INVESTIGATION OF
ECONOMIC AND ENVIRONMENTAL IMPACTS OF
THE USE OF SOLAR AND BIOGAS RESOURCES
IN URBAN WASTEWATER TREATMENT PLANTS

KENTSEL ATIKSU ARITMA TESISLERINDE
GUNES VE BiYOGAZ ENERJi KAYNAKLARI KULLANIMININ
EKONOMIK VE CEVRESEL ETKILERINiN INCELENMESI

GOZDE ODABAS

Assoc. Prof. Dr. MERIH AYDINALP KOKSAL
Supervisor

Submitted to
Graduate School of Science and Engineering of Hacettepe University
as a Partial Fulfilment to the Requirements
for the Award of the Degree of Master of Science
in Clean Renewable Energies.

2019



This work titled “Investigation of Economic and Environmental impacts of the
Use of Solar and Biogas Resources in Urban Wastewater Treatment Plants”

by GOZDE ODABAS has been approved as a thesis for the Degree of Master of

Science in Clean Renewable Energies by the Examining Committee-Members
mentioned below.

Prof. Dr. Aynur ERAY i

Head
Assoc. Prof. Dr. Merih AYDINALP KOKSAL ,\ U&%UUCD
Supervisor s

Assoc. Prof. Dr. Gamze YUCEL ISILDAR

Member

Assoc. Prof. Dr. Selim L. SANIN

Member /

Asst. Prof. Dr. Merve GORGUNER M.Goep~

Member

This thesis has been approved as a thesis for the Degree of Master of Science in
Clean Renewable Energies by the Board of Directors of the Institute of Graduate
School of Science and Engineeringon ...../.....[......

Prof. Dr. Menemse GUMUSDERELIOGLU
Director of the Institute of

Graduate School of Science and Engineering



ETHICS

In this thesis study, prepared in accordance with the spelling rules of the Institute of
Graduate School of Science and Engineering of Hacettepe University.

| declare that

e All the information and documents have been obtained in the base of
academic rules

e All audio-visual and written information and results have been presented
according to the rules of scientific ethics

e in case of using others works, related studies have been cited in accordance
with scientific standards

e all cited studies have been fully referenced

e |did not do any distortion in the data set

= and any part of this thesis has not been presented as another thesis study at
this or any other university.

LRI 22\

E=

GOZDE ODABAS




YAYIMLAMA VE FiKRi MULKIYET HAKLARI BEYANI

Enstiti tarafindan onaylanan lisansisti tezimin/raporumun tamamini veya herhangi
bir kismini, basili (kadit) ve elektronik formatta arsivieme ve asagida verilen
kosullarla kullanima agma iznini Hacettepe Universitesine verdigimi bildiririm. Bu
izinle Universiteye verilen kullanim haklar digindaki tim fikri milkiyet haklanm
bende kalacak, tezimin tamaminin ya da bir béluminin gelecekteki ¢alismalarda

(makale, kitap, lisans ve patent vb.) kullanim haklari bana ait olacaktir.

Tezin kendi orijinal ¢calismam oldugunu, bagkalarinin haklarini ihlal etmedigimi ve
tezimin tek yetkili sahibi oldugumu beyan ve taahhiit ederim. Tezimde yer alan telif
hakki bulunan ve sahiplerinden yazih izin alinarak kullanmasi zorunlu metinlerin
yazili izin alarak kullandigimi ve istenildiginde suretlerini Universiteye teslim etmeyi

taahhit ederim.
Yilksekogretim Kurulu tarafindan yayinlanan “Lisansiistii Tezlerin Elektronik
Ortamda Toplanmasi, Diizenlenmesi ve Erisime Ag¢ilmasina lliskin Yénerge”

kapsaminda tezim asagida belirtilen kosullar haricince YOK Ulusal Tez Merkezi /

H.U. Kituphaneleri Agik Erisim Sisteminde erigsime agilir.

[] Enstiti / Fakilte yonetim kurulu karari ile tezimin erigime acilmasi

mezuniyet tarihimden itibaren 2 yil ertelenmistir.

« [] Enstiti / Fakilte yonetim kurulu gerekgeli karar ile tezimin erigime

agllmasi mezuniyet tarihimden itibaren .... ay ertelenmistir.

[] Tezimile ilgili gizlilik karari verilmigtir.

(X 190./.2=27.

GOZDE ODABAS




ABSTRACT

INVESTIGATION OF ECONOMIC AND ENVIRONMENTAL
IMPACTS OF THE USE OF SOLAR AND BIOGAS RESOURCES
IN URBAN WASTEWATER TREATMENT PLANTS

Goézde ODABAS

Master of Science, Department of Renewable Energies
Supervisor: Assoc. Prof. Merih AYDINALP KOKSAL

September 2019, 121 pages

As water and energy are the most basic needs for the well-being of people, the
water-energy nexus is an area to be examined. A large share of the energy demand
(ED) of the water sector is caused by Wastewater Treatment Plants (WWTP) and
realizes in the form of electricity constituting a large share of their operating costs.
Considering the world's dependence on fossil fuels, Green House Gases (GHGS)
caused by electricity generation and the current climate change crisis, it is an
important opportunity to meet ED of WWTPs by renewable energy sources (RES).
The wastewater industry has developed rapidly in the last 20 years in Turkey. ED of
the sector has increased as a result of the need for more advanced technologies
and treatment methods due to the increasing number and capacity of WWTP, per
capita wastewater and population. It will continue to increase due to plants in
construction and the increase of population. In this study, together with the option
of RES integration in WWTPs, ED to treat 1 m® of wastewater (energy intensity-El-
kWh /m?3) in the WWTPs in metropolitan municipalities, which are the source of 85%
of the total wastewater produced and host 70% of the WWTPs in Turkey, was

investigated. The main objective of this study is to calculate the El based on type



and process of WWTPs in Turkey and to analyze possible environmental and
economic impacts of meeting the ED via photovoltaic (PV) panels and biogas
generators.

In the first stage of the study, an online survey was prepared to collect information
from WWTPs. The first part of the survey has questions related to the ED of the
plant; the second part focuses on the perception of WWTPs regarding the use of
RES. In addition, data regarding WWTPs in metropolitan municipalities, treated
wastewater, ED, (if available) biogas and electricity generation, population served,
BOD/COD/SS, type of plant and treatment process were collected from various
open sources. The data that cannot be obtained online has been completed via
personal communication for 451 plants. Data collected for 2017 were analyzed
based on plant type, the process used and the amount of treated wastewater. The
analysis revealed that the EI of large-scale WWTPs is lower than that of small-
scales. Furthermore, as expected, the EI of the primary treatment (0.07 - 0.34 kWh
/ m3) is lower than that of secondary (0.08 - 1.36 kWh / m3) and advanced treatment
(0.15 - 0.99 KWh / m3).

In the second stage of the study, 25 WWTPs were selected according to the
completeness of their data and representing different capacities. The possibility of
meeting their ED by biogas and solar power and the economic and environmental
impacts of this integration were investigated. HOMER simulation software was used
in six scenarios defined based on CO2 emission penalty (0O and 16 $/ton) and
electricity selling price (0.000, 0.050 and 0.133 $/kWh). The results were examined
under five WWTP capacities. The analysis has shown that RES integration is not
cost-effective for WWTPs having a capacity of below 1 million m3. It was observed
that CO2 penalty and electricity selling have a major impact on the generation from
the RES and the in-use of generated electricity for WWTPs having a capacity of
above 1 million m3. In the case of electricity selling price of 0.133 $/kWh, RES can
meet 88% of the ED, while PV panel can generate an amount equal to 3.1 times the
ED. In the scenario where there is no electricity selling and emission penalty, CO2

emissions can be mitigated by 15% while production from RES reached up to 23%.

Keywords: Urban wastewater treatment plant, energy intensity, renewable energy,
solar, PV, sludge, biogas, HOMER



OZET

KENTSEL ATIKSU ARITMA TESISLERINDE
GUNES VE BiYOGAZ ENERJi KAYNAKLARI KULLANIMININ
EKONOMIK VE GEVRESEL ETKILERININ INCELENMESI

Goézde ODABAS

Yiiksek Lisans, Temiz Tukenmez Enerjiler Anabilim Dali
Tez Danismani: Dog. Dr. Merih AYDINALP KOKSAL

Eylul 2019, 121 sayfa

Su ve enerji insanlarin refahi igin en temel ihtiyaglar iken, su-enerji iligkisi
incelenmesi gereken bir alandir. Su sektorinln enerji ihtiyacinin bayuk bir kismi
Atiksu Aritma Tesislerinde (AAT) ve elektrik formunda gergekleserek isletme
maliyetlerinin bayuk bir kismini olusturmaktadir. Dunyanin bagimli oldugu fosil
yakitlar ile elektrik Uretiminin sebep oldugu sera gazlari ve ginimuizde yagsanan
iklim degisikligi krizi dusunuldugunde AAT’lerin elektrik ihtiyacinin yenilenebilir
enerji kaynaklarindan (YEK) elde edilmesi 6nemli bir firsattir.

Atiksu sektoru Turkiye’de son 20 yilda hizla gelismigtir. Artan AAT sayisi ve
kapasitesi, kisi basi olusan atiksu ve nufusun etkisiyle daha gelismis teknolojiler ve
aritma yontemlerine ihtiyag duyulmasi neticesinde sektérin enerji talebi artmigtir.
Yeni yapilmasi planlanan tesisler ile nifusun da etkisiyle artmaya devam edecektir.
Bu calismada, Turkiye'deki AAT’lerin %70’ini barindiran ve Turkiye’de olusan
toplam atiksuyun %85'’inin kaynagi olan biyliksehir belediyelerine ait AAT lerin 1 m3
atiksu aritimi igin intiyag duyduklari elektrik (enerji yogunlugu-kWh/m?3) ile AAT lere
YEK entegrasyonu secgenegi arastiriimistir. Calismanin temel amaci, Turkiye'de

AAT turane ve kullanilan yonteme gore enerji yogunlugunun hesaplanmasi ve



ihtiya¢ duyulan elektrik talebinin fotovoltaik panel ve biyogaz jeneratoru ile elde
edilmesinin olasi cevresel ve ekonomik etkilerinin incelenmesidir.

Calismanin ilk asamasinda AAT’lerden bilgi toplamak Uzere c¢evrimici anket
hazirlanmistir. Anketin ilk bolimunde tesisin enerji tuketimine yonelik sorular yer
alirken, ikinci béluminde AAT’lerin YEK kullanimina yonelik algisi ele alinmigtir.
Ayrica cgesitli acik kaynaklardan biyuksehirlerde yer alan AAT ler ve aritilan atiksu,
enerji tuketimi, (varsa) biyogaz ve elektrik Uretimi, hizmet verilen nUfus,
BOI/KOI/AKM, tesisin tiirli ve aritma prosesi bilgileri toplanmistir. Cevrimici elde
edilemeyen Dbilgiler birebir iletisim aracihigiyla 451 tesis igin buyuk oranda
tamamlanmistir. 2017 yilina ait toplanan veriler tesis turd, kullanilan proses ve
aritilan atiksu miktarina gore analiz edilmistir. Analiz, buyuk olgekli AAT lerin eneriji
yogunlugunun kuguk Olceklilerden dusuk oldugunu ortaya koymustur. Ayrica,
beklenildigi Gzere birincil aritma tirinin enerji yogunlugunun (0,07 — 0,34 kWh/m3)
ikincil (0,08 — 1,36 kWh/m?) ve ileri aritma (0,15 — 0,99 kWh/m?3) trlerinden disuk
oldugu gorualmustar.

