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ABSTRACT

COMPARISON OF ENERGY CONSUMPTION AND CAR BON
FOOTPRINT OF WASTEWA TER TREATMENT SYSTEM S THROUGH
MODELING

Okan Bora
Master of SciengeEnvironmental Engineering
SupervisorProf. Dr. Ay K e g ¢ | Aksoy
Co-SupervisorAssoc. Prof. Drfuba Hande Erg¢der Bayr atl

September 201975 pages

With increasing population and developing regulatiovestewater treatment plants
(WWTP) have started to become a higher energy consuming sector in order to serve
higher capacitiedn the design and management phases of a treatment plant, energy
consumption and carbon footprint of the plant should be considered. In this regard,
hypothetical and real case models are created to simulate and compare WWTP
systems. In this thesis studyrst, municipal WWTPs of Turkey were analyzed to
determine the traditional technologies concerning biological treatment and sludge
stabilization of municipal wastewaters. Combinations of different units and processes
were used to build 105 hypothetical WW models. These models were then used to
determinesludge production amount, energy consumption, and carbon footprint. It
was observed that specific energy consumption ranged between 0.002 3&id/m

0.89 kWh/ni, while, carbon footprints variedetween 588 kgCg@qg/h and 5697
kgCOeg/h. In addition, Bursa East Domestic WWTP was considered for the
simulationbased optimization of a real WWTP. It was shown that both energy
consumption and carbon footprint of this treatment plant can be reduc@ddy 1

Keywords: Municipal Wastewater Treatment Plant, Energy Consumption, Carbon

Footprint Modeling, BioWin
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MODELLEME KLE ATIKSU ARITMA SKSTEMLERKNKN
T'KETKMK VE KARRBRDK KAXRKILAKTI RMASI

Okan Bora
Y¢ ksek,CleivsreensM¢g hendi sl i i
Tez DankFao braAnyé&k:eg ¢l Aksoy
Ortak TezDban&wWmandande Erg¢gder Bayramoj

Ey !l ¢ 1,173dayfa9

Artan ng¢f ws nveea ndeeljiikdleenr i1l e birli kte, atéksu
kapasitelere hizmet edebilmek i-in daha fazl
bakl amékt ér . Arétma tesislerinin tasarém ve

karbon ayzakdnrdmde @l undurul masé gerekmektec
sistemlerinin simul asyonu vV e karkel akt érelr

model | er i yarat él mékteéer . Bu tez -al éxkmasénc
kull anél an bDbiyolboijliikz aagydrnm eknoclaouirl esrtiani b
T¢rkiye' ' nin belediye atéksu arétma tesisler
teknolojilerin kombi nasyonl ar e kull anél ar a
ol ukturul muxktur . Bu model leamrerdahd ¢ke@nmnii ani na me
ayak i zini belirlemek i-in kull an%d méxkter. S
089 kWh/mfar asénda dejiktiiji, k ged/shab ite 587 a ki zi ni n
kgCOed/ s aat araséenda dejikt,i Jgerg®ezkl elmimi kK AIAT! n
simgl asyon temel | i optimizasyon -al ékmasé i
Tesi si kull anél méktér. Bu ger-ek tesisin henm
%10 oranénda azaltelabildiji g°sterilmicktir.
Anahtar Kelimeler.EvselAt e k su Ar ét ma Tesi si, Enerji t ¢k

Modelleme, BioWin
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CHAPTER 1

INTRODUCTION

Urbanization became inevitable after the industrial revolution as urban environments
provide better employment opportunities, better social services, and better
merchandising opportunities for people. However, this movement has its downsides.
It is well known thatgeneratedpollution load and wastewater amount are mostly
dependent on population increase and related residential and industrial a¢Qiities

et al., 2014)Wastewater treatment processes are widely used to remove organics and
pollutants from wastewateto prevent waterborne diseases and minimize
environmental pollutiofStensel et al., 2014T herefore, wastewater treatment plants
(WWTPs) became one of the primary substructures for hunaade habitat. On the
other hand, the WWTPs are becomingre massivelue to the effective population
needed to be seed (Chai et al., 2015)in Turkey, the amount of wastewater treated

in WWTPs was recorded as 32million n?in 2012. In 2016, the number increased

to 3,842 million ni (TUIK, 2016b) The rumber and capacity of domestic WWTPs

are expected to increase in the following years due to the increase in the population

andthe effects of urbanization.

Today, 25% of the energy consumption time water sector is used for wastewater
collection and treatent(Li et al., 2019) This energy coesponds to 1 to 4% of total
energy consumption worldwidéEA, 2016) Moreover, by 2040, the energy used for
wastewater works will exceed 60% of the total energy used in the water sector if the
demands are as project¢lEA, 2016) This problem drew attention to energy
efficiency studies on this subject. However, there is no legislation or limitation on
energy consumption WWTPs. So, energy consumption varies significantly among
different treatment plants.



Energy consumption is considered as a global problem for humankind, especially
considering the relategreenhouse gasGHG) emissions. Many countries are
struggling to convert energy resources from fossils to renewables. As long as the
renewables could not dominate the energy production market, the carbon footprint of
the energy production will remain one of the most carbteaseng industries of our
planet (Ashrafi et al.,, 2014)In addition to the GHGs generated by energy
consumption, it can be observed tB#Gsare emitted directlyrbm WWTPs. These
GHGsare CQ, CHs and NO (Delre et al., 2019)These gasses aa¢sothe most
significant contributors to climate chang®CC, 2014) When energy consumption

and GHG emisions due to treatment processes are considered, the global warming

effect of a domestic WWTP needs consideration.

Wastewater treatment facilities contain physical, chemical and biologicpreabss

and are controlled mostly by experience. Thereforesetliacilities are not operated
optimally (Wei, 2013) Modeling and optimization stlies are being developed for
these facilities with the development of tools and simulation software (iteuize et

al., 2017) With simulation software, a treatment process can be modeled to use for
decisionmaking to reach optimal WWTP design or finding optimal operational

settings to improve the facility in terms of energy and carbompfmdtefficiencies.
This thesis study aims to;

- Compare treatment efficiencies and sludge production amourtigiical
municipal WWTP schemes in Turkey via BioWin simulations. This would
provide numerical values fdhe comparison of expected sludge prouas
for different treatment schemes for given influent and effluent characteristics.
Predicted sludge production amounts would also provide inputs for energy and
carbon footprint calculations fearioustreatment schemes.

- Compare common municipal WVWWPTschemes in Turkey in terms of their
carbon footprint and energy consumption to evaluate the potential importance

of carbon footprint and energy consumption in treatment scheme selection.



- Optimize the operation of a real WWTP in terms of its energy carbon footprint
and energy consumption using a simulati@sed approach. Alternative

methods are suggested and evaluated to optipnoeess

The objectives provided aboaeecovered in individual chapters. First, information

on municipal WWTPs of Turkeywas analyzed to determine the traditional
technologies concerning biological treatment and sludge stabilization of municipal
wastewaters. Combinations of different units anacpssesvereused to build a set

of WWTP models. These modelgere then used to determine relevant sludge
production amounts, energy consumptions, and carbon footprints. Bursa East
Domestic WWTPwas employed for the simulatiehased optimization of a real
WWTP.






CHAPTER 2

LITERATURE REVIEW

2.1. Wastewater Treatment

It wasobserved that there is a relationship between wastewater disposalldicd p
health(Naik et al., 2012)However, on this issue, solutions had been developed long
before this knowledge. In the @entury, the initial attempts to treat wastewater
started in Manchester UKSalgot et al., 2018)Since then several treatment
appraches and schemes have been developed to meet effluent discharge criteria for
different types of wastewaters.

2.1.1.Biological Treatment Configurations for BOD/COD removal

In 1913, Arden and Lockett developed a full scale activated sludge (AS) process
(Ardern et al., 2007)This method became the most common biological treatment
process in the worl@Scholz, 2015)AS process consists of two separate phases. In
the first phase, the principle is to breed mixed microbial population with constant
aeration and mixingin aeration tank)The main purpose of this phase is to degrade
organic pollutarg with microbial activity. In order to maintain that treatment, oxygen
supply and mixing are essential. Oxygen supply is used for respiration, while mixing
is used for assurg the maximum contact between wastewater and microbial flocs. In
the second phase, the principle is to separate biosolids from aerated wastewater. There
are two objectives in this phase. The first one is clarification of effluent. The second
one is to reurn flocculated biomass to the aeration tank in order to maintain biomass
suspension in the systef®cholz, 2015; Stensel et al.,, 2014}he schematic
representation of AS process is provide&igure2-1 (Rieger et al., 2012)
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Figure2-1. The Diagram oAS ProcesgRieger et al., 2012)

AS iswell suited for treating organic carb@ontaining wastewaters. This attribute
made the process widely used by municipalities and industries, where wastewater may
constitute municipal sewage, textile wastewaters, petroleum wastewaters or any
organic chemials (Cheremisinoff, 2001)AS process is considered as a secondary
treatment since the pradb@reremoves dissolved organic matter escaping the primary
sedimentatiortank (primary treatment), usually located before AS process to remove
settleable solids. Physical treatment such as screens and grit chambers, which are the
first two units of WWTPs, are called as preliminary treatnf€hieemisinoff, 2001;
Stensel et al., 2014Pn the other hand, modified AS processes can also treat N and P
in the wastewater. These configurations are grouped under biological nutrient removal
(BNR) method (Cheremisinoff, 2001; Stensel et al., 2Q14)

2.1.2.AS Process Configurations

There are numerous AS process configurations used today. The most common types

can be described as follows:

Completely mixed AS (CMAS) process can be considered asfdhe conventional
kinds among other biological treatment optioAsschematic representation of the
contactstabilization process is provided iRigure2-2). Mixing in the aeration tank



leads to a uniform distribution of mixed liquor suspended solids (MLSS)
concentration, organic load and oxygen demand. The most crucial advantage of
CMAS is its resistance to shock loads duethe dilution of organic shstrate.

