAS showed that there was
no significant increase in the specific methaneepdl for disintegrated EAS. The
uncertainty in the test at the end of the testqokevias larger than the average increase in
specific methane potential (Fig. 11). However, $pecific methane production in the parallel
bottles was clearly separated until day 13 (Fig. These results showed that the degradation
rate of EAS was initially slightly accelerated digethe disintegration. However, this initial
acceleration was considered to only marginallyaftbe specific methane production from
EAS in the digesters at Henriksdal WWTP. The srdidferences between disintegrated and
reference EAS and the uncertainty in the test nhdadata difficult to evaluate. However,
considering the low disintegration rate obtained tiis study, these results were not
surprising. The data for biogas and methane pramtuch the batch tests are presented in
appendix 5.
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Figure 11. Methane production over time in the batch labagatligestion test. The dots show
disintegrated and reference EAS. The error bare shimimum and maximum values obtained.

The calculations of specific methane potential frdisintegrated EAS were based only on
two bottles. This was due to the fact that onehefthree parallel bottles in the test produced
significant lower biogas as compared to the other. fThe deviation in biogas production at
the end of the test was approximately 16 % betwkerdeviating bottle and the average of
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the other two. The other two bottles showed verydgoorrespondence with each other (Fig.
11). The bottle with a deviating methane productias one out of the two bottles having a
different kind of cap. The other bottle with thisd of stopper also showed a lower methane
production. Therefore, the likely explanation adieamentioned for the low production was
leakage.

6.3.3. Disintegrated and reference EAS in mixture ith primary sludge

The result from the batch tests suggests thatitetegrated EAS did not have a stimulating
effect on the degradation of primary sludge. Thentiegrated EAS in mixture with primary

sludge showed specific methane potential of 0.33NLS after 49 days of incubation (Fig.

12). For reference EAS in mixture with primary gledthe specific methane potential was
determined to 0.34 NL/g VS. The samples with degnated EAS showed slightly lower

specific methane potential than the samples witreace EAS. However, the uncertainty in
the test was higher than this small differencepeceic methane potential (Fig. 12).

0.4
S SR
Z 0.3- 1
E it
o i s Disintegrated EAS and
2 5o i primary sludge
g I = Reference EAS and
GEJ primary sludge
. Y
S
3 01 %
(@]
<
E
O I I I I 1
0 10 20 30 40 50
Time [days]

Figure 12. Methane production over time in the batch labayatbgestion test for disintegrated and
reference EAS mixed with primary sludge. The etbars show minimum and maximum values
obtained.

The small effect in methane potential for disineegd EAS (Fig. 11) observed could not be
seen in the test with EAS mixed with primary sludgey. 12). However, as EAS in the
mixture was only one third of the substrate andegally gives less biogas than primary
sludge, this result was not surprising.

Important to note is that the methane curves iarégll and 12 suggests that after 49 days,
when the test was finished, degradation still ommias the plateau in accumulated methane
production was not yet reached. Therefore, theip@sethane potential for the substrates in
the tests was possibly underestimated. The lalmgratatch digestion tests could with
advantage have continued for further a week ordang
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6.4. MICROSCOPE STUDY

The camera zoom function was used to make it plessibdisplay the microscope object in
full screen. All pictures below show the same magaiion. The scale is approximate.

6.4.1. Floc shape and size

The disintegrated EAS flocs were more regular iapghand size as compared to the flocs in
the reference EAS (Fig. 13). Also, in general, th&integrated flocs were smalldn the
reference EAS flocs, dark parts representing thibigger sections, were often present (Fig.
13). These dark parts were significant less reptesean the disintegrated EAS flocs.

Figur 13. Microscopic view of reference EAS (left) and ieigltated AS (right).

6.4.2. Filament length

In the reference EAS, the filaments were easy ¢ntifly (Fig. 14). They were more seldom
seen in the disintegrated EAS, which was a sidilarhents being disrupted by the treatment.
In general, the filaments seen in the disintegr&a& was shorter compared to the filaments
in the reference EAS (Fig. 14). However, as showisbndin (2006) this do not necessarily
imply that the disintegrating equipment is suitabide preventing problems with foam in
digesters. Likely the filamentous bacteria wereyafiortened and not lysed.