Calismanin ikinci asamasinda, verilerinin butinligune ve farkli kapasiteleri temsil
etmelerine gore secilen 25 AATnin elektrik talebinin biyogaz jeneratéri ve
fotovoltaik panel araciliiyla karsilanmasi ve bu entegrasyonun ekonomik ve
cevresel etkileri arastiriimistir. CO2 salim cezasi (0 $/ton ve 16 $/ton) ve elektrik
satis fiyati (0,000 $/kWh, 0,050 $/kWh ve 0,133 $/kWh) bazinda olmak Uizere 6
senaryo kapsaminda HOMER simulasyon yazilimi kullaniimistir. Sonuglar 5 farkl
AAT kapasitesi altinda incelenmistir. incelemeler, 1 milyon m? altindaki AAT ler icin
YEK entegrasyonunun maliyet etkin olmadigini gostermigtir. CO2 emisyon cezasi ve
elektrik satisinin 1 milyon m? Uzerindeki AAT lerin YEK'ten elektrik Gretimini ve
uretilen elektrigin tesis icinde kullanimini blyuk oranda etkiledigi gorulmugtar.
Elektrigin 0.133 $/kWh’e satilmasi durumunda elektrik ihtiyacinin ortalama %88’
YEK ile karsilanabilirken, ayni senaryoda fotovoltaik panel elektrik ihtiyacinin 3,1
katini Uretilebilmektedir. Elektrik satisi ve karbon emisyon cezasi olmadigi
senaryoda ise %23’e varan oranlarda YEK’ten Uretim yapilirken CO2 emisyonu %15

azaltilabilmigtir.

Anahtar Kelimeler: Atiksu artma tesisi, enerji yogunlugu, yenilenebilir enerji,

gunes enerjisi, FV, aritma ¢amuru, biyogaz, HOMER
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1 INTRODUCTION

In this chapter, background information on the energy consumption of water
processes in Turkey and the world is briefly provided. General information on water-
energy nexus, total energy consumption, and its sectoral distribution in Turkey and
the world, the current situation of Turkish wastewater treatment is provided in the
following three sections. Finally, the problem which is investigated throughout this
thesis study together with the objective, scope, and structure of this thesis is

presented in the following sections.

1.1 Background Information
We live in a fossil fuel dependent society with the fossil fuel shares of 81% and

65.3% in energy supply and electricity generation, respectively, as of 2016 [1] (see
Figure 1.1).
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Figure 1.1. In 2016 a) Global energy supply by fuel type b) Global electricity generation
by fuel type (adapted from [1])

As the process of the electricity generation from fossil fuels is basically burning the
fuel to use the resulted heat, it requires a cooling agent which is a huge amount of
water i.e. up to 4500 L per MWh of generated electricity [2]. Besides, water is not
only used in cooling but also in the extraction and processing of fossil fuels. In total,

10% of global water withdrawals result from the processes of the energy sector [3].

On the other hand, since energy is used in almost every process, water processes
such as water extraction, desalination, treatment, distribution, and wastewater

collection and treatment, including primary, secondary and advanced, also require



energy (see Figure 1.2). In 2014, the International Energy Agency (IEA) estimates
that 120 Mtoe, which is nearly equal to Australia’s total energy demand, was globally

consumed at the water sector [3].
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Figure 1.2. Energy usage in water processes (adapted from [4])

Energy and water, the two factors of human beings’ welfare, are strongly interrelated

and create a nexus called “water-energy nexus”.

1.2 Overview of Water-Energy Nexus
As the rest of the world (see Figure 1.1), Turkey is also dependent on, with a ratio
of 68%, fossil fuels to generate electricity (see Figure 1.3.a).
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Figure 1.3. In 2017 a) Electricity generation by fuel type in Turkey b) Electricity
consumption by sector in Turkey (adapted from [5])

In 2017, Turkey’s total electricity consumption was 249,023 GWh and Figure 1.3.b.
shows the sectoral distribution of the total electricity consumption [5]. The category



named “other” includes electricity consumption in livestock, fishery sector, and
municipal water abstraction pumping facilities, and other public services, etc. It can
be concluded that the water sector in Turkey is also consuming around 2.5%-3% of
the total electricity consumption in Turkey. Similarly, IEA World Energy Outlook
Report indicates that 60% (820 TWh) of the energy demand in the water sector is
attributable to electricity demand and comprises 4% of the global electricity
consumption [3]. Water extraction, distribution, and wastewater treatment is 40%,

20%, and 25%, respectively, of the total electricity consumption for water [3].

The amount of energy consumption of water processes depends on various factors
such as geography, the composition of the water and wastewater, the technology
and the processes used in the water/wastewater treatment plants [6]-[9]. That is
why it differs not only among countries or cities but also among the treatment plants

within the same city.

1.3 Current Situation of Wastewater Treatment in Turkey
Based on 2016 data, 16% of Turkey’s total population does not have access to
sewage collection services, as 30% does not have access to wastewater treatment

plant (WWTP) services [10]. In European countries, this ratio is less than 20% [11].

As of 2016, there are 881 WWTPs in Turkey with a total capacity of 5.9 billion m?3
and 4.5 billion m® wastewater was discharged (treated and untreated) [10]. The
increase in the number and capacity of WWTP has been significant especially in the

last 15 years (see Figure 1.4 and Figure 1.7).
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Figure 1.4. Total capamty and number of WWTPS in Turkey (adapted from [10])



The number of WWTPs in each city is presented in Figure 1.5. As can be seen in
the figure, the number of WWTP in each city increases from the east of the country

to the west.
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Figure 1.5. Total number of wastewater treatment plants in cities (adapted from [10])

The total discharged wastewater (treated and untreated) in Turkey has increased
by 197% between 1994 and 2016, however, it cannot be explained by only
population growth. Discharged wastewater per capita also risen by 45% in this

period [10] as can be seen in Figure 1.6.
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Figure 1.6. Discharged wastewater in Turkey (total and per capita) (adapted from [10])

Treated wastewater ratio has also been increased from 10% to 86% in the same
period (see Figure 1.7).
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Figure 1.7. Discharged and treated wastewater in Turkey (adapted from [10])

85% of the wastewater discharge in Turkey is in metropolitan municipalities (MMs)
and 70% of the WWTPs belong to MMs while 89% of the total treated wastewater
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Wastewater treatment in Turkey categorized into five levels as follows:

v' Natural Treatment: A simple plant-based on natural filtration of the
wastewater [12].

v Primary (Physical) Treatment: Plant with only one sedimentation process to
remove rough solid materials from the wastewater.

v' Secondary (Biological) Treatment: Plant with the removal of organic matter
using a biological process and a final sedimentation tank.

v Advanced (Tertiary and/or Chemical) Treatment: Secondary treatment plant
with nitrogen and phosphorus removal processes added.

v' Package Treatment: Small scale secondary treatment plant.

Figure 1.10 represents the number of WWTPs and the treated wastewater in each
treatment type from 2010 to 2016. It is clearly seen that the majority of the WWTPs
are secondary treatment while most of the wastewater is treated in advanced
WWTPs in both 2010 and 2016 (see Figure 1.10). Almost half of the treated
wastewater is treated by advanced WWTPs while 24% is by primary WWTPs [10].
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Figure 1.10. a) The number of wastewater treatment plants by type in 2010 and 2016 b)
The amount of treated wastewater by treatment type in 2010 and 2016
(adapted from [10])

1.4 Problem Definition
As one of the energy-intense sectors, wastewater treatment has environmental,
economic, and social impacts in addition to its significant function in protecting the

environment.

Wastewater treatment directly emits CH4 and N20 during the treatment process. In
addition, because of wastewater treatment’s electricity demand and specifically the

global dependence on fossil fuels for electricity generation, it indirectly causes CO:2



emissions. In total, wastewater treatment contributes to GHG emissions of a WWTP
with a share of as high as 60-80% [13], [14]. The situation is similar to Turkey. 86%
of the GHG emissions of Bursa Water and Sewerage Authority (WSA), for instance,
is attributable to the electricity consumption of pumping stations and WWTPs [15].
In addition, stricter environmental regulations on both national and international level
require investments on more energy-intensive treatment technologies than the
conventional ones. As an indicator of this technical change, the rise in the amount
of advanced treated wastewater is higher than the secondary ones in the period of

six years in Turkey (see Figure 1.10).

Another problem associated with WWTPs is high construction and operation costs.
According to IEA’s Water-Energy Nexus report, it is indicated that a large share of
an energy bill of a municipality might result from the energy use of WWTP [3].
Specifically, the share of the energy consumption cost changes between 25-40%
in operating costs [16] while the share of the electricity consumption cost is 30% in
the operation and maintenance costs based on literature and managing experience
[13]. This indicates an energy intensity of 0.3-2.1 kWh/m? of treated wastewater
[13]. For Kocaeli WSA, for example, electricity share in the operational cost differs
between 20%-40% while the energy intensity differs between 0.18-0.55 kWh/m? for
its various plants [17].

Possible increase in the water bills of the citizens due to the cost of construction and
operation of WWTPs could create problem for society from the economic
perspective. Lack of proper collection by sewerage and treatment of the wastewater
systems could lead to water scarcity and various diseases for society from the
environmental and public health perspective as wastewater treatment has relation
with the disease mortality [18]. Consequently, economic and environmental

problems of wastewater treatment directly create social problems as well.

As it is indicated in the previous section, the increase in total energy demand for
WWTPs inevitable due to the significant increase of discharged wastewater as well

as the share of the treated wastewater (see Section 1.3).



1.5 The Objective of the Thesis

It is possible to limit the increase in electricity demand of WWTPs via the
implementation of efficiency and maintenance measures [19]. However, electricity
consumption will still be significant and will cause the impacts highlighted above.
There are pioneering municipalities both in the EU and the USA, which reduce and
even neutralize these impacts by improving energy efficiency together with the
deployment of renewable sources [3], [19].

The aim of this study is to reveal the reduction potential of impacts of wastewater

processes in Turkey.

Two objectives have been identified to achieve this aim:
v' Creating a database of the current situation regarding energy intensity (El -
kWh/m3) of WWTPs in Turkey.
v" To conduct an economic and environmental impact analysis of supplying

all/part of the energy need of WWTPs with renewable sources in Turkey.

The findings and outputs of this study will be a database representing the current
situation of electricity consumption and renewable energy integration potential of

WWTPs for literature and decision-makers.

1.6 Scope of the Thesis

This study is based on the fact that the wastewater treatment processes are the key
electricity consumers among all water processes. To prevent commercial concerns
of the industry, industrial wastewater treatment plants were not included, only

municipal wastewater treatment plants were considered in the study.

To achieve a conclusion for the whole of Turkey, high representation is needed. To
ensure this, metropolitan municipalities were chosen because they represent 77%
of the population in Turkey, 85% of the wastewater discharge and 89% of the total
treated wastewater in Turkey is in MMs and 70% of the WWTPs are in MMs [10].



Another aspect of choosing metropolitan municipalities is data obtaining. Because
of the iISKi Law! numbered 2560 in Turkey [20], metropolitan municipalities establish
a General Directorate of Water and Sewerage Administration (WSA) within them.
All the treatment plants within the city are under the responsibility of WSA of the

related city. Therefore, it is easy to obtain related systematic data.

The electricity consumption of wastewater collection and transfer is not considered
in this study.

For renewable energy source integration in WWTPs, only PV and biogas are
included thanks to their high potential and suitability for electricity generation. For
PV panels, batteries are not considered because WWTPs will be grid-connected.

1.7 Structure of the Thesis

The thesis has six chapters. Chapter 1 presents the background and introductory
information on water-energy nexus together with the objective and scope of the
thesis. Previous studies on energy intensity (EI - kWh/m?3) of wastewater treatment
processes and replacing energy sources with renewable ones are covered in
Chapter 2. Chapter 3 describes the main data sources used in the thesis. Chapter
4 defines the methodology and tools to gather data and run a simulation. Chapter 4
also includes limitations and assumptions such as determining the scope, the
categories of WWTPs, used parameters for economic and environmental
assessments, etc. The results and discussions are provided in Chapter 5.
Conclusion of the study and recommendations for future studies are included in
Chapter 6.

1 |stanbul Su ve Kanalizasyon idaresi Genel Miidirliigi Kurulus ve Gorevleri Hakkinda Kanun (EN:
Law on the Establishment and Responsibilities of General Directorate of Istanbul Water and
Sewerage Administration)



2 PREVIOUS STUDIES

Energy Intensity (El) is the key parameter for analyzing the integration of renewable
energy sources (RES) into WWTPs, as the amount of energy demand which will be
met should be known as the first step. El of the WWTPs does not exist in the
literature as organized data or only as one unit because of various factors, for
example, the content of the wastewater, geography, climate, infrastructure,
commissioning date, etc. [6], [8], [9], [21]. The value and the unit of Els might differ
for the same treatment methods even though the commonly used unit is kWh/m3,

To analyze the integration of RES into WWTPs, available renewable sources for the
WWTPs should be known and finally analyzed together with different additional
parameters to see the impact of integration.