Therefore, it is suitable for fluctuating load intak8sensel et al., 2014)

Aeration tank

Primary | > Secondary

e . clarifier
Influent  Clarifier < Effluent

—
(_=<_] i

Return activated sludge

Sludge Sludge
Figure2-2 The Diagram of CMASAdapted from Figure-8(a) (Stensel et al., 2014)

In plugflow AS process Kigure 2-3), wastewater and return AS (RAS) enter the
system in one point and flow together to the endpoint. Typically, two or four baffles
are used to create plug flow chalmdn the laminar flow of the system, oxygen
demand decreases alongh the tank Aeration rate can be modified from beginning
to end of the tanko match the oxygen demand in the biorea(®tensel et al., 2014;
Water Environment Federation, 1998)loreover, there is a modification of this
process. If the wastewater is introduced to the system from more th@oiahet is
called stegfeed configuration. This process is used to cofitathnce oxygen demand

and volumetric BOD loa@Stensel et al., 2014; Water Environment Federation, 1998)
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Figure2-3 The Diagram of Pluglow Adapted from Figure-85 (b)(Stensel et al., 2014)

High rate aeration is used to treat high voltnmeBOD loadings. This configuration

is similar to CMAS process, yet the difference arises from high wastewater loading
rate, high sludge recycle rate and short hydraulic retention time (HRT). However,
removal efficiency of this process is not as high as in CMAS or plug flow systems. In
order the keep the system stable, provision of sufficient aeration and mixing is
essential in this configuratiofStensel et al., 2014; Water Environment Federation,
1998)

Contactstabilization is a configuration that uses two separate tanks for contact and
stabilization Figure2-4). The objective ofising astabilization tank is to stabilize the
RAS with aeration. On the other hand, ttlentact tank ai to introduce stabilized
RAS with incoming wastewater fadhe removal of the soluble BOD. Thegnificant
aeration occurs in this section. The contabilization process requires less aeration
volume than conventional processes like CMAS or {ilogy processeStensel et al.,
2014; Water Environment Federation, 1998)
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Figure2-4 The Diagram of ContaettabilizationAdapted from Figure-85 (e)(Stensel et al., 2014)

Extended aeration is similar to pkigw process. The main difference is the higher
aeration time needed in order to operate in the endogenous respiration phase of
microbial activity. Sludge retention time (SRT) bktsystem can be up to 30 days.
Moreover, HRT of the tank is usually around 24 hours because of the high sludge age.
This process is generally used for small communities due to the large tank volume
required for aeration and mixingesides extended aerain processes generally do

not require primary sedimentatig@8heremisinoff, 2001; Moran, 2018; Stensel et al.,
2014)

The idation ditch procesd~{gure2-5) is an extended aeration process. The reactor
shape is oval with centered baffles dividing the reactor into channels. In these
channels, desired aeration and mixinguscMixing is achieved by horizontal mixers
similar to the ones ithe plug-flow process.The mixture provides a velocity of 0.3

m/s to keep the sludge in suspension. Moreover, in this method, partial aeration can
be used to achieve nutrient removal ire thystem(Stensel et al., 2014; Water

Environment Federation, 1998)
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Figure2-5 The Schematic Rigram of Oxidation Ditch Processlapted from Figure -85 (j) (Stensel

et al., 2014)
There are also other systems, such asdtage CMAS process coupling in series in
order to achieve different SRTs. The primary purpose of this process is to treat toxic
substances in the first stage. The frequent use beambserved for industrial
wastewaters where toxicity is possibly high. On the other hand, for different needs,
there are different processes as well. To illustegtégh-purity oxygen process is used
to eliminate the odor and control the volatile orgasiibstance. Moreover, Krous
process is used for nitrogen deficit wastewaters. Many more could be found in the
literature(Stensel et al., 2014; Water Environment Federation, 1998)

In the following Table2-1, typical design parameters for commonly used biological

treatment processes are given.

10



Table2-1 Typical Design Parameters for Commonly UsedI&jical Treatment Processes Adapted

from Table 816 (Stensel et al., 2014)

Reactor Tvpe MLSS SRT Total HRT RAS (% of

yp (mg/L) (days) (hours) influent)

Completely Mix 1,500-4,000 3-15 35 25-100

Plug Flow 1,000-3,000 3-15 4-8 2575

High rate 200-1,000 0.52 1.53 100-150

Extended aeration | 2,000-5,000 20-40 20-30 50-150

Oxidation ditch 3,000-5,000 15-30 15-30 75-150
e 1,000-3,000

Contact stabilizatior 6,000-10,000 5-10 051 24 50-150

2.1.3.Biological Processes for Nitrogen Removal

For conventionabiological nitrogen removal, two tanks or zones are required which
are called aerobic and anoxic. In aerobic zone nitrification occurs, while in anoxic
zone denitrification occurs. In aerobic zone,N¥is oxidized to N@-N and then to
NOsz-N. After the oxidation, reduction to Ntakes place in the anoxic zone.
Nitrification and denitrification equations are givenkquation land Equation 2
respectively(Stensel et al., 2014)

( ¢/ o .7 (/1 <f 1)

T./ v#( tT(©°%c¢c. v#/! x(/ (2)

The nitrogen removal processes can be held in sslgtige or twesludge biological
nitrogen removal systems. In a singladge process, there is only one sedimentation
tank following nitrification and denitrification processes. Sirg/ledge processesear
groupedconcerningthe location of the anoxic zonas pre-anoxic, postanoxic or
simultaneous nitrificatiowenitrification. Internal recycle (IR) might be used to pump
mixed liquor from one zone to another in these systems:Sludge systems, on the

other hand, have separate sedimentation tanks for both aerobic (nitrification) and
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anoxic (denitrification) tanks. The configurations of these pgmsesre illustrated
from Figure2-6 to Figure2-8 (Cheremisinoff, 2001; Stensel et al., 2014)

Secondary
clarifier
Effluent
Influent _ Anoxic Aerobic
Return activated sludge l

Sludge

Figure2-6 The Diagram of Pré\noxic Biological Nitrogen Remal Proces®\dapted from Figure 8
21 (a)(Stensel edl., 2014)

Secondary
clarifier
/ Effluent
Influent - Aerobic Anoxic
Return activated sludge 1
Sludge

Figure2-7 The Diagram of PosAnoxic Biological Nitrogen Removal Proceasgapted from Figure
8-21 (c)(Stensel et al., 2014)
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Figure2-8 The Diagram of TweSludgeBiological Nitrogen Removal Processlapted from Figure
8-21 (e)(Stensel et al., 2014)

2.1.4.Biological Processes for Phosphorous Removal

In 1974, it was clarified that volatile fatty acidfectphosphorus removal in aerobic
degradatiorfRybicki et al., 1997)in the literaturelt was stated thatnaerobic contact
between activated sludge and influent wastewater is néedgetomplish biological
phosphorus removal in wastewat@tudolfs et al., 1947; Rybicki et al., 1997; Stensel

et al., 2014)The most common biological phosphorus removal configuration is called
Phoredox (A/O, i.e. anaerobic/oxm)nfiguration (Barnard, 1975). Tketupconsists

of anaerobic and aerobic sequence with low SRT to target biological phosphorus
removal.The £hematic representation of A/O process is providdegnre2-9.
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Figure2-9 The Diagram of A/O Biological Phosphorous Removal ProAelspted from Figure 29

(a) (Stensel et al., 2014)
In municipal WWTPs, chemical phosphorous rentévalso usdbesides biological
phosphorus removal. In this method, metal salts are added to the secondary
sedimentation tank (or before and after sedimentation tank) in order to enhance

precipitation of phosphoroyfybicki et al.,1997)

2.1.5.Biological Processes for Nitrogen and Phosphorus Removal

Biological nutrient removal (BNR) aims for nitroggrhosphorusr both nitrogen and
phosphorugemoval in a system. The most basic configuration of BNR systems is
A20 (anaerobic/anoxic/@ebic) processes. This process is a modified version of A/O
process. The modification is achieved through the addition of an anoxic zone with
internal recycle between anaerobic and aerobic regions. Moreover, SRT of the system
runs at a range of-85 dayswhich provides nitrification and denitrification besides
phosphate removéMoran, 2018; Stensel et al., 201%Fhe £hematic representation

of A20 process is provided Figure2-10.
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Figure2-10 The Diagram of 20 Procesé\dapted from Figure-29 (b)(Stensel et al., 2014)

There are several commercial biological nutrient removal processes. Folla2ang
5-stage Bardenpho process is the most common among BNRs. There are also other
configurations which are University of Cape Town (UCT), Virginia Initiative Plant
(VIP) and Johnnesburg process@doran, 2018; Stensel et al., 2014he schematic
diagrams of these processes are given in the following figbrgsré2-11 to Figure

2-13). Typical design parameters for commonly used BNR processes are given in

Table2-2.

Recycle
| Secondary
7 % clarifier Effluent
Influent Anaerobic Anoy: Aerobic ¥ZAnoxic// ©
Q
% 2
Return activated sludge
Sludge

(containing P)

Figure2-11 The Diagram of 55tage Bardenpho Proce&sdapted from Figure-29 (c)(Stensel et al.,
2014)
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Figure2-12 The Diagram UCT Procegsdapted from Figure-29 (d)(Stensel et al., 2014)
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Figure2-13 The Diagram of VIP Procegsdapted from Figure-29 ) (Stensel et al., 2014)
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Table2-2 Typical Design Parametefsr Commonly Used Biological Nutrient Removal Processes
Adapted fromTable8-26 (Stensel et al., 2014)

st HRT (h) RAS (% Internal
SRT | MLSS ) . . Recycle
Parametre / Anaerobic | Anoxic | Aerobic of 0
(days)| (mg/L) . (% of
Process Zone | Zone | Zone |influent) influent)

A/O 2-5 | 3,0004,000| 0.51.5 - 1-3 25-100 -
A20 5-25 | 3,0004,000| 0.51.5 | 0.51 4-8 25100 | 100400

Bardenphes | 1020 | 3,0004,000) 0515 | =o' | #12/ | 50100 | 200400
UCT | 1025]30004000] 12 | 24 | 412 | 80100 | 200400
VIP | 510 | 20004000] 12 | 12 | 46 | 80100 | 100200

2.1.6.Sludge Stabilization

Some of the activated sludge should be removed from the treatment system and
discharged. This sludge is called the waste activated sludge (WAS). This sludge
contains microorganisms, organics, inorganic chemicals and metals. WAS quantity
and solid concentt@n vary according to the treatment technology and the incoming
wastewater characteristics. Additionally, solids removed from primary sedimentation
are known as primary sludge (PS). PS usually has a high concentration of solids and

pathogenic microorganiss (Sanin et al., 2011)

Waste sludges remain active after remldrom the system in terms of microbial
activity. Therefoe, waste sludges should be stabilized, except for the waste sludges
that are sento combustion or solid waste digestion. Sludge stability can be

categorized into three ternSanin et al., 2011)
- Energy availability for biological metabolisms
- Odor and putrefaction
- Adversity of health and environment

Anaerobic digestion, aerobic digestion, lime stabilization, chemical dixatheat

stabilization and sludge combustion are examples of sludge stabilization methods. On
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the other hand,thickening componerg (before stabilization) and dewatering
componerg (after stabilization) are auxiliary units of sludge stabilization. The
purpose of these units is to control the volume and solid concentration of §8aige

et al., 2011; Stensel et al., 201%ypical sludge solids concentrations are provided in
Table2-3.