Figure 14. Microscopic view of reference EAS (left) and disigrated EAS (right).
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6.4.3. Floc compaction

The flocs in the disintegrated sludge were morepamt) seen from a two dimensional view,
than the flocs in the reference EAS (Fig. 15). Titeenentous floc structure of the reference
EAS contained a lot of cavity due to the filamemst@tructure present. This cavity was not
present in the disintegrated EAS, likely due to fitenentous structure was affected by the
treatment.

right).

of reference EAS (left) and disigrated E

Figure 15. Microscopic v

The microscope study showed that the disintegratemdrifuge technique reduces the size of
flocs in EAS, giving comparable larger surface argarelation to particle volume. This is
beneficial as the hydrolysis step in the anaerdbgradation process chain is made easier and
the degradation can be accelerated. However, awnsho chapter 6.3.2., the biogas
production from EAS was only marginally affectedthg disintegration. Also, the reduction

in floc size might affect the EAS viscosity andstls further discussed in the next chapter
(6.5). Beside the reduction in floc size, the msoape study also showed that the
disintegrating knives shortens filaments in the E&® makes the flocs more compact.
However, as the filamentous bacteria were likellylpged by the treatment, the disintegrating
centrifuge technigque might not be suitable for preing problems with foam in digesters.
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6.5. VISCOSITY

The concluding results in the report by Holm (206Bdwed a moderate difference between
disintegrated and reference EAS in the rheologyattearization in turbulent flow. In laminar
flow a difference was observed in the case of TBterds above 5 %, with an improved
pumpability for disintegrated EAS. The results shdwthat the TS content of EAS can be
increased with 1-2 % and, due to disintegratiait,hgtve remaining pumpability. This change
in EAS viscosity caused by the disintegration wsly was due to structural changes in EAS
such as floc disruption. However, the shear thigtiehaviour was constant for disintegrated
and reference EAS and also for different TS costemhis indicated a stable suspension
without influence of bacterial cell lysing in thidge disintegration. This result coincide with
the low disintegration rate obtained during the leaton period for the disintegrating
centrifuge, that also indicated that bacterialscell EAS was not affected by the treatment.
Finally, the transition from laminar to turbulerbw condition of EAS showed clearly an
influence of the TS content and EAS (disintegrated reference).

As the thickened EAS flow at Henriksdal WWTP is Inar’, an improved pumpability can
be expected for disintegrated EAS with TS contabtsve 5 %. Based on the results from the
viscosity measurements, the TS content of thickét®8 at Henriksdal WWTP was assumed
to be able to improve from the earlier average .6f % to approximately 6 % and, due to
disintegration, still have remaining pumpability.

" The thickened EAS flow at Henriksdal WWTP was dgr2005-2008 on average 2G/m(process database
WASTE). The study by Holm (2008) indicated thastfiow was in the laminar region.

32



7. ENERGY BALANCE

7.1. ENERGY CONSUMPTION

The supplier (Lysatec) suggested that the increasmergy consumption for a centrifuge

equipped with a disintegrating device at HenrikS8&W TP is approximately 30 %, based on
measurements on site. During the evaluation peribd, current consumption was also
measured at some occasions by personal at HerrikWaTP. At these occasions, the

increase in energy consumption for the centrifuge © the disintegrating device was found
to be higher than 30 % (Table 10). The annual gneosgsumption for the five centrifuges at

Henriksdal WWTP without disintegration devices wassumed to be 650 MWh (Medoc,

2005). The effective power in table 10 was cal&@dafrom the current measurement result
according to equation 9 (three phase system).

P =43 O [tose) (9)
where

P effective power [W]

U voltage (= 400 V) [V]

I measured current [A]

cos@) power factor (=0.86)

Table 10. Measured energy consumption, calculated powerinegent and expected increase in

energy consumption, due to the disintegrating dgvior the five centrifuges. The annual energy
consumption for the five centrifuges without disigttating devices was assumed to be 650 MWh
(Medoc, 2005). Dis: disintegrating centrifuge, Reference centrifuge, *on-line measurement where
the zero calibration set point was probably dispthc

Date Measured Effective Increase in
energy power current/energy
consumption consumption

[Ampere] [kw] [%] [MWhlyear]
Dis Ref Dis Ref

6" February, 2008 47 32 28 19 47 310
6-14" February, 2008 76*  50* - - 52 340
13" Mars, 2008 57 33 34 20 73 480

The on-line measurement from 6¥1&ebruary showed that the energy consumption fer th
centrifuges was independent of the daily variatiothe total solid load in to the centrifuges.
Notably is that in this on-line measurement, likilg zero calibration set point was displaced
(appendix 6). If the flow to the centrifuges is®&h and the TS content of incoming sludge
is 0.5-1 %, the specific energy consumption for di@ntegration of EAS (not thickening)

solely was calculated to be 0.03-0.06 kWh/kg T®.06-0.09 kWh/kg TS depending on the
increase in energy consumption for centrifugesy@a@r 73 %; Table 10). The disintegrating
equipment was mounted on the centrifuge numberiroiactober 2007. Possibly the energy
consumption increases when the parts of the dgiatieg equipment get worn with time.
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Therefore, the increase in energy consumption duhe first months of the evaluation period
was possibly lower than 47 %, which also Lysatexdtoown.