Following the needed steps to achieve the objective of this thesis, this chapter
provides a literature review on the related topic. In the first section of this chapter,
the studies on identification/assessment of energy intensity of WWTPs are
summarized. The second section provides the studies on analyzing renewable
energy integration to the WWTPs together with optimization of the utilization of

available different RESs.

2.1 Studies on Identification/Assessment of Energy Intensity (kWh/m?3) of
Wastewater Treatment Plants

In his thesis study, Ayrak [22] identified the El of selected biological WWTPs in
Turkey by using field data to reveal the relationship between the energy demand of
WWTPs and the population that is served. He examined four process types i.e.

e trickling filter (TF),

e stabilization ponds (SP),

e classical activated sludge (CAS),

e and extended aeration activated sludge (EAAS).
It was concluded that the energy cost of the activated sludge systems is higher than

other systems, while the energy cost of the EAAS system is higher than the CAS

system. As can be seen in Figure 2.1, El of the EAAS system is three times higher

10



than that of the CAS system, eight times higher than that of the TF system, and 11
times higher than that of the SP system.
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Figure 2.1. The energy intensity of WWTPs using different processes (adapted from [22])

Wakeel et al. [9] completed a review study for EI (kWh/m?3) of water pumping, urban
water transfer, treatment of raw water and wastewater in various countries. In the
study, it is revealed that the countries with the lowest El of wastewater treatment
are China and Japan, while Germany and the UK have one of the highest values

(see Figure 2.2).
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Figure 2.2. Energy intensity of WW treatment in different countries (adapted from [9])

However, based on the same study, it is found that the value for El differs within the
countries even for the same type of treatment systems (see Figure 2.3). This is
attributable to not only the treatment methods used in the plant but also to the
infrastructure of the plant [8], [9]. Maturation of the same technology used resulting
in an increase in the efficiency of the process and energy also leads to variation in
the EIl of the same technology in different years. Richards and Schafer presented
the El of a Spanish desalination plant as 22 kWh/m?3in 1970; 8 kwWh/m?in 1990, and
4 KWh/m?in 2010 [6].
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Figure 2.3. Energy intensity in different countries in a) Primary treatment b) Ponds c)
Oxidation ditch d) Classical activated sludge €) Membrane bioreactor (MBR)
f) Advanced treatment (adapted from [9])

Maktabifard et al. [23] prepared a detailed review study to investigate energy

consumption of WWTPs, energy consumption reduction technologies, and energy
recovery options by utilization of both internal (sludge) and external (solar, wind,
etc.) energy sources of the WWTP. Based on their El research, even though the

similarity of the figures among countries is remarkable, China has the lowest El in

their study as well (see Figure 2.4). It was concluded that this result is attributable

to two of the before mentioned reasons:

o Commissioning date: the examined WWTPs were constructed in the last
10 years
o Quality of the wastewater: the COD of the examined WWTPs ranges from

200 to 400 mg/L while it ranges from 400 to 800 mg/L in other countries.
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Figure 2.4. Energy intensity (kWh/m?) of wastewater treatment in different countries
(adapted from [23])

Maktabifard et al. [23] also compared various energy consumption Key Performance
Indicators (KPIs) other than electricity consumption per cubic meter of treated
wastewater (kWh/m?3). In terms of kWh/year per population equivalent (PE), Poland
has the largest value and largest variation (see Figure 2.5) while it has the lowest
value for kWh/kg CODremoved, among other developed countries. On the other hand,
there is not enough data for comparing the countries in terms of the values of
kWh/kg BODremoved.
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Figure 2.5. Energy intensity (kWh/PE-y) of wastewater treatment in different countries
(adapted from [23])

Gu et al. [19] also conducted a review study on the energy intensity of wastewater
treatment plants. When their common country data is compared with the Wakeel et
al. Germany appears to have lower El than the one in Wakeel et al., while the USA
and China higher one than the ones in Maktabifard et al. and Wakeel et al. (see

Figure 2.2 and Figure 2.6).
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Figure 2.6. Energy intensity of wastewater treatment in different countries (adapted from
[19])

In their study, they also provided the distribution of energy utilization in conventional
activated sludge systems. Based on the data, the most energy-intense process is
aeration with a share of 60% in total energy consumption of the processes [19]. This

result is consistent with the study of Maktabifard et al. [23].

Within the scope of the ENERWATER project? [24] data of 588 WWTPs located in
mainly Europe, and Asia and North America were collected. After data cleaning
process, the project team conducted very detailed analysis of energy intensity by
using the data of 369 WWTPs.

Energy intensities (kWh/m?3) by country and by process were one of the revealed
outcomes in the study. The maximum, minimum and median values are shown in
Figure 2.7. According to findings, EAAS has the highest energy intensity as well as
the highest variation. The process that has the maximum energy intensity is still
EAAS when their median values are compared. It is followed by MBR, CAS, and
BNR.

The country with the highest El is Spain followed by Germany and Canada. China
and Japan have lower El however Sweden has the lowest El (see Figure 2.7).

2 http://www.enerwater.eu/

14



a) ® Energy Intensity (kWh/m3)

- 6 5.50
= Median El of (kWh/m3)
= 5
5 3.76
> '
S 3
<
5 2
g 0 77 0.77
o | 0.39 0.30
0 _ O 30 . . 0.43 0.47 m 0571
AP Biodisc EAAS MBR oD SBR TF
b) 6 B Energy Infensity (kWh/m3) 5.50
;;E‘ 5 Median of El (kWh/m3)
<
Z 4
X
2 3 240
5
£ 2 128
=1
% 0.29 0.32 0.29 0.29
g o = 0.19 . 029 019 079
3© ©° c® \o\“ o 3e® N NS
Co(\o ce «o® Oe< N yo® ® 5@

Figure 2.7. Energy intensity (kWh/m?) a) by process b) by country (adapted from [24])

Longo et al. [21] present the results of their study on determining KPIs for the energy
intensity of WWTPs. The study was conducted within the scope of the
ENERWATER project. To provide El values for benchmarking, they evaluated field
data based on 388 of 601 WWTPs in mainly Europe, Asia, and North America, and
developed a model for calculation of El. In the study, three KPIs were defined:
energy consumption per flow rate (kWh/m?3), served population (PE) (kWh/person)?3,
and chemical load removal (kWh/kg CODremoved). In addition, five different
benchmarking approaches under three techniques were used; normalization,
statistical (Ordinary Least Squares), and programming (Stochastic Frontier

Analysis, Data Envelopment Analysis, and Stochastic Data Envelopment Analysis).

3 Based on Urban Wastewater Treatment Directive (91/271/EEC), the equivalence value is taken as
12 gN/PE.day for the study.
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In the study, it has been chosen to show the results based on kWh/kg CODremoved

and it was concluded that there was a strong inverse relationship between energy

intensity and population served (population equivalent-PE) (see Figure 2.8).

N w

Energy Intensity (kWh/COD,¢moved)

II II Il N

PE <2k 2k <PE<1 Ok <PE <50k 50k < PE < 100k

B CAS
AP
BNR

PE > 100k

Figure 2.8. Median values of energy mtensﬁy of different treatment types (adapted from

[21])

The energy intensity of different processes of the WWTP is also revealed in the

study as kWh/m? and for various PE size. A summary is shown in Table 2.1.

Table 2.1. Upper and lower limits for the energy intensity of WWTP processes (adapted

0.042000
0.013000
0.000071
0.800000
0.012000
0.047000
0.120000
0.110000
0.015000
0.002700
0.150000
0.027000

from [21])
Pumping 0.022000
Screening 0.000029
Primary Settling 0.000043
Aeration 0.180000
Separation of Sludge 0.008400
Secondary Sludge Recirculation 0.010000
Mixing for Anoxic Reactor 0.053000
UV Disinfection 0.045000
Chemical Dosage Equipment 0.009000
Tertiary Filtration 0.000740
Sludge Treatment 0.074000
Sludge Dewatering 0.018000

Since a single energy intensity indicator like kwWh/m?3 will be deceptive to assess and

benchmark different WWTPs because of not considering the quality of inflow

wastewater, Di Fraia et al. [25] proposed a novel method. They analyze not only
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basic energy performance indicators, but they also coupled it with pollution removal
efficiency by using the WWTPs data produced in the ENERWATER project?. Based
on their analysis, the Pearson coefficient of correlation (R?) between energy
consumption and rate of inflow, PE, BODremoved (KPlsop), and BODin (EPIlgop), the
correlation of energy consumption and the rate of inflow is the highest (see Table
2.2) just like in the literature while the correlation with population equivalent is the

lowest.

Table 2.2. Pearson coefficient of correlation (R?) with energy consumption (kWh/d)
(adapted from [25])

Inflow Rate | Population | BODremoved | BODin
(m3/d) Equivalent (kg/d) (kg/d)
Pearson coefficient of correlation

(R?) with energy consumption 0.9542 0.5589 0.8091 0.8439
(kWh/d)

As a result, the authors concluded that the EPlsop is the most relevant indicator
since it takes into account not only the amount of treated wastewater but also the
level of need for treatment. To classify the energy performance of the WWTPSs, they
use the EPIsop and BODremoved efficiency together on the ENERWATER project
data. They also tested the results in five different WWTPs in ltaly (P1-P5) (see
Figure 2.9).

+ ENERWATER Plants
x P1

u P2

AP3

* P4

e P5

EPIBOD‘ kWh'kg BODin

> o a

100% 95% 90% 85% 80% 75% 70%
130D
Figure 2.9. Electric energy consumption classification based on EPlgop and BOD emoved
efficiency [25]

In Japan, Mizuta and Shimada [26] studied the electricity consumption of WWTPs
with oxidation ditch (OD), conventional activated sludge (CAS) with and without
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incineration, and advanced treatment processes such as anaerobic—anoxic—
aerobic (A%0), anaerobic—oxic, OD with nitrogen removal, pre-denitrification, and
step-feed pre-denitrification. They used the data from 2004 and they ignored the
5% outliers. Based on their study, they found out that the scale of the WWTPs is

the main reason for the differences in electricity consumption.

Molinos-Senante et al. [27] examined the factors that impact energy intensity by
using regression analysis and disclosed a formula of El depended on these factors.
Collected data of 305 WWTPs in Chile were used in order to analyze the relationship
between energy intensity (kWh/PE/year) and the following parameters; wastewater
flow rate (m3/year), plant age (years), biochemical oxygen demand removal
efficiency (BOD), suspended solids removal efficiency (SS), nitrogen removal

efficiency (N), and phosphorus removal efficiency (P).

Following regression analysis, they implement dominance analysis and relative
weight procedure to estimate the contributions of each parameter to R? value, which

represents the relationship between the parameters and the energy intensity.

It was concluded that the dependency on the parameters changes in WWTPs
employing different technologies (see Figure 2.10).

100%

S
T 80% 29.5% W =FlowRate
g = Age
£ 6% BOD Removal
o) 20.0% T
= 40% SS Removall
Ke} 70.5% 63.5%
- . (o}
o 20% 37.7% = P Removal
§;
S5 0%
Conventional Extended Aerated Lagoon  Trickling Filter Rotating
Activated Sludge Aeration Biological
Activated Sludge Contactor

Figure 2.10. The dependency of energy intensity on various parameters for different
technologies (adapted from [27])

2.2 Studies on Employment of Various Energy Sources in Wastewater
Treatment Plants

Wastewater itself is assumed by some of the specialists as an energy resource

because of its rich organic content, so it is sometimes assumed as “embedded
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energy” resource, and wastewater treatment plants are described as Water
Resource Recovery Facilities (WRRF) [28] or Nutrients Energy Water factories
(NEWS) [29]. That is why biogas, produced by anaerobic digestion (AD) for instance,

is the first renewable energy source option that comes in one’s mind for WWTPs.