Table2-3 Expected Solid Concentratiofftdm Sludge Operatosdapted from Table 18 (Stensel et

al., 2014)
. Solids
Ops:g(t:lg;\sor Concertration %
Dry Solids

Sedimentation Range Typical
PS 5-9 6
PS + WAS 3-8 4
WAS (with PS) 0.51.5 0.8

WAS (without PS) 0.82.5 1.3
Anaerobic Digestion| Range Typical

PS 2-5 4
PS+WAS 1.54 2.5
Aerobic Digestion | Range Typical
PS 2.57 3.5
PS+WAS 1.54 2.5

2.2.Specific Energy Consumption of a WWTP

Considering treatment plants have different sizes and configurations, it is hard to form
standards on energy consumption. Electrical Power Research Institute (EPRI) and
Water Research Foundation (WRF) saddiihe electrical consumption oflVWTPs

(Pabi et al., 2013)in this study, itwasclearly seen that treatment plants with lower
treatment capacities use rea@nergy to treat wastewater. The results of this study are
shown inTable 2-4. Additionally, most of the electrical consumption in treatment
plants occu in the aeration operatiolhe dectrical consumption distribution of

treatment plants is shown gure2-14 (Pabi et al., 2013)
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Table2-4 Weighted Average Values for Wastewater System Parameters from Filtered Energy Star
Datase{(Pabi et al., 2013)

Average Energy | Average .
Daily Flow Use Effluent (é?en;:;ti'tng
Range Intensity BOD Onsite (O/y)
(MGD) | (KWh/MG) | (mgll) .
<2 3,300 7.3 10
2-4 3,000 6.7 14
4-7 2,400 7.5 7
7-16 2,000 6.5 45
16- 46 1,700 7.2 39
46-100 1,700 12.2 44
101- 330 1,600 115 18
Return
Activated
Sludge
Misc.

Pumping
3%

Pumping
12%

Aeration
52%

Biosolids
Processing
30%

Figure2-14 Typical Energy EndJses in Municipal Wastewater Treatm¢Rabi et al., 2013)
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Many variables and factors are affecting the energy consumption of a municipal
WWTP. In order to compare the energy consumptions of different treatment processes
with different capacities, several methods have been developed. In literature, common
energy ley indicators are energy consumptions per volume of treated wastewater, per
population equivalence (PE) and per GéXaved(Longo etal., 2016) Since the PE
differs from one country to another, it could be hard to compare specific energy
consumptions of treatment plaritom different countries using the PE indicator. On

the other hand, specific energy consumptions per volumeaittrevater and COD

removed values are comparable between countries.

In the literature, it can be found that energy consumption for®lofitreated
wastewateranges from 0.1 kWh/#to 2.5 kWh/ni (Silva et al.,2015) This value
mostly depends on treatment technology. It also varies between countries. Energy
consumptions per treated wastewater volumes in different countries are given below
in Figure2-15.
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2.3.Carbon Footprint of a Treatment Plant

In literature studiesa carbon footprint evaluation of a WWTP is usually done using
life cycle assessment (LGAMannina et al., 2019)Evaluations are sHspecific.
Although there is10 official guideline for GHG emission control and modeling, the
European Environment Agency (EEA) presented the EU climate and energy package
(EEA, 2014) This package of legislation sets climate and energy targets for 2020. At
the wastewater treatment sector level, there are three national targets, mhich a
national government, national water utility association and local authority levels.
Moreover, according to EEA Technical report No 5/2014, water and energy policies
strongly affect the climatéEEA, 2014) This package can be considered as a start of

GHG emissions legislation féinewater sector at the ianal and municipal levsl

Calculating GHG emissions of domestic WWTP is challenging dubedack of
control and monitoring over emissions in treatment plant sites. In order to calculate
GHG emissions of a treatment plant, shgnificantsources shdd results GHGs are

also generated during electricity production. For this matter, the total electricity
consumption of a treatment plant should also be calculated. In literature, the GHGs
emitted from WWTPs are named as direct emissions-siteremisans. On the other
hand, the GHGs arising from electricity production that is consumed in theapéant

referred to indirect emissions or fite emissiongAshrafi etal., 2014)

The electricity production of a country should be investigated to understand the impact
of WWTPs on indirect emissions that contributette carbon footprintElectricity
production in Turkey mainly depends on coal, with a percentage &¥37ollowed
by natural gas with 29.8%. Turkey provides 31.5% of its energy generation from
renewable sources such as hydropower (19.8%), wind power (6.6%), solar power
(2.6%) and geothermal energy (2.5%). The carbon equivalent emission of a
conventional oaklburning power plant is approximately 1,000 g€@kWh
(POSTNOTE, 2006) Another fossil fuetbased, natural ggsowered electricity

generation has 500 gGe&y/kWh carbon equivalent emission. This value seems
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preferable compared to celahsed power. However, renewable energy sources have
a relatively low carbon footprint as compared @sdil fuels; hydropower has -BD
gCGeq/kWh, wind energy has five gG&y/kWh, solar power has 35 geg/kWh
carbon equivalent emissigfOSTNOTE, 2006)With this information, theveighted
carbon equivalent emission of electricity production in Turkey can be calculated as
540 gCQeq/kWh. Carbon footprint resulting from electricity production thatsed
to run a WWTP can be considered in determination of the overall carbon footprint.
Moreover, carbon emissions during sludge transportation to final management site

can also be taken into considerat(&ktA, 2017)

Literature studies show that direct GHG emissions have the largest contribution to the
carbon footprint of a WWTP, which is betweed # 70 % of the totglDelre et al.,

2019) The quantity of MO gas emissions is lower than that of £&hd CQ.
However, since global warmirgptential (GWP) of MO gas is 265 times higher than
CO,, N2O is deemed as the most significant contributor to direct GHG emissions.
Studies also show that2 emission influencers such as rbG@TKNi,, SRT, IR

have a significant effect on total GHG emiss. When rbCORTKNi, increases

from 0.65 to 1.25, BD reduction rate increases from 0.036 mg/min to 0.04 mg/min
(Massara et al., 20170n the other hah when the temperature of wastewater
decreases, it is reported thatONemission increase from %3to 40% with the
temperature decr e(Massaraktralg 2017BeBide€, ertrichmeht0 A C
of ammonium oxidizing bacteridAOB) in wastewater favors JD emissions
(Mannina et al., 2019)Previous studies also show that in BNR system&£) N
emissions decrease with the increase in nitrogen renfidesisara et al., 2017)
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2.4, WWTP Modeling

Since the treatment efficiencies and energy consumptions of wastewater treatment
schemes vary considerabFigure2-15), predictions on treatment outcomes may be
required. Conventional treatment cannot be considered sustainable for all cases. As
seen in the literature, simulatidiased approaches can tidmanagement and design

of sustainable wastewater treatment and resource rec@itaguwijit et al., 2015)

In earlier stages of WWTP modiay, numerical methods were used. In 1983, the
International Association on Water Quality (IAWQ), which is called International
Water Association (IWA) started to study with a group of people on development of

a WWTP model(Henze et al., 2017)Their main focus was to create a simple
mathematical modé¢hatwould provide accurate results.\WWQ aimed to achieve two
primary goals.The frst one was to improve the existing mathematical models
concerning the accuracy and speed of convergence. The second goal was to use the
model on single sludge systefitenze et al., 2017 1987, Activated Sludge Model

No 1 (ASM1) was presente(Henze et al., 1983ASM2 followedthe first model for

better phosphorus removal predictions. These two models became standard tools for
modeling biological removal at WWTPs. At th& 8/orld Congress on Anaerobic
Digestion (1997), IWA nominated a group of people to study an anaerobic digestion
model. In 2002 IWA published ADM(Batstone et al., 2002; Henze et al., 2017)

Todayds computer model s can analyze treat me
parameters to develop a better strat@ghawwad, 2018) Models can be used to

predict the feasibility of untraditional configurations such as black water source
separation(Tervahauta et al., 201,3icroalgae biofilm water treatme(Boelee et

al., 2012) urban water systenfdgudelcVera et al., 2012)etc. Moreover, simulation

approach studies are available for both benchmarking of existing pnisam et

al., 2001) and feasibility studies based on simulations for new treatment options

(Khiewwijit et al., 2015)
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2.5.BioWin Simulation Software

In this study BioWin 5.3computer package was used to simulate WWTP scenarios.
BioWin is a software that can simulate wastewater treatment processes assitady
and dynamic conditions. The software is an integration of ASM, ADM and a solid
precipitation model( Kat i [ ., The2develépgr of the software is Envirosim

Associates Ltd. (Canada).

2.5.1.Process and Mdule Descriptions

The BioWin activated sludge/anaerobic digestion model (ASDM) contains more than
fifty state variables and eighty process express(@&mwvirosim, 2017) The typical
biological processes occurring in the WWTP are simulated and the overall model

contains;

- Activated Sludge Processes

- Anaerobic Digestion Processes

- Chemical Precipitation Reactions
- pH andAlkalinity Model

Activated Sludge Processes

The activated sludge (AS) processes in BioWin includes following modules;

Growth and Decay of Ordinary Heterotrophic Organi¢@dOs)

- Number of Processes: 24
- Objective: BOD removal, denitrification

The growth ad decay of OHOs are described in this process group. A maximum
specific growth rate, heterotrophic biomass concentration and Monod expression are
used to calculate the growth. Under anoxic conditions the growth rate is multiplied
with an anoxic growth fdor. The default kinetic and stoichiometric parameters of
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OHOs are provided in Table 2 5 and Table 2 6. pH inhibition and switching function

parameters for OHOs can be seen in the BioWin manual (Envirosim, 2017).