7.2. EFFECT ON THICKENING AND ON TOTAL SLUDGE FLOW

One of the objectives in this study was to evaluhte possibility of an improved EAS
thickening while still having remaining pumpabilithn improved EAS thickening reduces
the EAS flow to the digesters. The calculation o$gble reduction in total sludge flow was
made with background data from 2000-2005 (Table 11)

Table 11.Flow of different sludge suspensions to the art@iero
digesters. Presented values are mean values fpetio of
2000-2005 (Vallin et al., 2008).

Sludge Flow to digesters [niday]
Primary sludge 1450

EAS 390

External organic material 66.8

Total 1910

The mean TS content of EAS during 2000-2005 was%4.@/allin et al., 2008). From the
EAS flow (Table 11) and the mean value in TS contdre EAS mass flow to the digesters
was calculated to 17 940 kg TS/day. If the TS aoindé EAS can be increased, the EAS flow
to the digesters, i.e. the total sludge flow, Wwélreduced (Fig. 16).

12

(o)
!

Total sludge
flow reduction [%
N

O - T T T
4.0 6.0 8.0 10.0

TS content in thickened EAS with disintegration [%0]

Figure 16. Total sludge flow reduction, in relation to TSntent in thickened EAS, reached due to
using the disintegration technique.

As the results from the viscosity measurementscatdd that the TS content of thickened
EAS at Henriksdal WWTP can be improved from 4.66t¢% and still have remaining

pumpability, the total sludge flow to the digestesn be reduced with 5 %, i.e. 9F/day
(Fig. 16).
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The mean value in TS content for thickened EAS.6f% in the period 2000-2005, used in
the calculations, was for two reasons questiontst #ie evaluation period. The mean value
of 4.6 % was based on daily EAS samples, takenlyniosthe mornings. The first doubt was
due to the fact that there seemed to be a dailati@m in TS content of non-thickened and
consequently also of thickened EAS. This made iikaly that one sample was fully
representative for the overall day. The second tothie main concern, was due to the
discovery that a low incoming EAS TS content (~ @pcaused a significant drop in the TS
content of thickened EAS (Fig. 17).

5 —— Non-thickened EAS, day 1

3 —— Thickened EAS, day 1

TS content [%

—— Non-thickened EAS, day 2

0 | | | | | —=— Thickened EAS, day 2
00:00 0448 0936 1424 1912 00:.0.

Time

Figure 17. TS measurements from two different days. During Hathe incoming EAS had a low TS
content in the morning. The differential speedhaf tentrifuge was 12 rpm during the measurements.

This suggested that the centrifuge performancevwbel@ertain TS content of incoming EAS
was very inefficient. Unfortunately, this drop irsTcontent of thickened EAS often occurred
around 8 AM when the TS content in incoming EAS Wwasg. This was approximately the
same time as the daily sample for TS analysis du2id00-2005 was taken. Therefore, the
measured TS contents of thickened EAS during 2@@W% 2vere possibly underestimated.

The EAS flow from the bio basins had, under thdwataon period and in the past, been set to
a constant flow al day. To enable a stable and Tigltontent of EAS al day, the EAS flow
from the bio basins can with advantage be adjustéde incoming load of the plant, which
often has a daily variation. Also, to further optm the TS content of thickened EAS, a
control system where the differential speed ofdeetrifuges is adjusted to the incoming TS
content might be beneficial. If these measuresraée, probably a polymer dosage to receive
a thick sludge all day will not be needed.

7.2.1. Alt. 1: Increased capacity to treat externabrganic material

If the EAS can be further thickened, from 4.6 t&66in TS content, there will annually be
33 000 n less EAS to feed the digesters. ConsequentlydurB8 000 m external organic
material can be treated in the digesters annuBlig. possible increase in methane production
due to this was estimated. External organic mdtesgcal for this increase in capacity will
be recycled organic waste from restaurants andhbssiactivities (Table 12). Presently the

main source of external organic material at HewlakaVWTP is energy rich separated-fat
sludge.
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Table 12.Background data for topical external organic maté¢o
be further treated at Henriksdal WWTP (Stockholmt&¥& Sweco
VBB VIAK, 2002).

Degree of degradation [%] 65
TS content [%] 10
VS content [% of TS] 85

Specific methane production [Nfkg VS reduced] 0.52

Based on the data presented in table 12, the pessibual methane production from 33 000
m?® the topical external organic material was cal@dab 940 000 Nrh If the energy value
for methane is 9.8 kwWh/NmgJarvis, 2004), the annual energy output (methas} gbtained
from the external organic material was calculatedde 9 200 MWh.