Based on IEA’s water and energy nexus report [3], small plants with a discharge
rate less than 5,000 m3/day are not capable of providing enough biogas to generate
cost-effective electricity even though the generation of 0.56 kWh/m? of electricity is
possible in theory. In practice, the minimum flow rate that makes WWTPs use AD
increases to 22,000 m3/day. On the other hand, based on a study of Shizas and
Bagley, it was concluded that wastewater can provide a 9.3 times higher amount of
energy than the required amount of energy to treat it [30]. Gude [28], in his review
study, reveals the available energy forms in the wastewater (see Figure 2.11). The

amount of extractable energy is 28% of the total amount of available energy.

Extractable Energy ﬁ.n‘ ‘ ‘ ‘

ThermalEnergy 7

Total Energy .72

Energy in
Nurtients

Energy in
Organics.

or S

4 0 1 2 3 4 5 6 7 8 9 10
Energy (kWh/m®)

Figure 2.11. Available energy forms and quantities in the wastewater [28]

1.93

Because of its nature, biogas is the most cost-effective resource for WWTPs
especially the ones above a certain size. Nevertheless, utilization of various
technologies definitely will result in higher economic savings in the medium term,
although higher investment in the beginning, and required to result in energy-
neutrality [23]. For example, in the design of the WWTPs kinetic energy also can be
an important energy source for the WWTPs on the higher level from the effluent or

on the lower level from the influent.

Based on Gude’s review study [28], Austria WWTP deployed a vertical axis turbine

to its discharge point on where 5 m elevation from the Danube River with a flow rate
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of 560,000 m3/day. The plant can generate 1,500 MWh/year of electricity which is
equal to only 2.5% of the plant’s demand. On contrary, Clark County WWTP in the
USA can generate 85,000 MWh/year with Francis type turbines and it gains revenue
from its surplus energy sell to the grid as its energy need is lower than the generated

energy [28].

Gaziantep WSA [31] reported that they established an Archimedean Screw Hydro
Turbine with a power of 85-170 kW at the outflow of their main WWTP of electricity.
The turbine produced electricity of 560 MWh in 2017 and delivered savings of
225,000 TL (~63,000 $ with the exchange rate of 14.07.2017 [32]) based on their
“‘Annual Activity Report” [33].

US EPA [34] published a report about various projects that integrated three different
technologies i.e. solar, fuel cell and cogeneration to 11 water and wastewater
treatment plants with a total capacity of 876 million m3. It was reported that the
integration resulted in the mitigation of 44 Mt CO2 emissions and energy savings of

9.5 million dollars.

Based on the review study of Mattioli et al. [35], an 18 months of study in 2017 for
a WWTP in Italy reveals that the co-digestion of the wastewater sludge and
municipal solid waste (10 tons/day in total) increased the generation of energy to
7.8 MWh/day by doubling it, and met the 85% of the energy demand of the WWTP.

Another practical example of this application is the East Bay Municipal Utility District
(EBMUD) wastewater facility. EBMUD wastewater facility [19], [28], [36] serves
685,000 inhabitants, living in the San Francisco Bay, by treating wastewater of
238,481 m3/day. The importance of this WWTP is that it became the first net energy
producer in 2012 in North America, despite the fact that providing an energy-
intensive service. This was succeeded by digestion of the sewage sludge together
with the food and oil waste from local restaurants, wineries, and poultry farms.
Based on their 2018 Sustainability Report, the WWTP generates 130% of its
electricity demand from biogas and sells its excess renewable energy to the grid
[37], accomplishing saving of nearly 3 million $/year.
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According to the project named “Development of Energy Efficient and Energy
Positive Wastewater Treatment Plants” and conducted by TUBITAK MAM [38],
Mugla WWTP in Turkey recovers 52% of its energy need by biogas utilization.

Hao et al. [29] developed a model using energy balance (consumption/recovery)
based on mass balance (COD/nutrient removals) to assess the possibility of carbon
neutrality for a WWTP with A20 process in China. Through their developed method,
they evaluated the recovery of;
e organic energy: anaerobic digester (AD) together with combined heat and
power (CHP),
e thermal energy: water source heat pumps (WSHP),

e and solar energy: E20-327 PV panels on top of tanks.

Based on their calculation, AD&CHP can generate 53%, while the fully covered
tanks with PV panels can generate 10.4% of the total energy need of the WWTP.
WSHP can offset almost all the plant’s energy need but since it does not directly
generate in the form of electricity, it can be concluded that around 65% of the plant’s

electricity can be met by AD&CHP and PV panels on tanks.

Taha and Al-Sa’ed [39] selected three WWTPs in Palestine as a case study for
analyzing the energy consumption, pollution removal efficiencies and renewable
energy utilization. The selected WWTPs use CAS with AD, EAAS and MBR
processes serve Nablus, Al-Bireh and Altira cities respectively. They assessed the
PV potential of the plants, especially in the pumping stations. Based on the
assessment, 9% of Al-Bireh EAAS and 15% of Altira MBR WWTPs’ energy demand
would be covered. In their assessment, they also included the options of on-grid and
off-grid systems with six hours of battery. Al-Bireh and Altira WWTPs can recover
their investment in almost four and eight years for on-grid and off-grid systems
respectively. As the coverage ratio of PV system is less than 5% for Nablus CAS
WWTP, the authors investigated additional options for only sludge digestion such
as biogas utilization with only burner and together with CHP, and on/off-grid PV
systems for aerobic digestion. When the payback periods of these four options are

compared, the on-grid PV system for aerobic digestion is the lowest with almost six
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years. Currently used system is biogas utilization only in a burner to facilitate sludge

digestion and it covers 60% of the energy consumption of the WWTP.

Chae and Kang [40] assessed the integration of three renewable energy options;
namely Building Integrated PV (BIPV), small hydropower, and a heat pump for
Kiheung Respia WWTP in Korea. The electricity generation was calculated by the
RETScreen Clean Energy Project Analysis Software whereas thermal production
was calculated manually. Based on the annual simulation results, 96 kW BIPV
system can generate up to 150.7 MWh of electricity while a 10-kW small hydro
turbine can generate 57 MWh of electricity. The heating pump generation was
calculated as 276 MWh/year. With this integration, 6.5% of the energy consumption
of the plant can be met as the demand was 7,554 MWh/year. According to their
economic assessment which considers only selling to the grid, the payback period
of these technologies, except BIPV, is expected to be between 6 to 7.4 years. For
BIPV, the payback period is 22 years because the only option is considered and the
investment cost of the BIPV is higher than the generic PV implementation.

Xu et al. [41] also conducted a theoretical study for a WWTP that serves 2.5 million
inhabitants in eastern China. They defined a baseline scenario (Scenario A) and
three alternative scenarios, which are energy consumption reduction (Energy
Efficiency-EE) with combined heat and power (CHP) (Scenario B), EE with PV
utilization (Scenario C), and a combined scenario of B and C (Scenario D). The
scenario results for 2020 were compared. The study shows that only energy
efficiency measures or only renewable energy generation systems are not enough
to be energy-neutral or net energy producer. By applying both approaches will work
better (see Figure 2.12).
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Figure 2.12. Comparison of scenarios [41]
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Brandoni and Bosnjakovi [42] in 2016 revealed the optimum combination of CHP
via biogas, wind turbine, and PV, by using HOMER software for a WWTP employing
CAS in sub-Saharan Africa. The size of the CHP and PV ranged between 0 kW to
5 kW while the wind turbine size was chosen as 10kW based on the maximum wind
speed in the area. They run the simulations under three scenarios; baseline,
emergency (40 days/year black-out), and sell back to the grid. The tariff of electricity
purchasing and selling changed with the scenarios. In addition, they considered the
reuse of the treated wastewater for irrigation. As a result, to increase the treated
wastewater quality the need to change the employed treatment technology has
emerged and they included membrane bioreactor in the simulation. The load of the
plant changed from 0.5 kWh/m? (402 MWh/year) to 3.7 kWh/m?3 (2,945 MWh/year)
in the case of irrigation water generation. The theoretical calculation showed that
the hybrid system can meet between 33% and 55% of the plant’s electricity demand.
In case of requirement of increase in treatment quality due to irrigation purposes,
electricity demand increased more than 7 times and the ratio of the support of the
hybrid system dropped to 13%.

2.3 Concluding Remarks

In this chapter, some of the selected previous studies on identification/assessment
methods of energy intensity (kWh/m?3) of WWTPs and utilization of RESs in WWTPs
are presented. Based on the literature review, it is obvious that renewable energy
integration to WWTPs is an important opportunity, both economic and

environmental.

In order to identify the electricity load of the plant, which should be met by the RESS,
the energy intensity parameter could be used without the exact measurement of real
electricity consumption. Yet, there are variations in the energy intensity of the
WWTPs based on the conducted literature review (see Table 2.3). Therefore, it was
concluded that some statistical and mathematical models can be used depending
on the available data set although it is hard to take one benchmarking figure to make

the calculations directly.
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Table 2.3. Summary of literature review on energy intensity (El) (kWh/m?)

Type of WWTP El (kwW/m?)

Advanced Japan 0.390 - 3.740 2010 [9]
Advanced Australia 0.230 - 10.550 2016 [9]
Advanced New Zealand 0.490 2016 [9]
Advanced Taiwan 0.410 2016 [9]
Advanced Austria 0.300 - 0.320 2018 [23]
Advanced Italy 0.300 2018 [23]
Advanced China 0.260 2018 [23]
Advanced Poland 0.480 - 0.870 2018 [23]
Conventional Sweden 0.480 2018 [23]
Conventional Japan 0.320 2018 [23]
EAAS Turkey 0.890 2010 [22]
CAS Turkey 0.158 - 0.282 2010 [22]
CAS USA 0.330 - 0.600 2016 [9]
CAS Australia 0.100 2016 [9]
CAS China 0.270 2016 [9]
CAS Japan 0.300 - 1.890 2016 [9]
MBR Australia 0.490 - 1.500 2016 [9]
MBR New Zealand  0.100 - 0.820 2016 [9]
MBR Japan 0.330 2016 [9]
MBR Singapore 0.370 - 1.600 2018 [23]
Primary Canada 0.020 - 0.100 2016 [9]
Primary California 0.003 - 0.040 2016 [9]
Primary USA 0.040 2016 [9]
Primary Australia 0.100 - 0.370 2016 [9]
Primary New Zealand 0.040 - 0.190 2016 [9]
oD Japan 0.430 - 2.070 2010 [9]
oD Australia 0.500 - 1.000 2016 [9]
oD China 0.300 2016 [9]
AP USA 0.090 - 0.290 2016 [9]
AP China 0.250 2016 [9]
SP Turkey 0.015 - 0.300 2010 [22]
TF Turkey 0.081-0.372 2010 [22]
Overall Canada 0.130 - 2.400 2015 [24]
Overall China 0.190 - 0.290 2015 [24]
Overall France 0.220 - 1.280 2015 [24]
Overall Germany 0.050 - 3.140 2015 [24]
Overall Italy 0.130 - 1.670 2015 [24]
Overall Japan 0.320 - 0.540 2015 [24]
Overall Spain 0.130 - 5.500 2015 [24]
Overall Sweden 0.290 - 0.320 2015 [24]
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Type of wwTP =1 (awim)

Overall
Overall
Overall
Overall
Overall
Overall
Overall
Overall
Overall
Not specified
Not specified
Not specified
Not specified
Not specified

USA

USA
Germany
Sweden
China
Japan
South Africa
Korea
Singapore
Poland
China
USA

Iran

0.190 - 0.290
0.190 - 0.290
0.520
0.420
0.420
0.310
0.300
0.250
0.243
0.450 - 0.890
0.670 - 1.110
0.140 - 0.260
0.430
0.300

2015
2015
2017
2017
2017
2017
2017
2017
2017
2018
2018
2018
2018
2018

(24]
(24]
(19]
(19]
(19]
(19]
(19]
(19]
(19]
(23]
(23]
(23]
(23]
(23]

After identification of the electricity demand, the next step is to determine the
available RESs and to select one of them or the optimum combination of them.
There are zero-energy WWTPs that utilized only biogas whereas there are also
WWTPs that could meet only a little fraction of its energy demand even if employed
multiple RESs in the facility (see Table 2.4).