Table2-5 Kinetic Parameters of Ordinary Heterotrophic Organisms (OH@sjvirosim, 2017)

Name Default | Unit

Max. spec. growth rate 3.2 d-1
Substrate half sat. 5 mgCOD/L
Anoxic growth factor 0.5 -
Denite N producers (N@ | - i

or NOy) '

Aerobic decay rate 0.62 d-1
Anoxic decay rate 0.233 d-1
Anaerobic decay rate 0.131 d-1
Fermentation rate 1.6 d-1
Fermentation half sat. 5 mgCOD/L
Fermentation growth 0. 25 -
Free Nitrous acid 1.00E mol N /L
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Table2-6 Stoichiometric Parameters of OH@snvirosim, 2017)

Name Default | Unit

Yield (Aerobic) 0.666 mgCOD/mgCOD
Yield (fermentation low H) 0.1 mgCOD/mgCOD
Yield (fermentation high b) 0.1 mgCOD/mgCOD
H> yield (fermentation low k) 0.35 mgCOD/mgCOD
H> yield (fermentation high b} 0 mgCOD/mgCOD
||:_>|2§)p|onate yield (fermentation low 0 mgCOD/MgCOD
Propionate yield 0.7 mgCOD/mgCOD
CQOy yield (fermentation low b) 0.7 mmolCO2/mmolHAC
COpyield (fermentation low b) 0 mmolCO2/mmolHAC
N in Biomass 0.07 mgN/mgCOD
P in Biomass 0.022 mgP/mgCOD
Endogenous fractionaerobic 0.08 -
Endogenous fractionanoxic 0.103 -
Endogenous fractionanaerobic 0.184 -
COD:VSS Ratio 1.42 mgCOD/mgVSS
Yield (anoxic) 0.54 mgCOD/mgCOD
Yield propionic (anoxic) 0.64 mgCOD/mgCOD
Yield propionic (anoxic) 0.46 mgCOD/mgCOD
Yield acetic (aerobic) 0.6 mgCOD/mgCOD
Yield acetic (anoxic) 0.43 mgCOD/mgCOD
Yield methanol (Aerobic) 0.5 mgCOD/mgCOD
Max fraction to NO at high FNA 0.05 mgN/mgN
over nitrate

Max fraction to NO at high FNA 0.1 mgN/mgN
Biomass volatile fraction (VSS/TSS 0.92 mgVSS/ mgTSS
(E\;\éjg?_lc_esng;s residue volatile fractig 0.92 mgVSS/ mgTSS
N in endogenous residue 0.07 mgN/ mgCOD
P in endogenous residue 0.022 mgP/ mgCOD
Endogenous residue COD:VSS Rg 1.42 mgCOD/mgVSS
Parpculate substrate COD:VSS 16 mgCOD/MgVSS
Ratio

Particulate inert COD:VSS Ratio 1.6 mgCOD/mgVSS
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Growth and Decay of Methylotrophs

- Number of Processes: 6

- Objective: denitrification using methanol

In BioWin model, the growth and decay of heterotrophs using methanol under anoxic

conditions were described with these proceddesd el 6 s met hyl ot rophs can
under anoxic conditions using methanol as the substrate with nitrate or nitrite as the
electronace pt or . There is a minimum Aanoxic SRTO
from washingout from the activated sludge systeviaximum specific growth rate,

anoxic methylotrophs concentration and a Monod expression are used to céteulate

growth rate. Model arameters are provided in the maniaivirosim, 2017)

Hydrolysis, Adsorption, Ammonification and Assimilative deiffittation

- Number of Processes: 10

- Objective: Conversion of orgasianitrogen and phosphorus fractions

In this module hydrolysisof biodegradable particulate organic substrate to readily
biodegradable complex substrate and biodegradable particulate organic nitrogen and
phosphorus are described. Moreover, adsorption or flocculation of colloidal organic
material, ammonification of &able organic nitrogenassimilative denitrification of

nitrate or nitrite and slow decay of endogenous products are also defined with this
module. These processes are described separately from microorganism groups due to
different microorganism types. Metparameters are provided in BioWin Manual
(Envirosim, 2017)

Growth and Decay of Ammonia Oxidizing Biomd#€)B)

- Number of Processes: 4

- Objective:Nitrification
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This biomass uses the energy to synthesize organic mdteralnorganic carbon
and grows by oxidizing ammonidhe gowth rate of the biomass is calculated by
using maximum specific growth rate, biags concentration and a Monod expression.
The growth rate is also modified with dissolved oxy@@®), nutrient concentration
and pH inhibition. Model parameters are provided in BioWin mafi&avirosim,
2017)

Growth and Decay of Nitrite Oxidizing Biomass (NOB)

- Number of Processes: 2

- Objective: Nitrification

This biomass uses the energy to synthesize organic matemnalrfoyganic carbon

and grows by oxidizing nitrite to nitrate. Ammonia is the nitrogen source for these
microorganisms.The homass growth rate is calculated by usithgg maximum
specific growth rate, the nitriexidizing biomass concentration and a Monod
expression for nitrite. The base rate is modified with DO and nutrient concentration
and pH inhibition. Model parameters are provided in BioWin mafiavirosim,
2017)

Growth and Decay of Anaerobic Ammonia Oxidizers (AAO)

- Number of Processes: 2

- Objective: Nitrification

This biomass uses the energy to synthesize organic material from inorganic carbon
and grows byonverting ammonia and nitrite to nitrogen gas and nitféte biomass
growth rate i product of the maximum specific growth rate, the AAO concentration,

a Monod expression for ammonia and a Monod expression for nitrite. Model

parameters are provided BioWin manual(Envirosim, 2017)
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Growth and Decay of Phosphorus Accumulating Organisms (PAOS)

- Number of Processes7 1
- Engineering Objective: Biological phosphorus removal

- Implementation: Permanent

The module describes the growth and decay of polyphosphate accumulating
organisms (PAOs). The PAOs use polyphosphate as an energy sousssaester
volatile fatty acids\VFAs) under anaerobic conditions. Sequestration rate is a product
of the sequestration rate constant, the PAO concentration and a Monod switch on the
appropriate substratelnder P limited conditionghe model usea different growth

rate constant. The bagrowth rate is calculated by using the maximum specific rate
constant, the PAO concentration and a Monod switch on the ratio
polyhydroxyalkanoatesPHA) to PAGs. Model parameters are provided in BioWin
manual(Envirosim, 2017)

Anaerobic Digestion Processes
Anaerobic digestion model contaitie following modules;

Heterotrophic Growth through Fermentation

- Number ofProcesses: 2

- Objective: VFA generation (fermenters, digesters)

The anaerobic growth factor is calculated using the maximum specific growth rate
constant, the heterotrophic biomass concentration and a Monod expression for the
substrate The rate is modifié by nutrient limitations and pH inhibition. The decay
rate varies according to the electron acceptor of the environment. The model

parameters are provided in BioWin man(E&hvirosim, 2017)
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Growth and Decay of Propionic Acetogens

- Number of Processes: 2

- Objective: anaerobic digestion

The module describes the growth and decay of propionic acetsgelhe rate
expressionis a product of the maximum specific growth rate, the propionic
acetogains concentration and a Monod expression for propionate. The growth rate is
modified with environmental conditions (hydrogen and acetate), nutrient limitations
and pH inhibition. The mdel parameters are provided in BioWin mar(&avirosim,

2017)

Growth and Decay of Methanogens

- Number of Processes:

- Objective: anaerobic digestion

The module describes the growth and decay of methanogens converting acetate and
hydrogenotrophic methanogens converting>CtThe growth rate expression is a
product of the maximum specific growth rate, the biomass contienteand a Monod
expression for each of the substrates. The rate is also modified with nutrient limitation

and pH inhibition. The parameters are provided in BiowWin maiiralirosim, 2017)

Chemical Precipitation Reactions

The model containthe following modules;

Ferric or Alum Precipitation

- Number of Reactions: 6
- Objective: Chemical phosphorus removal
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The model is selected as an option fridorivio d e |  0Q@uipdtits usenissoptionalhe
model equation is expressed by usamgequilibrium approach. The added metal can
be selected as Ferric or Alum. The metal addition forms soluble-ptetaphate and
insoluble phosphate/hydroxo complexes. The equilibriurafiectedby pH of the
medium.The parameters are provided in BioWin mar(&avirosim, 2017)

Struvite and Calcium Phosphates Precipitation

- Number of Processes: 3

- Objective: Formation of Struvite and Calcium Phosphates

The model i s s el e ddde Optiens andaits use ip optionan f r om A
wastewatersmagnesium andalcium can form precipitation as struvite or hydroxy
dicalciumphosphate (HDP). Besides HDP, BioWin contains one more calcium
phosphate precipitate, hydroxyapatite (HAP)e model parameters are provided in

BioWin manual(Envirosim, 2017)

pH and Alkalinity Model

The implementation of this model is optional. The pH model is based on the
equilibrium of phosphate, carbonate, ammonium, VFA systems and typical strong
ions in wastewater. Alkalinity is estimated with pH model using ionic species at the
current system state. The description of the model is provided in BioWin Manual
(Envirosim, 2017)

2.5.2.Interface and Solver Descriptiors

BioWin software uses a drawing board to visualize the treatment plant components.
Also, componenspecific windows allow users to specify physical and operational

data for that component. The key calculation features of the software can be illustrated
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as; energgonsumption and operating costs, blower and surface aerators power, onsite
power generation, heat recovery, comprehensive pH, chemical and biological P
removal, struvite precipitation, treatment efficiencies, effluent characteristics, etc. A

demonstratiomf the BioWin interface is given iRigure2-16.

File Edit Tools Project View Simulate Language Help
08 BRSSAEE®E & vEE 2 H- [ -
Main | Configurs | Caloulstors |

HRCY

Influent Primary Zone #1 Zone#2 Aerobic Sec. Clarifier Secondary Effluent
— |
RAS
= 2 g
DW WAS Thickener
=
O
PS Anaerobic digester  Digester Effiuent
: =
1Y
« i

Name:  Aerobic Type: Bioreactor Bzm=r R 0.9 hours

Armonia N 0.73 mgN/L
Volume: 1600,00 w3 Nitiate N 925 mgN/L
Arex 400,00 w2 Nitie N 025 mgh/L
Depth 450 m Sohible PO4-F 124 mgPiL
Diffuser coverage: 10.00 % e e — Wolalile suspended salids 2645 mg/L
Number of i 976 Total suspended soids 3748 modl
Diffuser unit area 00410 w2 Dissolved 02 2,00 mg/L

OUR - Tatal B3.21 moO0/L/hr pH 650
0TR 17,94 kghe
i o ate 4531,00 m3/hr (200, 1 atm)
Modsl options BioWin ASDM  Euilde mods| 02 modsiing  NH3 stripping NH3 stippinginanzer. da. N2O modeling  pH caleulation  pH limitation in AS MA4P & CaPO4 precipiation Al precipitation Me

Status |Steady stats solution SRT (days) 10.08 Ready to sinulate 20.0°C: 1.0 howrs Cunent alams |0 6455 Houry power cost

Figure2-16 Demonstration of BioWin Software Interfac

BioWin simulator can solve the mass balance of a system for both -stizaelyand
dynamic conditionsThe geadystate module is used to analyze systems based on
constant flow and loadings while the dynamic simulator is used to analyze systems

with time-varying inputgEnvirosim, 2017)

Solver modules of BioWin software useT he Bi oWi n Hwhizhhrisa Met h
combination of the NewteRaphson (NR) (secornarder) Search and a Decoupled

Linear Search (DLS)Envirosim, D17). The hybrid method selects the best approach

for the model and switch between them if it is necessary. On the other hand, the user
can also select the method manually. The default maximum allowable error is 0.1%.