7.2.2. Alt. 2: Extension of the retention time in @jesters

As a consequence of a reduction in the total sldbiye, the retention time in the digesters
will be extended (if no additional external orgammaterial is treated). With an extended
retention time, the substrates will be further del@d and the biogas production will increase.

A calculation was made to determine the effectedantion time if the total sludge flow was
reduced with 91 fiday (Equation 10).

. . Ydigester
The retention time [days] === (10)

out

Where
Vdigester volume of digester [fi = 39 000 m at Henriksdal WWTP
Qout volume flow out from digester [ftday™]

Table 13.Background data for calculation of retention timeligesters at Henriksdal WWTP (Vallin
et al., 2008).

Sludge Flowto TS VS Total solid  Volatile solid
digester [%] [% of TS] flow to flow to
[m*/day] digesters digesters
[kg TS/day] [kg VS/day]
Primary sludge 1450 3.6 74.4 52 200 38 800
EAS 390 4.6 62.2 17 900 11100
External organic material 66,8 9.9 94.6 6 610 6 260
Total 1910 76 700 56 200

The degree of degradation of the substrates initfesters was set to 50 % in the calculation
(vallin et al.,, 2008). Based on data presentedaisiet 13, the amount of volatile solids
reduced in the digesters was calculated to be P8k#@yday. Therefore, the flow out of the
digesters during 2000-2005 was in average 188@lay, giving a retention time in the
digester of approximately 21 days. If the totaldgje flow can be reduced by 9F/day, the
retention time will be extended to 22 days.
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The calculation procedure for determining the dftefcdifferent retention time’s on the gas
production are presented in appendix 5. The rdsoih this calculation showed that the
methane production can increase with 0.75 %.

The specific methane production during 2000-2005 W81 NnV kg VS (Vallin et al.,
2008), giving an annual methane production durinig period of 6 400 000 Ninlf the
methane production would increase with 0.75 % dred énergy value for methane is 9.8
KWh/Nm® (Jarvis, 2004), the annual energy winning was ¢ated to 470 MWh.

Less water to be heated in digesters

The alternative of extending the retention timedigesters, and thereby further obtain
degradation of the substrates, also brings thefibehat less water need to be heated in the
digesters.

The energy needed for heating the 33 0Gfrwater, that annually could be reduced, was
calculated (Equation 11).

E =cIlmlAT (11)
where
E energy [J]
c specific heat capacity [J*RgK ] (water: 4190 J*kg*K ™)
m mass [kg]
T temperature [K]

The set point for the temperature in the digesteas presently 37C (Vallin et al., 2008).
The mean temperature of the in going primary sludgeing 2001-2007, was 15’6 and the
mean temperature of in going thickened EAS was 16.4process database WASTE at
Stockholm Water). The temperature for the sludge ife to the digesters was, in the
calculations, approximated to P&. Based on these background data, the annualyenerg
saving was calculated to be 810 MWh.

7.3. LESS AMOUNT OF SLUDGE TO PUMP

If the EAS can be further thickened, from 4.6 t&66in TS content, there will annually be
33000 m less EAS to pump. The energy consumption for pamphickened EAS was
during the third quarter of 2007 in average 0.29hkw (process database WASTE at
Stockholm Water). Assuming that the energy consionpgper cubic meter thickened EAS
will be the same despite lower EAS suspension floseugh the pump, the annual energy
pump savings was calculated to 9.6 MWh.

7.4. ENERGY BALANCE SUMMARIZE

Table 11 shows the results from the calculationpasisible energy input and outputs when
implementing the disintegrating centrifuge techeicat Henriksdal WWTP. As different
energy sources have different quality and coss, Was considered in the presentation of the
energy balance (Table 11). The energy balance mexsevas calculated assuming that the TS
content in thickened EAS can increase from 4.6 %.@ased on the results from the batch
tests, the disintegrating centrifuge technique assumed to not affect the specific methane
production from EAS in the anaerobic digesters.
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Table 11. Possible energy input and outputs when implemgntimre disintegrating centrifuge
technique at Henriksdal WWTP, calculated over a.yea

Electricity Methane District
[MWh] gas heating
[MWh] [MWh]

Energy input

Increase in centrifuge energy consumption310 / 340 / 480
(47152173 %)

Energy outputs

Reduction of total sludge flow giving rise
to two opportunities:

Alt. 1:
Increased capacity to treat external 9 200
organic material in the digesters

Alt. 2:

Extension of the retention time in 470
digesters to further degrade the

substrates

Less amount of water to be heated 810
in the digesters

Less amount of sludge to pump due to 9.6
improved dewatering

Increased specific methane production 0
from EAS due to the fact that the substrate
will be more easily degradable

The calculations in the energy balance showedtheapossible energy outputs due to using
the disintegration method were higher than thegnemput needed. Important to note is that
the cost for energy from electricity is higher theom methane gas and district heating.
However, the decrease in the need of heating sludldpedistrict heating is evidently larger
than the increase in energy consumption for théribeges. The calculations also suggested
that an increase in the amount of external orgamaterial treated in the digester is more
beneficial than the alternative of extending théemgon time. However, a further cost
analysis must be done to evaluate if the disintegraequipment is cost effective at
Henriksdal WWTP. Investment and operational cosstralso be considered.

Important to note is that the TS content of thigerfEAS during 2001-2005 was possibly

underestimated. Therefore, the energy outputs piredein the energy balance might
consequently be overestimated.
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8. CONCLUSIONS

The disintegration rate for a centrifuge equippeth\a disintegrating device, at Henriksdal
WWTP, was in average 1.6 % for thickened EAS with dontents of 6-7 %. The rate of
sludge disintegration by the centrifuge it self vimsaverage 0.4 %. The disintegration rate
has shown to improve at higher TS content in tmekkdisintegrated EAS, likely due to
increasing retention time in disintegrating equipmeén this study, the increase of organic
material in the dissolved phase due to the treatmeas small in relation to the overall
organic material in EAS. The low disintegrationerabtained suggested that the cell walls of
bacteria were not broken by the rotating knivessription of bacterial cell would have
induced higher COD content in the dissolved phésbeoEAS. Possibly the energy input was
to low for breakage of cell wall. That no bactedalls were broken was also supported by the
fact that the disintegrating device did not infloerthe colloidal phase in the sludge.

The results from the batch tests showed that thva® no increase in the specific methane
potential for disintegrated EAS, but that the ddgteon rate of EAS was initially accelerated.
However, this initial acceleration was small andhe case of a full-scale application of the
technique at Henriksdal WWTP, the biogas productimm EAS in the digesters was

considered to be only marginally affected. Alsongidering the low disintegration rate

obtained in this study, an effect in methane prtidaccould not be expected. The results
from the batch tests with a mixture of EAS and priynsludge showed that the disintegrated
EAS did not have a stimulating effect on the degtiadh of primary sludge.

The results from the viscosity measurements shdahaidthe pumpability, for EAS with TS
contents above 5 %, improved due to the disintegrafn indication was found, that the TS
content of EAS can be increased with 1-2 % and,tdudisintegration, still have remaining
pumpability. The TS content of thickened EAS at kHesdal WWTP was, based on these
results, assumed to be able to improve from thkeeaverage of 4.6 to approximately 6 %
and still have remaining pumpability. This wouldiuee the total sludge flow to the digesters
by 5 %, i.e. 91 rfiday.

The calculations in the energy balance showedttiepossible energy outputs obtained by
using the disintegration centrifuge technique antksdal WWTP were higher than the
energy input needed. As the total sludge flow camdauced, due to using the disintegrating
centrifuge technique, further 913%uay external organic material can be treated i th
digesters or the hydraulic retention time can kereded by one day. For an increased biogas
production, the calculations suggested that aneas® in the amount of external organic
material treated in the digesters was more beéftbian the alternative of extending the
retention time. Also, energy savings can be madbeae will be less sludge to pump and less
water to heat in the digester. However, a costyaigmlmust be done to evaluate if the
disintegrating equipment is cost effective at Hesdal WWTP. Investment and operational
cost must be further considered.

This study suggests that the main influences byltkiategration device were in the reduction
of floc size and the disruption of filamentous famm bacteria. The viscosity measurements
showed that the change in sludge structure had sitiyio effect on the viscosity and
consequently the pumpability for EAS. As the disgrating centrifuge technique only
shortens filamentous forming bacteria in the EA8 do not lyse them, it is unclear if the
technique can prevent problems with foam in digsste
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APPENDIX 1. STOCKHOLM WATER LABORATORY ANALYSES
The results from Stockholm Water laboratory analyaee presented below. Their results

from COD analyses are presented in appendix 2.

Non-thickened EAS:

Table 12. Results from Stockholm Water laboratory analyses.

TS VS TOC DOC

Date Time [%] [% of TS] [mg/L] [mg/L]

2007-10-23 08:15AM 0.71 63.2 2200 14

2007-11-05 08:30 AM 0.61 63.9 1800 11

2007-11-05 01:.00PM 0.90 64.9 2900 11

2007-11-13 08:00 AM 0.89 64.0 3200 12
2007-11-13 01:.00PM 1.0 64.9 3700 12

Disintegrated EAS:

Table 13. Results from Stockholm Water laboratory analyses.