Table 2.4. Summary of literature review on renewable energy integration

Country | Scope RES(s) Type of Fraction
the study | of supply
by RE (%)

Impact | Source

Austria Austria Hydraulic In practice ~2.5 [28]
WWTP
USA Clark County Hydraulic In practice >100.0 Revenue [28]
WWTP
Turkey Gaziantep Hydraulic In practice ~4.0 ~60k $ [33]
WWTP saving
USA 11 Water PV In practice 9.5M $ [34]
Treatment Fuel Cell 44 Mt
Plants and Cogen. CO2
WWTPs saving
Italy a WWTP Co-digestion In practice 85.0 [35]
of sludge
and
municipal
waste
USA EBMUD Co-digestion In practice 130.0 3M$ [19],
WWTP (San of sludge revenue [28],
Francisco)
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Country | Scope =G Type of Fraction Impact | Source

the study | of supply

by RE (%)
and food [36],
waste [37]
Turkey Mugla WWTP CHP In practice 52.0 [38]
China WWTP (A?0) AD&CHP +  Intheory 65.0 [29]
PV
Palestine aWWTP Biogas In practice 60.0 [39]
(CAS & AD) burner
a WWTP PV In theory <5.0
(CAS & AD)
a WWTP 9.0
(EAAS)
a WWTP 15.0
(MBR)
Korea Kiheung BIPV In theory ~6.5 [40]
Respia Hydraulic
WWTP Heat Pump
China WWTP EE & CHP In theory <50 [41]
EE & PV <100
EE & CHP & >100
PV
sub- WWTP (CAS) CHP &PV & Intheory  33.0-55.0 [42]
Saharan without Wind
Africa irrigation
WWTP (CAS) 13.0

with irrigation
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3 DATA SOURCES AND METHODOLOGY

In this chapter, the methodology and the data sources used in the study are
explained, and limitations are identified. The following four work packages were
defined and planned for the study:

1. Data Gathering: collecting data related to

.  WWTPs, and

ii.  other simulation program parameters such as electrical load, costs of
investment, operation and maintenance (O&M), derating factor,
interest rates, emission factors, etc.

by using the following primary and secondary data sources and tools:

a. Online survey preparation and dissemination

b. Literature review (Water and Sewerage Authorities (WSA) Annual
Activity Reports (AAR), Provincial Environmental Status Reports
(PESR) and Inventories of Ministry of Environment and Urbanization
(MoEU), academic and white papers, organizational journals, etc.)

c. Personal communication via phone, mail, and fax

2. ldentification of energy intensity (El) by type/process of the plants:
determining the energy intensities by analyzing the collected data

3. Simulation of the selected plants: using a simulation software called
HOMER (see Section 3.2 for details), for selected representative WWTPs

4. Assessing the total economic and environmental impacts of
integration of PV and biogas to WWTPs in Turkey: assembling the
simulation results of individual simulation models

The relationship among the work packages together with the flow of the whole
process is given in Figure 3.1 below. The detailed process and the data sources are

explained and defined in the following sections of this chapter.

Data Gathering

\4 \4

Energy intensity (EI) < . : Energy & Emission
< (kWh/m?) Calculation Simulation Savings

Figure 3.1. Relationship between the work packages, and the total process

27



3.1 Data Gathering
Data gathering is the basis of the study as is seen in Figure 3.1. The details of the
data collection process are explained below. Definitions of some of the parameters

are given in the footnote.

3.1.1 Data Regarding Wastewater Quality and Wastewater Treatment Plants

The amount of WW treated by type (m3/y), number and type of WWTPs, discharged
WW (m3ly) in Turkey and city level is obtained through National Statistics on
Municipal Wastewater Treatment (2016) [10]. This data is not at the plant level and
does not include electricity consumption. Through an online survey, open literature,
and personal communication, plant-level data for 456 WWTPs were obtained. A

detailed analysis of the collected data is provided in Section 4.2.

3.1.1.1 Online Survey
An online free platform called “jotform” was used in the creation of an online survey
targeting the managements of WWTPs. The survey prepared as three main parts
having the following six sections (see Appendix A for the full survey):

Information

1. Information on Survey

2. Contact Information (3 Questions)

3. Plant Information (5 Questions)

Energy Consumption

4. Current and Future Energy Consumption and Energy Resource Distribution
of the Plant (5 Questions)
Perception of RES Integration into WWTPs

5. Evaluation of Renewable Energy Sources (5 Questions)

6. Questions and Comments (Optional) (1 Question)

The type of the plant, the processes used, the number of main equipment it has and
their power, amount of treated wastewater, the amount of energy consumption in
total and by processes, the amount of energy generation by source, the amount of
sludge and biogas produced were asked to participants including questions
evaluating their perception on renewable energy resource integration to WWTPs.
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In the information part, ethical approval for the questionnaire was provided (see
Appendix B). The participants were also provided with contact information of both
the student and the supervisor for any questions. The participants’ responses were

recorded online and downloaded as an excel file from jotform.

Various videos presenting the processes in the specific WWTPs and the guideline
prepared by the Union of Municipalities of Turkey were used [43] to provide a
detailed list of processes used in WWTPs in the related questions. The third part of
the survey, namely perception, was modified for Turkey from the research led by the
University of Queensland, Australia and conducted by the Water Research
Foundation [44]. Following the completion of the survey preparation, various experts
at different levels were also consulted besides the thesis supervisor.

As a first step, the top 12 metropolitan municipalities representing half of Turkey, in
terms of the number of population were selected. In order to disseminate the survey
among them, e-mail addresses and phone numbers of the related personnel in their
WSAs were collected through the websites of the WSAs.

The formal letter, prepared by the Science Institution of Hacettepe University (see
Appendix C) including the letter prepared by the thesis supervisor (see Appendix
D), asking selected WSAs’ participation in the survey was sent to the collected e-

mail addresses in July 2018.

15 responses for various WWTPs were collected until December 2018. However, it
was not sufficient as the total number of WWTPs of the selected WSAs is 368
according to the latest data published by Turkstat in 2016 [10]. In December 2018
and in February 2019, two reminders were sent to the WSAs which did not response

previously.
At the end of the period of seven months, the total number of responses was 24 and

four of them were not eligible to be taken in the evaluation as three were duplicates

and one is a landfill leachate treatment plant (see Table 3.1).
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Table 3.1. Summary of questionnaire dissemination and getting a response

Date of Mail Sending | Date of Response Number of WWTPs

18.07.2018 23.07.2018 2 (1 is duplicate)
29.08.2018 3
06.09.2018 4 (1 is landfill leachate treatment)
07.09.2018 1
10.09.2018 2
11.12.2018 3 (2 are duplicate)
05.12.2018 28.12.2018 1
25.02.2019 26.02.2019 1
28.02.2019 1
02.04.2019 6

3.1.1.2 Open Literature

In parallel with the survey dissemination, needed information for WWTPs of 30
metropolitan municipalities were collected from AARs of their WSAs for the year
2017 (see Table 3.2).

Table 3.2. Collected data for WWTPs

1. WWTP Name N/A

2. Data Year Year

3. AAR Year Year

4.  City N/A

5. District N/A

6. Type N/A

7.  Does it have DSWWD? N/A

8.  Process of the WWTP N/A

9.  Commissioning Year Year

10. Capacity m?3/day
11. Flow Rate (Amount of Treated Wastewater) m?3/year
12. Population Served capita
13. AKM mg/l

14. COD mg/l

15. BOD mg/l or kg/year
16. Electricity Consumption kWhlyear
17. Electricity (Biogas) Production kWhlyear
18. Electricity (other) Production kWhlyear
19. Electricity Consumption from Grid kWhlyear
20. Natural Gas Consumption Nm?3/year
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21. Biogas Production m?3/year
22. Dried Sludge kgl/year
23. Total Solid Waste kgl/year
24. Sludge kgl/year
25. Operating Cost TL/year
26. Electricity Cost TL/year

As some of the AARs do not have all the information needed, websites of WASS,
PESR of MoEU (2017), and WWTP Inventory (2018) of MoEU were used to
complete data gaps. They were also used to validate the collected AAR data
especially time-independent ones such as capacity, commissioning date and type
of the plant as well as the process used in the plant.

3.1.1.3 Personal Communication
Following the completion of data collection from literature, only the main missing
data as one of the followings were identified to be asked for:

e energy consumption and generation,

amount of treated wastewater,

used process in the plant,

type of the plant,

amount of generated sludge and biogas.

Related departments of WSAs were contacted through phone, and the list of needed
data had sent them via fax/e-mail. Their responses collected via phone/e-mail.

3.1.2 Data Regarding Simulation Program

For identification of the optimum combination of RES that will be used in the
WWTPs, Hybrid Optimization Models for Energy Resources (HOMER) software was
used. HOMER software is a simulation program developed by the National
Renewable Energy Laboratory (NREL) that optimizes the hourly performance of
various system components for minimum net present cost based on pre-defined
technical constraints and parameters. HOMER’s output does not give only one
optimum solution. It provides results for all the combinations to allow the user to

compare the results. It also allows exercising sensitivity analysis [45], in which
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different figures for different parameters such as electricity selling price, emission

penalty, etc. are also simulated.

In order to run the simulation, other parameters, in addition to WWTP data, were
needed to be entered the program:
1. Biogas related data
Photovoltaic (PV) system related data
Grid related data

Economics related data

o bk~ 0N

Emission penalties related data

3.1.2.1 Data Regarding Biogas Power
In HOMER, electricity generation from biogas is simulated via a generator
component that uses biogas as a fuel that is produced from a biomass resource. In

WWTPs’ case, the biomass resource is the wastewater sludge.

Biomass Resource

It is possible to insert a monthly amount of a biomass resource into the system to
produce the needed biogas in HOMER software. Sludge production of 212 WWTPs
was already obtained from primary and secondary sources by data collection (see
Section 3.1.1). However, it was found out that some of them were reported as the
final amount of sludge as waste, not as the amount of raw sludge digested to
produce biogas. Therefore, sludge production yield per capita was obtained from
the literature research (see Table 3.3) as population data of 343 WWTPs are
available. Based on literature research, the sludge production yield was assumed

to be 43.5 g/day.capita as the middle value of the average and the median.

Table 3.3. Sludge production yield in the Itierature (g/day.capita)

Sludge Production (g/day.capita)

40 - 60 2009 [38]

80 2007 [46]

23 — 47 (for Turkey) 2010 [47]
50 (for istanbul WSA) 2014 [47]

Average value for Turkey: 40
Median value for Turkey: 47
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The amount of raw sludge produced was calculated by using equation 3.1.

RS = SPY = PE (3.1)

Where RS (kgly) is the annual amount of produced raw sludge, SPY (kg/y.capita) is
the raw sludge production yield (43.5*0.365 kg/y.capita), and PE (capita) is the
amount of population served of the WWTP.

For this thesis, it was assumed that the biogas is generated by anaerobic digester
process because it is the most mature, therefore economic method for WWTPs
especially for the ones in Turkey [48], [49] (see Figure 3.2). However, it is not
possible to add a component representing the AD for the biomass/biogas
conversion process while the conversion of the available biomass to biogas is
calculated by the Gasification Ratio (kg biogas/kg biomass) parameter of the
biomass resource. In this case, the cost of the investment of anaerobic digester was

included in the cost of the generator component as a system building cost.
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Figure 3.2. Maturity status of biomass power technologies [49]

Because in the WWTPs, the available biomass, sludge, in other words, is already
produced as a result of the treatment process without creating an additional cost,
the biomass price parameter ($/ton) assumed to be the variable O&M cost of the
anaerobic digester. Literature research was conducted for this purpose. It was

concluded that the O&M cost of the digesters has very wide ranges and the units of
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the available data were hard to be converted into $/ton. The obtained data in the
literature was converted into as similar units as possible and presented in Table 3.4.
The converted version of the data given in IRENA’s Report [49] was used (third row
of Table 3.4) as 22.1 $/ton for the biomass price.