The maximum allowable error can defined by user to increase simulation speed

(Envirosim, 2017)
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In BioWin software, the integrated ASDM model is uasd default for all biological

unit processes. Models for ammonia stripping, nitrous oxide production, pH
calculations, chemical precipitation can also be opened and closed fymsersim,
2017)

Various treatment operatocsin be simulated iBioWin software. These opeas

include(Envirosim, 2017)

- AS bioreactors

- SBRs

- Media reactor§IFAS)

- MBBR systems

- Anaerobic or aerobic digesters

- Settling tank modules

- Influent elements such as wastewater, metal, chemical, methanol

- Auxiliary modules such d®w splitters and combinergqualization tanks,

thickening and dewatering units

In literaure, it can be observed that BioWin softwaras usedin studies such as
WWTP simulation(Dursun et al., 2011; Elawwad et al., 201€3nsitivity analgis
(Dursun et al., 2011 )pptimization studie¢Elawwad, 2018; Elawwad et al., 2019)
respirometric and titrimetric measaments(Sin et al., 2007)design improvement
strategies( Kat i [., 2016)

34



CHAPTER 3

COMPARISON OF DIFFERENT TREATMENT SCHEMES BASED ON
SLUDGE PRODUCTION AND REMOVAL EFFICIENCY FOR
MUNICIPAL WWTPS

3.1.Introduction

Municipal wastewater generation is increasing with residential and industrial
activities. Surface waters are getting more polluted with domestic, industrial and
agriculturawastes. However, WWTPs are locatednly 2960f 1,397 municipalities

of Turkey (TUIK, 2016a) Contamnated water resources not only affect biodiversity,

but also many people whose livelihoods depend on water. Buyuk Menderes River,
Egirdir Lake, Bafa Lake, Salt Lake, Gedi
Lake, Burdur Lakeand G° ks u Da few af tha wetlands affegted by

polluton( ¥kt em et al ., 2014)

In our country,The Ministry of Environmentand Urbanizationdeclared the 2023
wastewater actionplapn T. C. ¢evr e ve kehAccodindgtotke Bak an
wastewater action plai, 501 WWTPswill be built by 2023. At the moment, 906

municipal WWTPs are being operated in Turkey. On the other hand, there are 81

municipal WWTPs under constructionT . C. ¢evr e ve kehirciliKk

Collecting and treating the wastewater in WWTPs results in slocgieiction which

should be well managed. This sludge could be stabilized in the treatment plant with
the help of aerobic or anaerobic digesters for better management. However, in Turkey,
only 24% of the treatment plants are stabilizing their waste sluddges C . tevr e
kehircil i k Baetatmelhigh célgrific 2alué & gewage sludge, thermal
conversion methods such as combustion, gasification and pyrolysis, appear to be more

promising than landfill application for the fate of waste sludges in sustainable
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management. Yet, sewage slusigige also nutrienich organic substances. This

attribute is still making waste sludges usable for land applicafMfesle, 2015)

Turkeyds Ministry of Environment and Urbani:
treatment of sludges to achieve sustainable management. With the collaboration of

Middle East Technical University, Action Plan is expected to be released in late 2019

(B2B Medya, 2018)

With increasing capacity and quamtiiequirements of WWTPs, the selection of the
most appropriate treatment process for urban WWTP design becomes a growing
problem. With these requirements, existing treatment plants force to utilize their
operators fully and restrict them financiallKhiewwijit et al., 2015) As a
consequence, the construction of an effective and appropriate treatment plan scheme
for the observed influentd desired effluent characteristics is a problem that has been
studied in many technique€Commonwealth, 2004)In the literature, WWTP
modeling is also used to select treatment plant operations and improve plant efficiency
(Yin et al, 2018) However, in our country, wastewater treatment system
idenification problem is a difficult task primarily when the system is not modeled in
the design stagén addition to thatthere are some urban WWTPs that do not work
effectively in Turkey( T ¢ r k nm2Z®1v) lecould be deducted that new academic

approaches seem to have difficulty integrating into practice.

In this context, instead of proposing new methods for water treatment plantkay,

a modeling studywas carried out for the existing planend the more efficient
operation and scheme building of these plants. This study aims to compare treatment
efficiencies and sludge production amounts in municipal WWTP schemes commonly
used in Turkey via BioWin simulations. This study would provideneri@al waste
sludge analysis, removal efficiency assessment @mtceptional pros/cons of

Turkeyds most used treatment plant schemes f

36



3.2. Methodology

In this study, Turkey's widely used wastewater treatment schemes wirzedrand
simulation model were created in order to compare the removal efficiencies and sludge
production rates for different treatment technologidistreatment plant modelsere

kept in the same flow capacity. Three differentuefitcharacteristicand one effluent
target were chosen to design all models. 35 combirsatibinieatment schemes were
prepared. With three different influent characteristics, a total of 105 models were
prepared and run in this study.

The methodology consists of the following stepsglectionof flowrateii) selection
of wastewater charactsticsiii) identification of scheme operatorg) determination
of effluent target/) modeing approach. The purpose of this procedure is tegda
comparable treatment scheme models. For this study, Bis\@softwarewasused

for model building.
3.2.1.Selectionof Flowrate

I n this initial s t' eapacity dompatksenywéassmade tolselest WWT
the operational flowrate of the models. Faapacity comparisofi Th e Manage men
of Domestic/ Urban Sswsed(eT. £l uddgeev rRr ovee ck
Bakanl! é]lethat udyl 32 existing treatment plants were investigated in

terms of flowrate capacity of the WWTPs. Thmallest and the biggest flowrate
capacities are stated as m¥dayand 765,000n*day respectively. The total capacity

of these treatment plants was calculated as 8,069,%8aynTherefore, it can be said

that at least 8 million fof wastewater arbeingprocesed daily in these WWTPs.

Median and average values of daily capacities of the treatment plants were calculated

as 6,836n%/dayand 34,784 rfiday. It can be statettiat50% of the treatment plants

have a smaller capacity th@000 ni/day.

In order to understanithe capacity distribution of these treatment plaatgraphical
histogramapproach was performed with four different flowrates. These flowrates are
15,000, 35,000, 100,000 and 250,00%day. In Figure3-1, the numberof treament
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plants for different capacitias provided inthe histogram graphA histogram graph

by total wastewater processisdlsoprovided inFigure3-2.
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Figure3-1 Number ofMunicipal WWTPs Histogram Distribution of Turkey by Treatment Plant
Capacity( T. G.re¢teve kehircilik Bakanl éj e, 2015)
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Figure3-2 Processed Wastewater Histogram Distribution of Turkey by Treatment Plant Capacities
(T.C. ¢evre ve kehircilik Bakanl éjé, 2015
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It can be statethat 61% of the treatment plants hawé&wer capacity of 15,000
m3/day. However, in these facilities, only 7% of the total of 8 millwhwastewater

is processed daily. IfRigure 3-2, it can be seen that the treatment pldraging a

capacitygreaterthan 100,000m%day are processing &d of the total wastewater
amountlt can be deducted that sludge produced in treatpients with a capacity of
more than 100,000 #day constitutes the majority of the totehstewater processed
and thesludge prodoed Therefore, e single flow ratd¢o be used in models was

selected as 100,000%day.
3.2.2.Selection of Wastewater Charactestics

Raw nunicipal wastewater consists mostly of water with suspended and dissolved
organic and inorganic solids with relatively small concentrat{Stensel et al., 2014)
Table3-1 shows the typical concentrations of the main components of low, medium,
and high strength domestic raw wastew@Btensel et al., 20144l three strengths

wereselected tdeusel in the study.

Table3-1 Compositionof Wastewater for Different StrengtfStensel et al., 2014)

Concentrations (mg/L)

Constituents | Low | Medium | High
strength | strength | strength

WW WW WW
BODs 110 190 350
COD 250 430 800
TSS 120 210 400
NHs-N 12 25 45
OrganicN 8 15 25
TKN 20 40 70
OrganicP 1 2 4
InorganicP 3 5 8
QOil & grease 50 90 100
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3.2.3.Identification of Scheme Operators

In this stepthe selection of the biological treatment and sludge treatment processes
for the models will be explained’he biological treatment units and the sludge
treatment process types to be used in the model study were selected considering the
most used municipal WWTP processes in TurKeaythis purpose, the management

of domestic/urban sewage sludge project whicls weesented by the Ministry of
Environment and Urbanization was uged . C. tevre ve kehircilik B
In this project, the existing facilities were examined in detail. Project results revealed
that the most commonly used biologitr@atment technologies (processes) in Turkey

are conventional AS (CAS) process, BNR processes such as Bardenpho5 and A20,
and extended aeration proceBgy(re 3-3). 35% of all biological treatment units in
Turkeyhave aCAS process. On the other hand, BNR systems and extended aeration
processes cover 44% and 15% of all biological treatment units, respectively. The rest
of the treatment plants are trickling filters, ponds and MBR systems. When the BNR
distribution is analzed, it is seen that 52% of the BN&&A20, 40% is Bardenpho

and 5% is AO processegherefore A20 is the most commonly used BNR type in
Turkey (Figure3-4).
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The project report also reveals that sludge stabilization is perfameedy 25% of
all WWTPs. The most commonly used sludge stabilization processes are aerobic
digestion, anaerobic digestion, lime stabilization and composktmgTable 3-2,

sludge stabilization processes are provided with their percent usages in {(lutkey

¢tevre ve kehircili k Bakanl éejée, 2015)
Table3-2 Sludge StabilizatiofProcesseased in Turkey(T. C. ¢tevre ve kehircilik Baka
Sludge Stabilization Availability (%)
Aerobic Digestion 53%
Anaerobic Digestion 29%
Lime Stabilization 16%
Composting 2%

Regarding the results of domestic/urban sewage sludge project of Turkey, the most
preferred schemes for secondary treatment of model buildings were selected as
conventional activated sludge process, extended aeration process, A/O process, A20

process an8ardenpheb process.

For extended aeration process, primary sedimentation is not used coni8tenkel

et al., 2014) Therefore, primary sedimentation is not placed in the modetheof
extended aeration process. On the other hand, in Turkey, it can be observed that in
some of the WWTPwith A20 and Bardepho5 processes, primary sedimentation is
being usedFor example Antalya City has two municipal WWTPs in the central
districts Both treatment plants are usiBgrdenheb processedHowever, one of them

is using primary sedimentatiqghASAT, 2009; the other one does not have primary
sedimentation (ASAT, 2011) To have a better understanding of primary
sedimentation usage on A20 and Barderplprocesses, two scenarios were taken
into consideration separately as with and without primary sedimentation. To sum up,

seven treatment optismvereselected.