TS VS TOC DOC

Date Time [%] [% of TS] [mg/L] [mg/L]
2007-10-23 08:15AM 5.9 65.5 19000 360
2007-11-05 O08:30AM 5.6 66.3 13000 330
2007-11-05 01.00PM 6.4 66.1 13000 370
2007-11-13 08:00 AM 6.3 65.8 12000 400
2007-11-13 01:.00PM 7.0 65.9 11000 460

Reference EAS:

Table 14. Results from Stockholm Water laboratory analyses.

TS VS TOC DOC
Date Time [%] [% of TS] [mg/L] [mg/L]
2007-10-23 08:15AM 6.0 66.4 17000 96
2007-11-05 08:30 AM 5.6 66.7 19000 68
2007-11-05 01:.00PM 7.2 66.6 22000 130
2007-11-13 08:00 AM 7.1 66.1 21000 130
2007-11-13 01:.00PM 7.3 66.1 27000 150
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Reject water from disintegrating centrifuge:

Table 15.Results from Stockholm Water laboratory analysesegatt water from disintegrating
centrifuge.

Date Time SS[mg/L] TOC [mg/L] DOC [mg/L]
2007-10-23 08:15 AM 360 62 24
08:30 AM and 01:00 PM,
2007-11-05 mixed sample 980 130 23
08:00 AM and 01:00 PM,
2007-11-13 mixed sample 1700 230 28

Reject water from reference centrifuge:

Table 16.Results from Stockholm Water laboratory analysesegatt water from reference
centrifuge.

Date Time SS[mg/L] TOC [mg/L] DOC [mg/L]
2007-10-23 08:15 AM 480 160 22
08:30 AM and 01:00 PM,
2007-11-05 mixed sample 1300 210 23
08:00 AM and 01:00 PM,
2007-11-13 mixed sample 2200 310 28
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APPENDIX 2. RESULTS FROM COD ANALYSES

Table 17.Results from COD analyses. Analyses performed abttenriksdal and at Stockholm Water laboratory.

EAS before centrifugation Disintegrated thickened EAS Reference thickened EAS

Date Time CODtot [mg/l] CODcol [mg/l] CODdis [mg/l] CODtot [mg/l] CODcol [mg/l] CODdis [mg/l] CODtot [mg/l] CODcol [mg/l] CODdis [mg/l]
2007-10-17 09:15 AM 7473 - 34.1 48550 - 797 45150 - 212
2007-10-22 08:15 AM 4717 0.7 44.9 55033 426 835 54400 378 236
2007-10-22 01:45 PM 7187 8.3 37.9 65067 332 1059 70050 413 331
2007-10-23 08:15 AM 6600 10 54 59000 400 1000 57000 400 260
2007-10-25 09:15 AM 5727 5.6 37.1 57217 383 829 63133 489 297
2007-11-05 08:30 AM 5200 - 32 56000 - 850 56000 - 190
2007-11-05 01:00 PM 7800 - 35 63000 - 1000 70000 - 350
2007-11-13 08:00 AM 8600 - 35 61000 - 1100 70000 - 350
2007-11-13 01:00 PM 10000 - 38 68000 - 1300 73000 - 420
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APPENDIX 3. CALCULATION OF BIOGAS VOLUME FROM PRESSURE
MEASUREMENTS

The calculation of biogas volume based on presswasurements are shown below. The
ideal gas law was used for the recalculation o$guee increment to biogas volume produced:

pV =nRT (12)
where
p pressure [bar]
Vv volume that the gas occupies [L]
n amount of substance [mole]
R gas constant [bar*L*%mole™]
T temperature K]

For calculation of the produced biogas amount @s&nce, kogas the following equations
were used:

n =Pt (13)
R,
n, = P2V (14)
R,
nbiogas = n2 - nl (15)
where
ny amount of substance at atmospheric pressure
P1 the pressure at start and after each measuremmerssimed to be
1 atm)
V: headspace (the volume of bottle above fluid saspn phase)
Ty the temperature at start and at each measurement
n, amount of substance at time of measurement
P2 the total pressure at time of measurement (medguessure plus
atmospheric pressure)
Vo, headspace (the volume of bottle above fluid susiparphase,
same as Y)
T, the temperature at each measurement

The produced volume biogasyidfas Was calculated according the ideal gas law dsvisl

Nyiogas | R Ty
Vbiogas — biogas biogas (16)
pbiogas
where
Poiogas is the pressure of the biogasidps= )
Thiogas is the temperature of the produced biogagdE= T>)
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The produced biogas was recalculated to normalspresand temperature (€ and
atmosphere pressure) according to equation 17