Table 3.4. O&M cost of an anaerobic digester in literature

750-1,000 $/kW 2007 [50]
328 — 581 $/m?3 digester volume 2009 [51]
22.1 $/t sludge 2010 [49]
0.0169 — 0.0463  $/md plant size 2011 [52]

Another parameter of biomass that should be given to the HOMER software is the
carbon content of the biomass resource. The figure was obtained from the literature.
In the HOMER software [53], it is indicated that a typical value for carbon content is
50% for a biomass resource however it is usually valid for wood and food sources
which are purer than wastewater sludge. The range found in the literature is from
19% to 50% (see Table 3.5) with a median of 34% and an average of 36%. As a
result, the carbon content of the biomass was chosen as 35%.

Table 3.5. Carbon & sulfur content of biomass resource (WW Sludge) in literature

Carbon Content (% of mass)

35 2010 [54]
33 2011 [55]
33-50 2013 [56]
19 - 29 2015 [57]
37 2018 [58]
50 2019 [53]

Average: 36% of the mass
Median: 34% of the mass

As indicated earlier, the amount of biogas that will be produced from biomass
resource was calculated by the HOMER via using the gasification ratio (kg biogas/kg
biomass) parameter of the biomass resource. However, as was noted above, it was
assumed that the biogas is generated by the anaerobic digestion process. Thus, the
gasification ratio was used for the anaerobic digestion process instead of the
gasification process itself. Therefore, the gasification ratio was decided accordingly.
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In the literature, there are several biogas yields based on different parameters such

as per kg volatile solids (VS) removed, per kg sludge, etc. (see Table 3.6).

Table 3.6. Biogas production yield in literature

Biogas Vield

0.500 - 0.750 m3/kg VS 2015 [47]
0.750 -1.120 ms/kg VS removed

0.030 — 0.040 m3/d-capita

0.800 - 1.100 m3/kg VS removed N/A [59]
0.015-0.022 m3/d-capita (pre treatment) 2000 [60]
0.028 m3/d-capita (secondary treatment)

0.800 — 1.200 m3/kg VS removed 2012 [48]
0.300 m3/kg TS 2008 [61]
0.150 m3/kg wet weight

0.300 - 0.700 m3/kg VS 2012 [62]
0.300 m3/kg VS 2011 [54]
0.015-0.022 m?3/d-capita 2010 [63]
0.380 — 0.800 m3/kg sludge

0.017 —0.140 m3/kg sludge 2008 [64]

The values from the literature do not match with the collected data. Therefore, it was
calculated based on the available data. The correlation between biogas (m3/y) and
the BOD (kgly) values of 19 WWTPs in 2016 and 2017 is 89% (see Figure 3.3) as
Brandoni and Bosnjakovi [42] also used the relationship between COD and biogas

production.
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Figure 3.3. Biogas and BOD correlation of collected data from 2016 and 2017
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According to the relation between biogas production and BOD, biogas production
was calculated with the equation 3.2, where BG (mdy) is the annual biogas

production, BODinput (kgly) is the annual BOD value of the influent:

BG = 0.135252 * BODjppy (3.2)

To find the gasification ratio for the WWTPs which do not have the BODinput data, an

equation depending on PE was used based on PE data availability (see Table 3.7).

Table 3.7. Availability of the BODinput (Mmg/l) and population served (PE) data

BOD.nput Data

Exist 343
(calculated)

PE Data Not exist 104 113
el 399 456

According to the wastewater and pollution generation table (called Tablo 2.1) in the
Communiqué on Technical Procedures for Wastewater Treatment Plants [65], PE
depended BOD values are given (see Table 3.8). For the WWTPs of which PE is
less than 2,000 or more than 100,000 people, it was assumed that the BOD value

is the same with the minimum and maximum values respectively in the table.

Table 3.8. BOD (kg/day.PE) based on population served (adapted from [65])
2,000 - 10,000 0.040
10,000 - 50,000 0.045
50,000 - 100,000 0.050

The BODinput values of 295 WWTPs were calculated through equation 3.3 where
BODinput (kg/y) is the annual BOD value of the influent, PE (capita) is the number of
people served by the WWTP, BODcapita (kg/y.capita) is the annual per capita BOD
value of the influent which is decided based on population.

BODinput = PE * BOD gpitq (3.3)
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The gasification ratio was calculated with equation 3.4 where @q (kg/kg) is the plant-
specific gasification ratio (kg biogas/kg biomass), BG (m3/y) is the biogas production
of WWTP given/calculated with equation 3.2, RS (kgly) is the raw sludge production
in the WWTP calculated with equation 3.1 and 1.2 (kg/m?3) is the density of biogas.

BG * 1.2
Pg = RS (34)
Biogas Fuel

For the characteristics of the biogas fuel such as density (kg/m?) and Lower Heating
Value (LHV) (MJ/kg), academic and white papers were used. The density of the
biogas produced from sewage sludge was assumed to be 1.2 kg/m? as a result of
the literature research (see Table 3.9).

Table 3.9. The density of biogas in literature

1.150 2009 [66]
1.201 2010 [67]
1.100 2011 [68]
1.246 2018 [46]
1.211 2019 [69]

Average: 1.182 kg/m?3
Median: 1.201 kg/m?3

Lower Heating Value (LHV) of biogas was chosen as 19 MJ/kg based on the
average of the mean and median values of the figures found in the literature

research (see Table 3.10).

Table 3.10. The lower heating value (LHV) of biogas in literature

LHV (MJ/m?) | LHV (MJ/kg)

24.5-27.6 20.4 - 23.0 2009 [66]
22.3 18.6 2010 [67]
22.4 18.7 2011 [60]
21.0 17.5 2011 [68]

15.9-27.8 13.3-23.2 2012 [48]

*Density is assumed to be 1.2 (kg/m®) as indicated earlier
Average (MJ/kg): 19.2 MJ/kg
Median (MJ/kg): 18.7 MJ/kg
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Generator
It was assumed that the selected generator is capable of producing electricity by
using the biogas produced in the WWTP. According to IRENA’s Report called
Renewable Power Generation Costs in 2018 [70] the total investment cost of
bioenergy is 2,100 $/kW in 2018, decreasing from 2,700-2,850 $/kW in 2017 (see
Figure 3.4).

Indicator Technology o ni /ﬁ
Total Installed Cost h Bicenergy - =
2018 USD/kW

3K

2K O

Technology: Bioenergy
Year: 2018

1K Total Installed Cost: 2,105 2018 USD/kW

OK
2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 3.4. Annual change of total investment cost of bioenergy (2010-2018) [71]

For the initial capital cost and O&M cost of the generator, data is obtained from the
market, sectoral reports and academic papers (see Table 3.11). By taking the
median value of the figures in the literature the initial capital cost was assumed as
2,000 $/kW and the O&M cost was assumed to be 0.015 $/kW-h.

Table 3.11. Initial investment and O&M costs of a generator in literature

Investment Cost ($/kW) O&M Cost ($/kW-h)

1,500 — 2,500* 0.015 2009 [51]
1,650 — 3,665 2011 [72]
2,000 — 3,000 0.012 2011 [73]
420* 2013 [74]
3,508 2014 [75]
7,220 2015 [76]
1,000 — 1,300* 2017 [77]
1,500* 0.021 2017 [42]
956 — 2,920 2018 [46]
2,105 2018 [71]

Average: 2,350 $/kW  Average: 0.016 $/kW-h * Only CHP/motor cost
Median: 2,000 $/kW Median: 0.015 $/kW-h
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The replacement cost ($/kW) of the generator was assumed to be the same as the
investment cost. The lifetime of the generator was decided as 60,000 hours [42],
[77]. The fuel consumption rate of the generator is used as it is in the HOMER

software.

Emissions data of CO (g/kg fuel), unburned HC (g/kg fuel), particulate matter (g/kg
fuel), fuel sulfur to PM (%), and NOx (g/kg fuel) required in the HOMER software for
the simulation of emissions from electricity generation from biogas were decided
based on literature. Fuel Sulfur to PM was assumed to be 0 as it was assumed that
desulfurization is applied to the biogas because the sulfur has a corrosive effect on
the equipment. The rest of the emissions achieved in the literature are presented in
Table 3.12 and they are assumed to be the middle value between their average and

the median.

Table 3.12. Emissions from biogas generator in literature

CO (kg/kg) Unburned HC | PM (kg/kg) NOx (kg/kQg) Data Source
(kg/kg) Year

0.00029 10.3 2004 [78]

49-59 3.8-10.3 2008 [79]

9.1 3.6 2014 [80]

149-158 25-29 42-4.6 2016 [81]
Average: 9.3 kg/lkg ~ Average: 3.4 kg/kg Average: 6.1 kg/kg
Median: 7.5 kg/kg Median: 2.9 kg/kg Median: 4.4 kg/kg

Summary of Data Regarding Biogas Power
The parameters related to power generation from biogas, their units, value range
found in the sources and the sources themselves as well as the used value in the

software are shown in Table 3.13.

Table 3.13. Used values for biogas power related data

Data Unit Range Source Used
Value

8 Available Amount ton/day N/A Field Data

S (Sludge production in individual

§ WWTPs)

@  Average Price $/ton 22.1 [49] 22.1
9]

@ Carbon Content % of mass 19 - 50 [53]-[58] 35
g Gasification Ratio (biogas to kg/kg N/A Field Data pSsa
o0 biomass)
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Data Unit Range Source Used
Value

2 5 Density kg/m?3 1.10-1.25 [46], [66]-[69] 1.2°
_8 T Lower Heating Value (LHV) MJ/kg 13.3-23.2 [48], [60], 19b
m [66]-[68]
Initial Capital of generator $IkW 420 — 7,220 [42], [46], 2,000
[61], [71]-[77]
Replacement Cost of generator $IkW N/A Assumption 2,000
Cost of O&M of generator $/kW-op.h. 0.012-0.021 [42], [51], [73] 0.015
5 Lifetime k hours 48 — 60 [42], [77] 60
©  Fuel Consumption kg/kWh N/A HSse 0.0144
o 0.244¢
& co ghkg fuel 4.9-158 [78]-[81] 8
Unburned HC g/kg fuel 2.5-4.8 [78], [81] 3.2
Particulate Matter g/kg fuel  0.00029 [78] 0.00029
Fuel Sulfur to PM % N/A Assumption 0
NOx g/kg fuel 3.6-10.3 [78]-[81] 5.5
aPlant Specific

b These values were used in the conversion of some parameters given with various units in the literature.
¢Homer Software

d Intercept coefficient of the fuel-power curve

¢ Slope of the fuel-power curve

3.1.2.2 Data Regarding Photovoltaic System

In HOMER software (see Section 3.2 for more details), electricity generation from a
photovoltaic system is simulated via a photovoltaic panel component that uses solar
radiation as a resource and an inverter for the conversion of the generated electricity
from DC to AC.

Solar Resource

For solar resource data, mainly secondary data sources were used. HOMER
software has the ability to provide local data for local solar irradiation (GHI) (kWh/m?-
day), clearness index (%) and temperature (°C) for a specified location. Therefore,
the locations of the WWTPs were provided to the system if it was available in the
database. If it not available, the districts in which the WWTP located were used as

locations.
The locations of the WWTPs were collected from the AARs and websites of WSAS,

PESRs and WWTPs Inventory of MOEU. When no information was reached via

these sources, GoogleMaps was used as a last alternative.
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Photovoltaic Panels

Costs of investment ($/kW) including mounting etc., replacement ($/kW), and O&M
($/y-kW) were obtained from literature such as sectoral reports, academic papers,
etc. The initial capital cost ($/kW) of PV is keeping the track of decreasing since
2010 [71] thanks to economies of scale besides technological developments (see
Figure 3.5).

Indicator Technology o Ei f‘
Total Installed Cost v Solar PV v =
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1K Technology: Solar PV
‘fear: 2018
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aK
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Figure 3.5. Annual change of total investment cost of PV (2010-2018) [71]

Literature research also indicates a decline in the total cost of investment. Table
3.14 represents various initial cost values in distinct years found in different sources.
Considering especially the last two years (the reports of EUD [82], IRENA [70], and
the database of IRENA [71]) and the fast decrease in the investment costs, the initial
investment cost of PV for Turkey was assumed to be 1,100 $/kW.