On theother hand, five different sludge treatment processes were selected. Sludge

treatment options could be listed as;
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- No action

- Thickening and Dewatering

- Thickening, Aerobic Digestion and Dewatering

- Thickening, Anaerobic Digestion and Dewatering

- Thickening, Pe-Treatment, Anaerobic digestion and Dewatering

Thickening and dewatering can be stated as the default process according to
domestic/urban sewage sludge project of Turkey. No action sludge treatment option
wasalso discussed as a reference pfuintompaison ofsludge treatment processes.

In Turkey, only 256 of theurban WWTPs havasludge stabilization unit. Most used
sludge stabilization optionwhich areanaerobic digestion aratrobic digestionwere

placed for sludge treatment options. Additiottahnaerobic digestiofAD), thermal
hydrolysiswas selected for ADasa pretreatment option. Numerous studies report

that thermal hydrolysis enhances anaerobic digestion perfornfatar r r e et
2010) It wasalso stated that thermal hydrolysis led to a 20% increase in methane

production of anaerobic digestionCar r r e .et al ., 2010)

As several process combinatiomsresimulated for different wastewater strengths, a
naming conventiomwasused to distinguish between different cases named in the form

S X _Y_Z.Here Sis composed of 2 letters representing the strength of the wastewater
treated Table3-3). X is composed of two to four characters that express the treatment
process used. Y is an array of 2 elements composed of numbers or characters. It points
out whether sludge piteeatment is used before sludge stabilization or not. Sludge
pre-treatmentwas used only before anaerobic digestion. And, finally, Z stands for
sludge processing options. It is composed of 3 characters or numbers. Definitions are
provided inTable3-3. To illustrate, MS_BD5S_TH_AND is the model in which the
medium strength wastewater is treated by Bardesphmocess with primary
sedimentation and resulting sludge is anaerobically digestadhermal hydrolysis
pretreatmentHS _EXT_00_ 001 is the high strength wastewater treated with extended

aeration wheré¢he resulting sludge is thickened and dewatered ddlerall, using
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different combinations of wastewater characteristics, treatment methods and sludge

handling,105different casesvereconsidered.

Table3-3 Codes in Naming Convention Used for Different Cases (S_X_Y_Z)

Code S Strength of Wastewater
HS High Strength
MS Medium Strength
LS Low Strength

Code X Treatment Processes

CON Conventional Activated Sludge
EXT Extended Aeration

AO A/O

A20 A20 with no primary sedimentation

A20S A20 with primary sedimentation

BD5 Bardenpheb with no primary sedimentation

BD5S Bardenpheb with primarysedimentation

Code Y Sludge pretreatment before stabilization
00 No sludge prdreatment
TH Thermal hydrolysis

Code Z Sludge processing

000 No action
001 Thickening and dewatering

AED Thickening, aerobic digestion and dewatering

AND Thickening, anaerobic digestion and dewatering

3.2.4.Determination of Effluent Target

In this step, target effluent wastewater characteristics were determined. In order to set

target effluents, s #dawsetieghoptldtiarguivaence 0 s

was calculated.

In Turkey, BOD generation per capita.day isefbg/cap.day T. C. ¢evr e
Bakanl ej é&,. M&inondand n2irbniudh BOD comeatrations for selected

influent wastewater characteristics can be stategb@sand 110 mg/L fohigh and
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low strength wastewater3 gble 3-1). Therefore, the incoming BOD daily load of

selected wastewater strengths could be between 35,000,000 g/day for high strength
wastewaters and 11,000,000 g/day for low strength wastewaters Wimming

BOD daily load values are divided by BOD generation values of Turkey, the highest
possible PE and lowest possible RE€re calculated.PE results are 777,778 and
183,333capta respectivelyl n Tur keyds regul ations, t he
criteria for different PE values. These PE values are 2,000, 10,000 and 100,000 cap.
Since the lowest possible calculated PE value is 183,333, effluent targets were selected

for WWTPs thatare servingfor 100,000 PE or moreélThe BOD, COD and TSS

effluent imits were taken from Table 24 o f iWater Pol lution Cc
and the TN and TP effl uent l i mits were t
Control ReTgud.at¢ieovnroe ve Kkehir cTheleffllentBa k an |

limits taken from the redationsareprovided inTable3-4.

Table3-4 SelectecEffluent Limit Characteristics

Effluent Effluent Limits
Characteristics (mg/L)
BODs 35
COD 90
TSS 25
TN 10
TP 1

For all selected biological treatment options, BOD, COD and TSS effluent targets are
achievable. On the other handpdels with nutrient removal technologies such as

A20 (S_A20S_Y_Z) and Bardenpt®(S_BD5_ Y Z & S_BD5S_Y_Z) processes

are expectedto medtP and TN targets taken from AU
Regul ationodo for sensi tiaewell(eTc.ed.vi Gigv rbeo d
kehircil i k Blbdeaver AQ (8 A0 2 0Z) propcess is also expected

to meet TP target.
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3.2.5.Modeling Approach

In the modeling phase, with the combination of wastewater and sludge treatment
options, 35 different treatment schemes were created. All the schemes were modeled
in BioWin environment and replicatedrée times for thee different wastewater

characteristis input.

Bioreactor sizing was done within the typical design parameiatsld 2-1, Table

2-2). In order to compare removal efficieasof different sludge treatment opiis,
sizing of the bioreactorsagkept constant foa givenstrength of the wastewater and
treatment optiondd@r code S and X). On the other hand, SRT of each treatment option
was kept constant regardless of the strength of the wastefeatende X).Sdected

SRT values of wastewatertreatment optionsare provided in Table 3-5. Design
parameters of created models used in simulations for different aasesovidedn
Appendix A Table A-1 to Table A-7. Moreover, process flow schemes used for
different treatment methods anddie handling options are providedAppendix B
FigureB-1to FigureB-9.

Table3-5 Selected SRT values for wastewater treatment technologies

Treatment Option (dSaRy-;)

Conventional AS 5
Extended Aeration 30
A/O 5
A20 10
Bardenpheb 15

46



The variables that were changed from default values can be lid@tbas;
List of Assumptions

- Primary sedimentation underflow solid concentration is typically between 4
and 5.5%(Sanin et al., 2011; Stensel et al., 20TAgrefore, underflow rates
wereadjusted to operats 45,000 mg/L TSS concentration.

- The sirface over flowrate of secondary clarifierasadjusted to operate
between 16 to 32 #fim?.day(Stensel et al., 2014)

- In conventional activated sludge and exterak@tion system surface aerators
wereused.In BNR systems aeration with diffusesgreused.

- Thickening and dewatering capture ratesre changed to 9% from the
default value of 10% (Sanin et al., 2011)

- Thickening underflow TSS concentratisrasfixed around 70,000 mg/L. On
the other hand, for aerobic digestion scenatitat valuewasfixed between
40,00050,000 mg/L(Sanin et al., 2011)

- Waste sludge TSS concentratiwaskept above 22%Sanin et al., 2011)

- In order to meet discharge standards, chemical additias applied if
necessary. Added chemicalgere aluminum salt in secondary clarifiers to
meet TP taget in the discharge and calcium carbonate for pH control in aerobic
digestion.In addition to that, struvite recovery was applied to AD sludge

processes if necessary.

To sum up, 105 different BioWin model scheme combinatwese created for

comparison.

3.3.Results and Discussion

In this study, wastewater treatment and sludge treatment technologies Tisekkin
wereinvestigated and combined to create different scenarios that possibly have a real

WWTP representation in TurkeAs a result, ive different treatment optiawere
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selected tdbeusal in models. These treatment options are conventional AS, extended
aeration, A/O, A20 and bardenpboAdditionally, A20 and BardenpHs treatment
optionswere alsaconsidered with and withu primary sedimentatioherefore, the
number of selected treatment option can be stated as seven in that consideration. For
selected SRT values, operating MLSS aad daily sludge production results of
different wastewater treatment optiomsthout any sludge processindor three

different influent strengths are providedTiable 3-6.

Table3-6 SRT, MLSS and Sludge Production ValuesreModels

Average Sludge
mg(rjneel é:y-l;) M Lsg Produc%ion
(mg/L) | (kg/day)

HS_CON 5 3,219 37,328
MS_CON 5 3,539 19,026
LS _CON 5 3,071 10,614
HS_EXT 30 2,977 19,995
MS_EXT 30 2,051 10,313
LS _EXT 30 2129 5,338
HS AO 5 4,292 38,709
MS_AO 5 3,281 20,002
LS_AO 5 3,066 11,212
HS A20S 10 2,786 36,305
MS_A20S 10 2,869 18,766
LS A20S 10 2,288 10,573
HS_BD5S 15 3,006 34575
MS_BD5S 15 2,831 17,990
LS _BD5S 15 2,143 10,038
HS_A20 10 3,496 27,999
MS_A20 10 3,539 14,443
LS_A20 10 3,071 7,833
HS BD5 15 4,004 26,265
MS_BD5 15 3,860 13477
LS BD5 15 3,064 7,339
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For sludge treatment options, besides only thickening and dewatering, three sludge
stabilization methoslwere selected to use in models. These are aerobic digestion,
anaerobic digestion and anaerobic digestion with thermal hydrolysis. No action for
sludge treatmentvas also taken into consideration. Therefore, five different sludge
treatment optios were used tareate modeldn this context, 105 different wastewater
treatment models were created in BioWin ModEffluent result§or each modeare
provided inAppendix CTable C-1 to Table C-7. Waste sludge productions of the
treatment schemes are provided able3-7 andFigure3-5. As clearly seen ifrigure

3-5 as the strength of wastewater decreases, the amountlyfsigige produced
decreases for the specific biological and sludge treatment unit, as expected.