[RIT

n..
_ ' biogas normal
Vbiogas.normal - (17)

pnormal

where
Thorma= 273.15 K
Prormai= 1 atmosphere = 1.013 bar
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APPENDIX 4. METHOD FOR METHANE ANALYSES

Gas samples of 1 ml was taken from the bottleshim Ibatch digestion test at each
measurement and transferred to a 30 ml glassWihaén the samples were analysed with the
gas chromatograph, three samples of 0.3 ml each taken from the glass vials. The samples
were manually injected to the gas chromatographlbgnene (Chrompack CP 9001, column
Hayesep-R 2.5 m x 1/8, FID-detector, carrier gas:fltdw 18 mL/min, temp injector: 125°C).
Mean values of three top areas from a sample wenepared with top areas for known
standards, achieved in corresponding way. The atdadwere prepared by diluting pure
methane to known concentrations. The methane csnésipressed in percent were achieved.
For the last four measurements, a gas chromatognagbh automatic injection was used
(PerkinElmer ARNEL, Clarus 500, column: 7’ HayeS¢®0/80, 1/8” SF; FID detector 250
°C; carrier gas: Helium, flow 31 mL/min; temp injec 60 °C. Headspace, sampler Turbo
Matrix 110).

Figure 18 below show an example of a calibraticagcim which was prepared with known
standards (10, 25, 50 and 100 %) and linear reigress

100000000,

y = 813240.47x + 846127.75
80000000+

60000000+

Top area

40000000+

20000000+

O I I I I I 1
0 20 40 60 80 100 120

Methane content [%0]

Figure 18. Calibration diagram prepared with known standartts linear regression.
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APPENDIX 5. BIOGAS AND METHANE PRODUCTION IN THE BATCH
DIGESTION TESTS

Disintegrated EAS:

Table 18.Results from the batch laboratory test with disindéed EAS.

Error accum. Error accum.

Accum. biogas Accum. methane methane methane
Day prod. [NL/g VS] prod. [NL/g VS] - +
0 0 0 0 0
1 0.102 0.0353 0.000956 0.000956
2 0.143 0.0538 0.000949 0.000949
3 0.171 0.0705 0.00140 0.00140
5 0.210 0.0942 0.000735 0.000735
7 0.245 0.119 0.000507 0.000507
10 0.278 0.143 0.00149 0.00149
13 0.296 0.157 0.00123 0.00123
16 0.310 0.167 0.00114 0.00114
24 0.336 0.189 0.00154 0.00154
30 0.356 0.205 0.000776 0.000776
41 0.371 0.217 0.000837 0.000837
49 0.383 0.225 0.000649 0.000649

Reference EAS:

Table 19.Results from the batch laboratory test with refeecBAS.

Error accum. Error accum.

Accum. biogas Accum. methane methane methane
Day prod. [NL/g VS] prod. [NL/g VS] - +
0 0 0 0 0
1 0.0874 0.0289 0.00074 0.00138
2 0.128 0.0470 0.00272 0.00151
3 0.156 0.0632 0.00241 0.00187
5 0.196 0.0880 0.00202 0.00118
7 0.230 0.111 0.00180 0.00125
10 0.265 0.135 0.00214 0.00115
13 0.285 0.152 0.00288 0.00154
16 0.300 0.164 0.00394 0.00218
24 0.327 0.184 0.00582 0.00346
30 0.349 0.200 0.00638 0.00597
41 0.365 0.211 0.00663 0.00591
49 0.376 0.219 0.00720 0.00649
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Disintegrated EAS and primary sludge mixed:

Table 20.Results from the batch laboratory test with disiné¢ed EAS mixed with primary
sludge.

Error accum. Error accum.

Accum. biogas Accum. methane methane methane
Day prod. [NL/g VS] prod. [NL/g VS] - +
0 0 0 0 0
1 0.133 0.0475 0.00377 0.00297
2 0.237 0.0966 0.00312 0.00271
3 0.298 0.133 0.00351 0.00611
5 0.363 0.174 0.00442 0.00623
7 0.414 0.207 0.00544 0.00851
10 0.461 0.237 0.00704 0.0116
13 0.487 0.256 0.00796 0.0131
16 0.505 0.269 0.00930 0.0162
24 0.534 0.292 0.0113 0.0212
30 0.560 0.312 0.0125 0.0248
41 0.580 0.326 0.0150 0.0238
49 0.590 0.332 0.0158 0.0249

Reference EAS and primary sludge mixed

Table 21.Results from the batch laboratory test with refeeeBAS mixed with primary
sludge.

Error accum. Error accum.