Table 3.14. Initial investment cost of PV in literature

investment Costof PV (3h)

7,000 2009 [83]
5,217 2010 [84]
5,000 2010 [85]
2,210 2011 [86]
2,500 2011 [87]
2,840 2011 [88]
1,131 - 1,716 2014 [89]
1,330 — 1,883 2014 [90]
1,388 2017 [71]
1,500 2017 [42]
900 2018 [82]
1,200" 2018 [70]
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investment Costof PV (3HW)

1,210 2018 [71]

959 — 3,500 2018 [38]

*The figure includes inverter cost for Turkey. It can be assumed ~1,150 $/kW without an inverter.
Average (2017-2018 without extreme point): 1,189 $/kW
Median (2017-2018 without extreme point): 1,200 $/kW

The share of the operation and maintenance (O&M) cost in the total investment cost
was so low while the cost of the PV system was higher. With the decline in total
system cost, the share of the O&M has increased to about 20-25% in some countries
[91] as the cost of O&M remains stable (see Table 3.15). Based on the literature
review, 12 $/kW-y was chosen, and the O&M cost of the inverter also included in
this value because the cost is not only for the PV modules but for all the related

components.

Table 3.15. O&M cost of PV in literature

0&M Cost of PV ($IkW-y)

10 2009 [87]
13 2015 [89]
10 — 45 2015 [92]
10 - 19 2015 [70]
10 - 18 2015 [91]
13 2017 [93]

Average (without extreme point): 13 $/kW-y
Median (without extreme point): 12 $/kW-y

Since the project lifetime was assumed to be 25 years, the PV modules replacement
cost was assumed to be zero (0) as their lifetime is also 25 years. This approach
was also used in the study of Ozkdk and Giiler [89] and the thesis of Telli [85].

Temperature Coefficient of Power (%/°C), NOCT (°C), and efficiency (%) at STC are
usually given by the PV module producers. Based on online market research, it was
identified that the value of Temperature Coefficient of Power changes between 0.37
and 0.47 %/°C while NOCT changes between 43 — 47 °C. Efficiency varies between
15.7%-19.6%. To represent an average for these parameters, the polycrystalline
solar module coded JMK275-60 in the HOMER Software was chosen. The derating
factor is 88% for this PV array in the HOMER, while the ground reflectance (albedo)
is 20%.
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It was assumed that WWTPs will not use a tracking system for their PV panels.
Since Turkey is on the northern hemisphere, the azimuth angle will be 0° in order to
be faced to the equator. HOMER will assign the slope of the PV panel based on the
latitude value of the assigned location of the WWTP.

It was assumed that the WWTPs own a suitable land for the PV installation, so the

cost of the land use was not included separately to the cost calculations.

Inverter

Based on the selected PV module, the HOMER software defined an inverter of
Studer called Xtender XTH 3000-12 with 10 years of lifetime, 93% of input and
rectifier efficiencies, and 100% of relative capacity. For the cost of investment

($/kW), a wide range of figures was obtained from various sources (see Table 3.16).

Table 3.16. Initial investment cost of inverter in literature

Investment Cost of Inverter ($/kW)

313.3 2006 [94]
700.0 2009 [83]
1,000.0 2010 [85]
500.0 2010 [72]
741.0 2011 [88]
470.0 2014 [89]
300.0 2017 [42]
41.3 - 144.3 2017 [91]
68.7 2018 [70]

Average (2017-2018): 139 $/kW
Median (2017-2018): 107 $/kW

According to the data used in the latest report of IRENA [70], inverter costs in Turkey
are relatively lower than the other countries (see Figure 3.6). Based on the literature
review, investment cost was assumed to be 110 $/kW. Replacement cost was
assumed to be the same with the investment cost like the approach used in Thesis
of Telli [85]. The O&M cost of the inverter was assumed to be included in the cost

of O&M of the PV system. Thus, it was assumed to be zero (0).
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Figure 3.6. Inverter cost in different countries ($/kW) (adapted from [70])

Summary of Data Regarding Photovoltaic System
Table 3.17 below presents the parameters related to solar power generation
together with their units, value range found in the sources and the sources as well

as the used value in the software.

Table 3.17. Used values for photovoltaic system related data

Data’ Unit Range Source Used
Value

o Local solar radiation (GHI) kWh/m2-day N/A
& g Clearness Index % N/A HSs?2 PSb
% % Temperature °C N/A HS2 PSP
T | ocation (District of the WWTP)  N/A N/A Field Data the
Investment Cost of PV system $/kW 900 - 1,500 [38], [42], 1,100
[88]-{90],
[70], [71],
[82]-[87]
Replacement Cost of PV system  $/kW 0 [85], [89] 0
% Cost of O&M of PV system $ly-kwW 10.0-19 [70], [87], 12
c [89], [91]-[93]
© Lifetime years 25 MRS, HS: 25
E Derating Factor % N/A HS? 88
g Ground Reflectance (albedo) % N/A HS2 20
é Temperature Coefficient of %/ °C -0.37- - 0.47 MR¢, HS® -0.41
o Power
NOCT °C 43 - 47 MRe¢, HS?2 45
Efficiency at STC % 15.7-19.6 MR¢, HS? 16.8
Azimuth Angle ® 0-180 HS2 0
Slope Angle © ~ HSa PSP
2 % Investment Cost of Inverter $/kW 37.3- [42], [70], 110

1,000.0 [72], [83],
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Data’ Unit Range Source Used
Value

[85], [88],

[89], [91], [94]
Replacement Cost of Inverter $ly N/A Assumption 110
Cost of O&M of Inverter $ly-kW N/A Assumption 0
Input Lifetime years N/A HS2 10
Input Efficiency % N/A HS2 93
Rectifier Relative Capacity % N/A HS2 100
Rectifier Efficiency % N/A HS2 93

*Some of the terms are defined at the beginning of Section3.1.
a HOMER Software

b Plant Specific

¢ Market Research

3.1.2.3 Data Regarding Grid

Since WWTPs are grid-connected, HOMER Software needs the prices ($/kWh) for
purchasing electricity from the grid and selling the surplus electricity to the grid. It
also requires the grid emission data to calculate the emissions caused by the
electricity purchased from the grid and to compare the environmental impacts of the

scenarios.

Electricity Selling and Buying Price

Energy Market Regulatory Authority (EMRA) quarterly publishes the tariffs of
electricity purchasing prices for the end-users [95]. The low voltage electricity
purchasing price for industrial users is 0.4974 TL/kWh excluded the taxes and
additional costs (0.0849 $/kWh for the exchange rate of 5.86 in May 2019). To find
the tax included purchasing price, available data were used. In the collected data of
WWTPs, the total annual electricity cost is available for 12 WWTPs in 2016 and 7
WWTPs in 2017. By using the exchange rates in the respective years [32], it was
found that the unit prices vary between 0.0610 and 0.1253 $/kWh (see Figure 3.7).

0.0805 0.1073

0.0610 0.0781 0.0954 0.1253

— ]

0.04 0.05 006 0.07 008 0.09 0.0 0.11 0.12 0.13 0.14
Electricty Unit Price ($/kWh)
Figure 3.7. Electricity unit price ($/kwWh) of buying for WWTPs (Collected Data)
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By considering the following two issues, the unit price was selected as 0.080 $/kWh;

[ The price published by EMRA excludes taxes, funds, and payments,

li- The opportunity of WWTPs to get a discount on the electricity prices,

The feed-in-tariff price in the related Law was used [96] for the electricity selling
price. Itis 13.3 $ cent/kWh and the same for solar energy and bioenergy. Additional
incentives given for domestic equipment utilization was not included in the study.

The cases of no selling and a lower selling price (5 $ cent/kWh) were also simulated.

Grid Emissions

HOMER software allows the user to input other air emissions besides GHGs. Total
gas emission of the grid was calculated by using the following equation 3.5, where
GEFgas (kg CO2/MWh) is the grid emission factor for the specific gas
per MWh generated, EFwel (kg CO2/MWHh) is the fuel-specific emission factor of the
specific gas, FS (%) is the share of the fuel in total electricity generation in 2017.

GEFyas = ) EFpuer * FSuen (3.5)

Electricity generation by supply is taken from TEIAS [97] (see Table 3.18). EFuel for
CO: is taken from the study of Ari and Aydinalp [98] as it is based on Turkey.
Because of a lack of information in the literature, the life cycle analysis study on
electricity generation completed by Atilgan and Azapagic [99] was taken as the

basis for the selection of other air emission factors (see Table 3.18).

Table 3.18. Fuel specific air emission factors (EF) (kg CO./MWh) of Turkey [98], [99] and
fuel shares in electricity generation (FS) (%) in Turkey in 2017 [97]

FS (%) 37.2 0.4 13.7 19.1 [97]
EF (kg CO/MWh) [EEEEYZ 755 1,080 1,018 [98]
EF (kg CO/MWh) 0.27 0.67 0.23 [99]
EF (kg PM/MWh) [EEEeR0E 1.16 0.33 [99]
EF (kg SOz/MWh) [EEEWelE] 7.84 3.88 [99]
EF (kg NOY/MWh) [EEPEI 2.11 0.65 [99]
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The calculated emission factors and the default figures in the HOMER Software are

compared in Table 3.19.

Table 3.19. Grid emission factors calculated and default values in the HOMER software
CO2 482.80 499.87

CcoO 0.24 0.00

UHCP N/A 0.00

PM 0.22 0.00

SOz 1.82 2.74

NOx 0.57 1.34

a HOMER Software
b Unburned Hydrocarbons

As can be clearly seen in the table, the default values of HOMER do not represent

Turkey. Thus, calculated EFs were used for the simulation of the WWTPs.

Summary of Data Regarding Grid
The parameters related grid connection, their units, value range found in the sources

and the sources as well as the used value in the software are shown in Table 3.20.

Table 3.20. Used values for grid-related data

Grid Power Price $/kwh  0.0647 - 0.0849 [95], Field Data 0.080

Grid Sellback Price ~ $/kWh  N/A [96] 0.133 & 0.050 & 0
CO, g/kWh  482.80 - 499.87 [98], HS® 482.80
5 CO g/kWh  0.00 - 0.24 [97], HS? 0.24
O Unburned HC g/kWh  0.00 Hsa 0.00
Particulate Matter g/kWwh  0.00 - 0.22 [97], HS2 0.22
S0, g/kWh 1.82-2.74 [97], HS? 1.82
NOx g/kWh 057-1.34 [97], HS? 0.57

a2 Homer Software

3.1.2.4 Data Regarding Economic Parameters
HOMER Software uses nominal discount rate (%) and expected inflation rate (%) to
find the real discount rate and calculate the Net Present Value (NPV) of the system

to compare the scenarios and reveal the optimal solution.
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Rates of nominal discount and expected inflation were directly taken from the
Central Bank of the Republic of Turkey. Since the nominal discount rate is policy
rate which is also equal to the one-week repo rate [100], 24% as of 14.09.2018 [101]

was used for the nominal discount rate.

The inflation rate in 2018 ranged from 10.23% to 25.24%, while the annual inflation
rate was 20.3%, and decreased to 19.7% in the first quarter of 2019 [102]. It might
be expected to fall during 2020, however monetary and international policies, as
well as re-election in istanbul, creates uncertainty and instability for international
Credit Rating Agencies [103]. That is why, the expected inflation rate was assumed

to be 20%, taking the average of the rate in 2018 and in the first quarter of 2019.

Project lifetime (years) and capacity shortage penalty ($/kwWh) were assumed to be
25 years and zero (0) respectively as the default figures given by the HOMER. It
was assumed that the system does not have a fixed capital cost ($) or fixed system
O&M cost ($1y).

Summary of Data Regarding Economic Parameters

The parameters related to economic calculation, their units, value range found in
the sources and the sources as well as the used value in the software are shown in
Table 3.21.