Table3-7 Waste Sludge Production tife Models

Waste Sludge Production (kg/day)
Treatment Process (X)

High Strength CON | EXT AO | A20S | BD5S | A20 | BD5
HS X 00 000 37,328 | 19,995 38,709 | 36,305 | 34,575| 27,999 | 26,265
HS X 00 001 36,658 | 19,487 | 38,090 | 35347 | 33853 | 27,037 | 25,639
HS X 00 AED | 21966| 16,977 | 24,464 | 24,132 | 23029 | 21,752 | 20,786
HS X 00 AND | 18976| 17,048 | 21,956 | 16,579| 16,074 | 16,729 | 16,025
HS X TH AND |15041| 15915| 18716 14,558 | 14,545| 14,694 | 14,557
Medium Strength | CON | EXT AO | A20S | BD5S | A20 | BD5
MS_X_ 00_000 19,026 | 10,313 | 20,002 | 18,767 | 17,990 | 14,443 | 13477
MS X 00 001 18645| 10,037 | 19668 | 18614 | 17,574 | 14,285| 12948
MS X 00 AED | 11,045| 8,737| 12677 | 12097| 11,835| 10596 | 10,540
MS X 00 _AND 9,423| 8,869|11443| 8489| 8,186| 8362| 8483
MS X _TH_AND 9,255| 8,128| 9,691| 7,627| 7554| 7570| 7,610
Low Strength CON EXT AO A20S | BD5S | A20 BD5
LS X 00 000 10614| 5,338| 11212 10573| 10,038| 7,833| 7,339
LS X 00 001 10,375| 5,160 10999| 10,339| 9,800| 7,527| 7,056
LS X 00 _AED 5685| 4,401| 6,682| 6592| 6,245| 5566| 5452
LS X 00 _AND 4853| 4,473| 5832| 4,687| 4,288 4,747| 4,369
LS X TH AND 3567| 4,067| 4601| 4,102| 3,830| 4,173| 3,938

Sludge Treatment
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For all wastewater strengths and sludge processing options, waste sludge solid
production ranged between 3,567 kg/day and 37,328 kg/day for conventional AS,
4,067 kg/day and 19,995 kg/day for extended aeration, 4,601 kgfathy88709

kg/day for A/O, 4,102 kg/day and 36,305 kg/day for A20 with primary settliag34
kg/day and 27,999 kg/day for A20 with no primary settling, 3,830 kg/day and 34,575
kg/day for Bardenpho5 with primary settling, and finally 3,938 kg/day 26865

kg/day for Bardenpho5 with no primary settlintable3-7). For all ranges given for

a specific treatment process, combinations that includedaeaaligestion with
thermal hydrolysis have the lowekdily waste sludgg@roduction On the other hand,
among the wastewater treatment options extended aeration combinations have the

lowestdaily waste sludg@roduction

The highest waste sludge valwesre observeébr cases where no action is taken for

sludge processing. Compared toh e fA No Act istudgé prargssingon i n
(S_X_00_000 cases), thickening and dewatering (S_X 00_001) decreased waste
sludge solidscontentby 3% on averagedfor all treatnent options. However, the
volumetric reduction of the thickening and dewatering is necedsarg default

WWTP.

Compared t¢ he A No Act islodged procepsing (& nX 00 000 cases),
aerobic sludge processing (S_X_00_AED cases) decreased wastessligigby up

to 46% for conventional activated sludge process, 18% for extended aeration, 40% for
A/O, 38% for A20 with primary sedimentation, 29% for A20 with no primary
sedimentation, 38% for Bardenpho5 with primary sedimentation, and 26% for
Bardenpho5with no primary sedimentation depending on the strength of the

wastewater.

Compared tat h eo Actidnd o p t slumge priocessing (S_X 00 _000 cases),
Anaerobic sludge processing (S_X_00_AND cases) decreased waste sludge solids by
up to 54% for conventimal activated sludge process, 16% for extended aeration, 48%

for A/O, 56% for A20 with primary sedimentation, 42% for A20 with no primary
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sedimentation, 57% for Bardenpho5 with primary sedimentation, and 40% for
Bardenpho5 with no primary sedimentatioepdnding on the strength of the

wastewater.

Lastly, compared td he A No Act isladyge prooepsing (nX_ 00 600
cases), Anaerobic sludge processing with thermal hydrolysis (S_X_TH_AND cases)
decreased waste sludge solids by uptb for conventioal activated sludge process,
24% for extended aeratiobQ% for A/O, 61% for A20 with primary sedimentation,
48% for A20 with no primary sedimentatio62%6 for Bardenpho5 with primary
sedimentation, andic% for Bardenpho5 with no primary sedimentationeteging on

the strength of the wastewater.

The low SRTtreatment technologiesich as conventional AS and A/O processes have
maximum sludge output among the models (S CON_Y_Z and S_A/O_Y_Z cases).
Although it appears to be a disadvantage, anaerobic digestion performance in these
systems is much higher than in other systems. Dtleetamount of secondasjudge

with the addition of primary sludge of the systems, in these models, it was observed
that biogas production ratesanaerobic digestioimcreasedy up to 827m?h for HS
wastewaterThe extended aeration had 85% lower B®groduction rates while A20

and Bardenph® processes had 70 and 89lower production ratesespectively

Lastly, A20S and BardenpksS (with primary sedimentation) processes had 20 and

21% lower biogas production rates in anaerobic digestitnresgect to A/O process

In the absence of primary sedimentation wastewater treatmemptionssuch as
extended aeratigmnd A20 and Bardenpkewithout sedimentation, Wasobserved
thatthe VSS destruction performanad the sludge stabilizatiors deceasing. For
A20 proceswithout primary sedimentation, the performances of aerobic, anaerobic
and anaerobic with thermal hydrolysis sludge processes are dedogds&d, 26%

and 21%respectivelyconcerning the A20 process with primary sedimentatian

Bardenpheb processwithout primary sedimentation, the performances of aerobic,
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anaerobic and anaerobic with thermal hydrolysis sludge processes are delayeased

35, 29 and 2446 compared to with primary sedimentatioounterpart

In the cases, wheamaerobiadigestionwasused, the effluent phosphoraesults are
usually higher as expect¢tiableC-3to TableC-7)( Car r r e .TEherefad, . |, 20
for the wastewater treatmemptions targeing TP removal (A/O, A20 and
Bardenpheb), P removal by salt is needed for further nutrient removal in addition to
biological means. However, the addition of metal salts such as aluminum aalts w
found to be not enough to remove P for hégfiength wastewaters in meeting desired
effluent TPconcentrationdn addition to thatTN target effluent could ndtereacted

with Bardenpheb or A20 treatment units with biological sludge stabilization
processesYet, it was realized vianodeling also thattgivite precipitation after
anaerobic digestion is solving the problem for both TN and TP effluent. It can be stated
that struvite precipitation isnaexcellen tool for capturing P and N nutrients after
anaerobic digegin. The caseswhere precipitation methodsereused are lisiin
Table3-8. The albiminum saltsolutionwasused for chemical precipitation paced
amount for TP irffient which corresponds to 5n#/day, 3m*/dayand 1.3 ri¥day for

HS, MS and LS wastewatengspectively. For struvite recovergyclone separator

with Mg addition was used. It was observed that 900, 540 and 240 kg/day struvite

recovery is possible for§f MS and LS wastewaters respectively.
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Table3-8 TheCasesn Which Precipitation Methodsere Used

Sludge Precipitation Used in Models
Treatment Treatment Process (X)
High Strength AO A20S BD5S A20 BD5
HS X 00 AED - PP PP PP PP
HS X 00 AND | PP| PPSP | PPSP | PPSP | PPSP
HS X TH AND| PP | PPSP | PPSP | PRSP | PPSP
'\S"tfg;]‘gt';l AO | A20S | BD5S | A20 BD5
MS X 00 AED - PP PP PP PP
MS X 00 AND | PP| PPSP | PPSP | PPSP | PRSP
MS X TH AND| PP PRSP PRSP PRSP PRSP
Low Strength AO | A20S BD5S A20 BD5
LS X 00 AED - PP PP PP PP
LS X 00 AND | PP SP SP SP SP
LS X TH_AND | PP SP SP SP SP

PP =Phosphorou®recipitation
SP = Stuavite Precipitation

Althoughthe targeted TN and TP effluent concentration could noedehed when
there is a biological sludge stabilization uttigre are WWTPs already having BNR
technologies (A2@r Bardenpheb) with anaerobic digestion combinations in Turkey.
Examples areAntalya HurmaUrban Wastewater Treatment PIg&SAT, 2005)
Ks t an b MunicifalMasteawater Treatment PldgnK SKK, K80 @ nhbul
Wastewater Treatment PlaptK S K K ,, Ko2y@MuBigdipal Wastewater Treatment
Plant( KOS KK,. In2hese\W\)WTPs chemicalsmight be neead to apply to
remove the additional P released precipitation.

In the modeling phase of tlstudy, the sizing of wastewater treatment options was
done to achieve around 93, 90 and8COD removal efficiency for all high, medium
and low strength wastewaters. In other wortlsyas aimed to keep effluent COD
conentraton between 460 mg/l. It was observed that TP and TN removal
efficiencieswerenot affectedby more than 3% by different sludge treatment options

if requiredphosphorousind struvite precipitatiowere appliedlt was also observed
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that if a biological sludge stabilization process added to an existing BNR system,
effluent targeted TP and TN could not be achieved. Therefore, the biological sludge
stabilization processes should be modeled in the design stage of a WWTP and the
sizing ofthe bioreactors can be optimized to reach minimum chemical Usagrage
removal efficiencies of conventional AS, Extended aeration and A/O processes are
provided in Table 3-9. Average removal efficiencies of A20 and Bardenpho

processes are providedTiable3-10.

Table3-9 Removal Efficiencies of Conventional AS, Extended Aeration and A/O Processes

Average Removal Efficiency (%)
ModelName | o | 1ss | ™ | TP

HS_CON 98.0| 97.6| 27.2| 47.7
MS_CON 95.9| 94.7| 24.4| 427
LS CON 93.6| 92.0| 25.5| 40.2
HS EXT 99.1| 97.6] 22.8| 315
MS_EXT 98.7| 96.8| 20.4| 36.7
LS EXT 97.6| 94.3| 22.1| 25.8
HS_AO 97.7| 96.4| 42.1| 93.0
MS_AO 96.5| 94.7| 39.9| 88.7
LS_AO 93.7| 91.2]| 26.3] 785
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Table3-10 Removal Efficiencies of A20 and Bardenphd’rocesses

Average Removal Efficiency (%)
BOD TSS | TN TP
HS_A20S 98.3] 97.0] 78.2| 894
MS_A20S 97.4| 955| 64.1| 848
LS _A20S 95.9| 94.2| 58.1| 821
HS_BD5S 97.9| 95.6| 86.8] 91.1
MS_BD5S 97.2| 94.2| 80.5| 86.6

Model Name

LS_BD5S 95.6| 92.3| 73.3| 76.9
HS_A20 97.7| 95.2| 80.3| 86.4
MS_A20 96.4| 92.6| 70.3| 80.3
LS_A20 948 90.1| 63.2| 77.7
HS_BD5 98.1| 95.2| 87.8] 92.8
MS_BD5 96.4| 914| 85.3| 857
LS_BD5 94.8| 89.6] 76.2| 74.2

It was observed that BardenpBoprocess is superior to the A20 process in the
removal of nitrogen and phosphoroltswas also observed that struvite recovery is
improving nitrogen removal efficiency under 1% for these nutrient removal systems.
In the selected influent characteristi€&N/COD ratio is 0.085. The typical range of
TKN/COD ratio @andropdownto 0.07( R° s s | e elttwasalbserved tBadhigh )
strength wastewater and A20 models could achieve higher nitrogen removal
efficiencies with 1000 mg/l COD influent. This is due to the fact that at higher influent
COD concentration of 1000 mg/l (higher than the selected maximum level of 800
mg/L), a lower TKN/COD ratio of 0.07 is obtained. This low ratio or high influent
COD level supplies carbon source for denitrification and results in lower effluent TN
concentrationslf the influent COD is increased to have a TKN/COD ratio of 0.07,
nitrogen removal of A20 process increases by 2.5% while 1% for Bard@&npho
process.
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3.4.Conclusions

I n this st udyused Wastewatelyahd sluadge seatment technologies
were invefigated. Selected treatment options were used to create scheme
combinationsd bemodeled in BioWin simulation environment. In models, flowrate
was determined as 100,0006%day. In the creation of the models, sizing of the
bioreactors and operation varieblwere kept in the range of typical design parameters
to meet target effluent criteria. Moreover, for better comparison, operational variables
were kept constarior different sludge treatment options. In this study, 105 treatment

scheme combinations weceeated.