Accum. biogas Accum. methane methane methane
Day prod. [NL/g VS] prod. [NL/g VS] - +
0 0 0 0 0
1 0.139 0.0461 0.00716 0.00601
2 0.242 0.0930 0.00601 0.00571
3 0.310 0.133 0.00340 0.00493
5 0.378 0.177 0.00271 0.00355
7 0.429 0.209 0.00351 0.00539
10 0.474 0.239 0.00288 0.00539
13 0.503 0.259 0.00419 0.00596
16 0.522 0.274 0.00546 0.00573
24 0.552 0.296 0.00734 0.00508
30 0.576 0.316 0.0113 0.00743
41 0.599 0.331 0.0142 0.0142
49 0.614 0.338 0.0163 0.0174
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APPENDIX 6. CALCULATION PROCEDURE FOR DETERMINING
DIFFERENT RETENTION TIMES EFFECT ON THE GAS PRODUION
IN DIGESTER

The calculation was based on data from the baticbrdaory digestion test with reference
EAS mixed with primary sludge. The substrate contfmwsin this test was considered similar
to the composition of the substrates in the regesters at Henriksdal WWTP. The batch
digestion test gave the substrate potential forhavet production. However, it only gave
limited information of the substrate actual perfamoe in a continuous totally mixed process
with a limited hydraulic retention time. Therefotae degree of degradation in a continuous
totally mixed process was theoretically calculabeged on the result from the batch test.
Calculations were performed using different hyd@auketention times. The theory for
calculation of the degree of degradation in a camus totally mixed process, based on data
from a batch digestion test, is described in st€pbklow. The theory was provided by Ph. D.
Daniel Hellstrom, Head of Development & Investmérdstewater Treatment Dept.

1. The degree of degradation was assumed to follongtse production in the batch
digestion test. The total gas production after dgsdvas assumed to be the maximum
possible gas production. Therefore, the maximaleke@f degradation was assumed
to be reached after 49 days. The maximum degredegfadation (DRay was
determined out of the result from the batch digestest.

COD

DD - methane 18

" cob, (18)
where
CODnethane g COD transformed to methane gas in the batchstiaggetest
CODy g COD added at the start of the batch digestisn te

2. The share of maximum degree of degradation reaafiedt days was expressed as

DD(t) _ G(t)
DD = = 19
share of ma((t) DDmaX Gmax ( )
where
DD(t) degree of degradation after t days
G(t) gas production after t days
Gmax maximum gas production

3. The digester was assumed to be totally mixed. Amiamount of inert substance
added at time t = 0 days was then washed out figestér according to

Concentration = C(t) = &£ (20)
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where G = start concentration
0 = mean retention time = Volume/mean flow = V/Q

4. Therefore, the amount of substrate that have passedligester after t days was
defined by

M(t) = j QIT(t) dt = j %[(D(t) dt (21)

The amount of substrate that have passed the digastr t days expressed as a share
of one volume unit in the digester, S(t), was [a$8d O« ae = Puater» £ - dENSItY]

S() = | % (1) dt {%} (22)

5. The share of maximum degree of degradation reacfwdihe total amount of
substrate after passed through the digester, waglai@d according to

DDshare of max, tota‘F J-S(t) DDDshare of ma((t) dt When t gOGS tO |nf|n|ty (23)

6. The degree of degradation for the total amountublssate, DIR:,, was calculated
according to:

DDtotaI = DDshare of max, tota’f DDmax (24)

Missing values for days in between the measuringtpdrom the batch test were estimated
by linear interpolation. The laboratory digestiastt was performed without continuously
mixing. However, Borggren (2007) showed that thgrddation in a batch laboratory test was
approximately twice as fast with continuously mgxicompared to tests without mixing.

Therefore, since the real digesters are totallyeshicalculations were performed with values
corresponding to the assumption that the degradatmuld been twice as fast in the real
digesters as in the batch test. The calculationms ywerformed in Excel.
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APPENDIX 7. ON-LINE CURRENT MEASUREMENT

OU_.Q_A_H CENTTEST Objekt: CENTTEST

Max 89,85 Max 51,52
Avg 75,86 Avg 50,43
Min 73,41 Min 48,8
Strém Strom = G1 A Strom = G2 A
A : :
500
375
250 — -
125 |—
l)\/);l\;l\l\f\/]{ifl)\}lﬁ]}\/\\i\(l‘!\
0 : ; ;
2008-02-06 2008-02-07 2008-02-08 2008-02-09 2008-02-11 2008-02-12 2008-02-13 2008-02-15
00:00:00 06:51:25 13:42:51 20:34:17 03:25:42 10:17:08 17.08:34 00:00:00
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