Among the wastewater treatment options, it was observed that extended aeration
wastewater treatment option has the lovgzsly sludge productianyYet, the system

has the biggest land footprint comparedhe othess. Among the sludge treatment
options, anaerobic digestion with thermal hydrolysas found to havéhe smallest
amount of dailywaste sludgeroduction On the other hand, it was observed that
conventional AS and A/O proces have thebiggestbiogas production rate in

anaerobic sludg processegor producinghehighest amount of sludge

It was observed that A20 and Barderythprocesses could work with or without
primary sedimentatiorHHowever, for biological sludge process combinations of these
treatment technologies, phosphorous struvite precipitation is needed toeet
nutrient effluents since the sizing of the bioreactors was done without any sludge
treatment optionVith primary sedimentatigrsludgestabilizatiorefficiencies as VSS
destructiorareincreasing20.5% on averagé&Vithout primary sedimentatipnutrient
removal efficiencies are increasifdgi% for A20 process and 2.8% for Bardensho
processlt was also observed that the removal efficiency of TN is effected differently
for A20 and Bardenph6 pracesses by influent TKN/COD ratio.

Due to variatios in the waste sludge production, available sludge management
options should be a significant déitig factorin selecting wastewater and sludge
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treatment optionsHowever, while selecting theiastewater ash sludge treatment
optiors, waste sludge production and removal efficiency of the treatment system
should not be the onlfactorsto investigate Energy consumption, GHG emissions
and cost analysis should also be investigateddsigning sustainable ardonomical
WWTPs In this context, these analyses are provided in the following ch&ptepter

4).
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CHAPTER 4

COMPARISON OF DIFFERENT TREATMENT SCHEMES BASED ON
ENERGY CONSUMPTION AND CARBON FOOTPRINT FOR MUNICIPAL
WWTPS

4.1.Introduction

WWTPsare amondhe primary substructures for populated areas in order to prevent
waterborne diseases and minimize environmental pollution. The numbes ety

of WWTPs are expected to increasahafollowing years due to population growth
and industrializatiofQin et al., 2014)The amount of wastewater treated has reached
to 3,842 million niin Turkey in 201§TUIK, 2016b)

Wastewater treatment is an energiensive proces Growing energy consumption is
considered as a global problem for humankind, especially consid&d@gemissions

as well as increasing operating coéfshrafi et al., 2014) Many countries are
struggling to convert energy resources from fossil fuels to renewables and optimize
energy consumption through strategic changes in desyapmrationToday 25% of

the energy consumption in the water sector is linked to wastewater collection and
treatmenti(Li et al., 2019) This amount corresponds to 1% to 4% of the total energy
consumption worldwide(IEA, 2016) Moreover, by 2040, the energy edks for
wastewater works will exceed 60% of the total energy used in the water sector if the
demands are as project@dA, 2016)

WWTPsare one of the sources of GHG emissions not only due to energy consumption
for operaions but also processes and reactions occurring during treatment. GHGs
emitted from domestic WWTPs are @H;, and NO (Delre et al., 2019)These
gasses arthe most significant contributors to climate chafg®CC, 2014) When

energy consumption and GHG emissions due to treatment processes are considered,
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the global warming effect of a WWTP needs consideraftidns problem drew
attention to energy efficiency studies on this sulf)@dai et al., 2010)However, there

is no legislation or limitation regarding energy consumption in WWTPs. So, energy
consumption varies significantly among different plafspecially for municipal
WWTPs, being only in community service and not having ditpgmal makes
wastewater management hard to regulate. Economic benefits of wastewater
managementare still an issue for local governments of developing and
underdeveloped countriéGrisan et al., 2018 Some of the nationally averaged unit
energy consumptions per £ of wastewater treated are listedTiable4-1.

Table4-1 Average Unit Energy Consumptions in WWTPs in different countries (kWbfm
wastewater treated) He r n-Sanche et al., 2011)

United . :
States Netherlands| Singapore | Switzerland
0.45 0.36 0.56 0.52
United : .
Germany Kingdom Australia Spain
0.67 0.64 0.39 0.53

In Portugal, 17 WWTPs were examined to obtain performance indicators. These plants
each treat around 10,000%day of wastewater and most of them have biogas
production (Silva et al., 2015) The studyproposed a performance classification
according to energy consumption. In that study, it was stated that, for AS
configurations, ifthe energy consumption of the treatment plamtbelow 0.28
kwh/m?, the energy performance of the plant is cdesid as in good state. On the
other hand, it was also stated, for BNR processes, in order to define energy
performance am goodstate the energy consumption of the facilitgeded tdoe less

than 0.42 kWh/rf(Silva et al., 2015)

The am of this study is to compare different wastewater treatment processes and
schemesn terms ofenergy consumptions, carbon footprints and net present values
(NPVs) for differentwastewatesstrengths through modeling. BioWin softwavas

used to model different treatment schemgsliscussed in Chap@rWWTPs can be
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simulated in a coputer environment for different scenarifidenze et al., 2017)
Therefore, instead of eavking on an actual treatment plant, models can easily be
duplicatedfor different schemes. In this study, energynsumptionand carbon
footprintswereassessed based on model outputs. Potential impacts of energy usage,
carbon footprint, an8lPV on treatnent system selectiomereevaluated.

4.2.Methodology

In this study, most used municipal WWTP treatment schemes of Twkaghwere
modeledin Chapter3, were investigated in terms oh&rgy consumption, carbon
footprint and NPV. A total of 105 different treatment scheme models were
investigated in this regar@BioWin 5.3 software was used fagimulation. Energy
consumption data of the modeled treatment plant were obtained from softwkse

carbon footprint and NPV of the treatmedbanes were calculated externally.

The methodology consists of the following stepsmideling different tretment
schemes iifalculation ofenergy consumption iigalculation ofcarbon footprint iv)
cost analysis. The purpose of this procedure isht@in and comparthe energy

consumption, carbon footprint and NPV of tienerated treatment scheme models

For this study, two levels of energy consumption were defined which is nepeeilic
energy consumptiorSEQ 1&2. SEC1 represents the energy consumption (in kwh)
per 1 nt of treated wastewater. SEC2 represents energy consumption per 1 mg/L of
COD treatedOn the other hand, carbon footprint results were defined for hourly GHG
emissions (§COeq/h) Lastly, NPV of each system was calculated for 20 years

operation period and defined in million TL.
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4.2.1.Modeling different treatment schemes

Wastewater treatment schemes used for comparison were selected based on common
treatment processes in Turkey as studied in a TUBITAK KAMAG prgjeEt. C. ¢evr e
ve kehircil i k AcBoadihg to thé fesults pr2sertel )n that project,
among the 282 municipal WWTPs, 44% are biological nutrient removing systems
(BNRs). This is followed by conventional activated sludge (CAS) treatment by 35%.
Then comes extended aeration by 15%. Trickling filters and ponds have a share of 3%
each. Among BIRs, most common treatment systems are A20, Bardenpho5 and AO
(Phoredox) with a share of 52%, 40% and 5%, respectively. Sludge stabilization is
applied only at 25% of all municipal WWTPs. Common sludge stabilization methods
are aerobic digestion and andsoodigestion applied at 53% and 29% of the WWTPs,
respectively.

Using the above information as a guide as well, treatment system simulations and
comparisons were realized for CAS, extended aeration, AO, A20, and Bareenpho

In extended aeratigprimarysedimentation was not used as it is not com(goengl

et al., 2014)or A20 and Bardenphb processes, both primary sedimentation usage
and absence were modeled since both practices can be observed in the municipal
WWTPs in Turkey( G¢ | han et al ., 2018)

These systems were considered under five different sludge management options.
These are (1) no action, (2) thickening and dewatering, (3) thickening, aerobic
digestion and dewatering, (3) thickening, anaerobic digestion amdteléng, and

finally (5) thickening, prdreatment, anaerobic digestion and dewatering. The first
sludge management option was used as a base case where no action is applied to
sludge. Thereforghe impact of different sludge handling methods and stadiithn

on energy usage and carbon footprint could be compared. The fifth option aims to pre
treating the wastewater to improve the efficiency of anaerobic digestion. Thermal
hydrolysis was considered as the-freatment method since itaproven technagy

to improvethe performance of anaerobic digestiortCar r r e .et al . , 2010)
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A single flow rate was selected to compare all treatment processes on energy
consumption and carbon footprint. In total, 61% of the municipal wastewater is
handled at WWTPs with a capacity of 100,060/day or higher (TUBITAK
KAMAG, 2015). This value was chosen as the influent flowrate for all WWTPs
simulated. Three different strengths of wastewater were considered. Wastewater

characteristisare provided ifmable4-2 (Stensel et al., 2014)

Table4-2 Characteristicfor Different Wastewater Strengt(iStensel et al., 2014)

Concentrations (mg/L)

Constituents | Low | Medium | High
strength | strength | strength

WW WW WW
BODs 110 190 350
COD 250 430 800
TSS 120 210 400
NHs-N 12 25 45
OrganicN 8 15 25
TKN 20 40 70
OrganicP 1 2 4
InorganicP 3 5 8
Qil & grease 50 90 100

Naming convention was useditientification of the process combinations simulated.

The form of the naming conventionis S_X_Y_Z. S is representing the strength of the
wastewater treated. X is representing the treatment process used. Y is representing the
sludge prdareatment proces#\nd finally, Z is representing the sludge process option.
Definitions are provided iffable3-3 (Chapter3, Heading3.2.3.

In simulating different treatment schemesydtsassumed that all cases target effluent
characteristics that are required for domestic WWTPs serving a population equivalent
(PE) of 100,000 or moreéAccordingly, the lowest possible PE was calculated as
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