Table 3.21. Used values for economic calculation related data

Nominal discount rate [101]
¢ Expected inflation rate % 19.7-20.3 [102], [103] 20
'g Project Lifetime years N/A HS?2 25
S System fixed capital cost $ N/A Assumption 0
i System fixed O&M cost $ly N/A Assumption 0
Capacity Shortage Penalty $/kWh N/A HS2 0

a2 Homer Software

3.1.2.5 Data Regarding Emission Penalties
For countries, for instance in EU, electricity generation plant operators having more
than 20 MW of thermal power are subjected to “Emission Trading System” in which

the operators should pay a fine for each ton of COze that exceeds their allowances
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or they should buy CO2ze from the market as much as the amount of their excess
emissions. Or some countries directly apply a carbon tax to the carbon emitter
sectors, especially manufacturing and electricity generation. The prices applied in
different countries for the carbon tax and ETS ($/ton COze) are represented in
Figure 3.8 according to the World Bank Carbon Pricing Dashboard [104].

The HOMER delivers an economic comparison of environmental impacts by
counting this penalty fee for the related emissions. But even there are external
impacts on society, such as health, comfort, etc., and the environment due to COze
emissions, there is no such system in Turkey that makes the operators pay for their
GHG emissions. Still, a penalty ($/ton) for COze was evaluated within the scope of
this study on a scenario basis, to reveal the economic impact of such a system.
Based on Figure 3.8, 16 $/ton was chosen as the penalty. No air emissions penalties

(CO, unburned HC, particulate matter, and NOx) were assumed.

a) Carbon tax ($/ton CO2e) b) ETS ($/ton CO2e)
sweden [INNEGEGEENZa78N EUETS 24.54
switzerland - |GG
liechtensten S Alberio CarR 24
Finland  [IENESYEEN Korea ETS 22.45
Norway IGO0
france [IGONN New Zealand ETS 17.06
iceland - | NGHNGEN Quebec CaT 15.77
Denmark 128890
sc 252 California CaT 15.77
UK carbon price floor - Beijing pilot ETS 1119
Albertc 1EEER '
rreland  [22MF Tokyo CaT | 5.85
Slovenia
1944 Saitama ETS 1 5.85
spain 8BS
Prince Edward Island  [IlBI00 Switzerland ETS 15,17
Newfoundland and Labrador 0
fiso RGGI 4.89 Average: 9.29
Canada federal fuel charge  [IlBIO0 - Median: 5.51
Portugal 31 Shanghai pilot ETS 4,48
Argentina .24
Colombio .17 Hubei pilot ETS ~4.13
Latvia §5.06 Guangdong pilot ETS 12,92
chile §5.00
singapore 13,69 Tianjin pilot ETS  ©2.08
Mexico [2.99 Fujian pilot ETS  11.52
Japan [2.60
Estonia |2‘25 Shenzhen pilot ETS | 0.55
Ukraine | 0.37 Chongging pilot ETS |0.55
Poland \0,08

Figure 3.8. In 2019 Carbon prices in a) carbon tax system b) EU ETS (adapted from

[104])
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Summary of Data Regarding Emission Penalties
Table 3.22 shows the parameters related emission, their units, value range found in

the sources and the sources as well as the used value in the software.

Table 3.22. Used values for emission penalties

CO2

$/ton 0.08 — 126.78 [104] 0&16
g CcoO $/ton  N/A Assumption 0
g '%» Unburned HC $/iton  N/A Assumption 0
g $ Particulate Matter $/iton  N/A Assumption 0
wa go, $/ton  N/A Assumption 0
NOy $/ton  N/A Assumption 0

3.2 Energy Intensity Calculation

To let HOMER simulate the WWTP system, it needs the electricity consumption of
the WWTP. 53% of the collected 456 data includes both the electricity consumption
and the amount of treated wastewater (flow rate) in the plant (240 of 456 WWTPs).
For 165 WWTPs, electricity consumption was calculated by using the energy
intensity (kWh/m?) of 240 WWTPs (see Table 3.23).

Table 3.23. Availability of the electricity consumption and treated wastewater data

Electricity Consumption

Exist 240 165 405
Treated (calculated)
WW .
Data 3 48 51
243 213 456

The energy intensities of 240 WWTPs were calculated with following equation 3.6

where ElI (kWh/m?3) is the energy intensity, TWW (m?y) is the amount of treated
wastewater, EC (kWhly) is the annual energy consumption of the WWTP.

EC (3.6)

El = ——
TWw

Outliers in the data set were defined by using Median Absolute Deviation and

excluded from the energy intensity analysis (see Section 4.3 for details).
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3.2.1.1 Process Categorization of the WWTPs

WWTPs use various processes to treat wastewater due to the wastewater quality,
equipment features, economic concerns, discharging environment, etc. even though
their type (primary, secondary, tertiary) are the same. To ensure a rational
benchmarking of EIs among WWTPs, some of the processes were assumed to be
in the same categories. The categories based on the processes used in the plants
are given in Table 3.24. In the case of a WWTP with an unknown type, it was
identified based on the process. If its process was known as one of the secondary
treatments, additionally includes nitrogen and/or phosphorus removal, then it was

labeled as tertiary (advanced) treatment.

Table 3.24. Categorization of wastewater treatment plants based on their processes

Primary Infiltration Natural
Primary Pre-Treatment Natural
Primary Pre-Treatment + DSWWD Natural
Primary Natural Treatment Natural
Primary Slow Sand Filtration Natural
Secondary Stabilization Pond Natural
Secondary Physical + Stabilization Pond Natural
Secondary Anaerobic + Facultative Natural
Secondary Trickling Filter (TF) Package
Secondary Rotating Biological Contactor (RBC) Package
Secondary Conventional Activated Sludge Package
Secondary Sequencing Batch Reactor (SBR) Package
Secondary Membrane Bioreactor (MBR) Package
Secondary Conventional Activated Sludge CAS
Secondary Extended Aeration Activated Sludge EAAS
Secondary Electroflocculation Electroflocculation
Advanced 3/4/5 Stage Bardenpho (Partial N&P removal) Bardenpho
Advanced Simultaneous Bardenpho Bardenpho
Advanced (6/7 Stage) Cascade Activated Sludge CAS+N, P
Advanced Conventional Activated Sludge + N, P CAS+N, P
Advanced Extended Aeration Activated Sludge + N EAAS + N, P
Advanced Extended Aeration Activated Sludge + N, P EAAS + N, P
Advanced Sequencing Batch Reactor (SBR) + N, P SBR+N, P
Advanced Three Stage Phoredux (Anaerobic/Anoxic/Oxic) A20

“For abbreviations see ACRONYMS AND SYMBOLS.
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3.2.1.2 Data Regarding Electricity Consumption

HOMER software requires the electrical load data as electricity consumption per
day of a month (kWh/d) and assumes daily consumption is constant during the
month. As the collected data for electricity consumption of individual WWTPs are
annual, the monthly consumption was assumed to be constant and the annual data

was distributed evenly to days by assuming that the number of days in a year is 365.

Energy intensity is strongly correlated with the volume of treated wastewater and
the type of treatment (see Section 4.1 for details). For the WWTPs of which
electricity consumption data is missing (see Table 3.25), a model was developed

based on energy intensity analysis of the available data.

Table 3.25. Availability of the electricity consumption and process data

Electricity Consumption

Exist 243 120 363
Process (calculated)

Data 0 03 03

243 213 456

The load is calculated for WWTPs of which electricity consumption data is missing
according to the following equation 3.7Error! Reference source not found., where
ECunknown (KWh/y) is the annual electricity consumption of the WWTP of which EC is
unknown, TWW (m?3/y) is the annual amount of treated wastewater in the WWTP,
and the EI (kwh/m?3) is the energy intensity of the specific category of the WWTP of

which EC is unknown.

ECunknown =TWW = Elcategory (3-7)

3.3 Simulation Program

HOMER basically needs some general information on electrical load (electricity
consumption) and the components consist of the system i.e. generator, PV, inverter,
and grid. The schematic of the installed system is shown in Figure 3.9. The
schematic is the same for all the WWTPs. While the location, load, biomass

resource, and gasification ratio were entered specifically to each WWTP.
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Figure 3.9. System schematic from HOMER Software

To verify the feasibility of the system with the assumptions made, the simulation was
run for 13 WWTPs of which data are close to complete. The simulated systems for

verification do not have the PV system to represent the current situation.

Following verification, the simulation model was run for each plant of which data
was collected because the optimum solution should be different for each plant. The
total impact of the integration of RESs to WWTPs in Turkey was presented as

aggregated results instead of individual plants.

Location
On the homepage of the software, the location of the WWTP was chosen as a first

step (see Figure 3.10).
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Vienna ot .
: Budapest
‘Milan
IBuch arest
aRome
e Istanbul
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JTehran
> 4
35° 46° 58.38" N 62°54' 27.77" E : Baghdad 500 km
' W o
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tarkiye Location Search
(UTC+03:00) istanbul -

Figure 3.10. Location finder of the HOMER software
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Renewable Energy Resources

Only solar and bioenergy were assessed within the scope of this study as expressed
earlier. To include the location of the system will let HOMER download the solar and
temperature data on the resources tab from the internet (NREL) according to the

given location (see Figure 3.11).

FILE LOAD COMPOMNENTS RESOURCES PROJECT HELP

EEET Y AN YA

Diesign Results Library

Home Solar GHI| Solar DI Wind  Temperature Fuels Hydrokinetic Hydro  Biomass Custom

View

Figure 3.11. Resources tab of the HOMER software

To include bioenergy, the amount of available biomass should be given to HOMER
from the Biomass window (see Figure 3.11). Since it was assumed that the monthly
biomass production is constant, the annual amount of biomass resource was
distributed to months equally. The scaled annual average (t/d) value was changed
according to the individual WWTPs. Average price, carbon content, gasification ratio
and LHV of the biomass resource was also given to HOMER at this screen.

Components

The components tab is used to insert components such as PV panel, converter, grid
and biogas generator (see Figure 3.12). All the parameters of the selected
components were given to the software as specified in the previous section on the

related page of the software.

FILE LOAD COMPONENTS RESOURCES PROJECT HELP

A XERIEaT ioPRALL O » O F

Design Results Library = Controller Generator PV Wind Storage Converter Custom Boiler Hydro Reformer Electrolyzer Hydrogen Hydrokinetic Grid Thermal Load

- Turbine Tank ‘Controller
View

Figure 3.12. Components tab of the HOMER software

The size of the PV panel and the converter were optimized by HOMER according
to the system need in each scenario run. The upper limit was chosen as 4,000 kW.
As HOMER does not provide an optimizer option for generator size (see Figure
3.13) the options were chosen ranging from 0 to 4,000 kW by an increase of the
needed amount of the simulated system. Consequently, HOMER simulates the
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system with all the capacity options and accordingly decides the optimum option
(the option with the lowest Net Present Cost-NPC).

Capacity Optimization
Size (kW)
0 ~
250
500
750
1000
1250
1500
1750
2000

v

Figure 3.13. Generator capacity options input field example in the HOMER software

Electricity Consumption

On the LOAD tab, available and calculated electricity consumption of each WWTP
was given to the system with the scaled annual average (kWh/day) box on the
bottom of the screen (see Figure 3.14). To obtain daily consumption, annual
consumption values were divided by 365. The given value was distributed hourly
based on the selected consumer profile. The daily profile of the load, in other words,
hourly distribution of the electricity consumption, was assumed to be constant as
the WWTPs of the municipalities generally works 7/24 hours.

LOAD COMPONENTS RESOURCES PROJECT HELP

e |
= [
Electric #1 1 Calculate
o) o “hemore
| BEcRicloaD @ Name:
January Profile Daily Profile Seasonal Profile
Hour | Load(kW) | | 15 24
13 1000
14 1.000
15 1000
— 16 1000
17 1.000
i 18 1.000
i 19 1.000
20 1000 |_|
2 1000
2 1000
23 1000 - 1 %0 180 270 365
OayorYar
Metric Baseline Scaled
y Average (KWh/day) 24 42631
Time Step Size: 60 minutes
Average(kW) 1 17762
Random Variability " 153 3mees
Dy o dug ey (10 Load factor 55 55
Timestep (%): 20
— ‘ Load Type:  ®) AC (©) DC
Peak Month: None
Scaled Annual Average (Wh/day: | 4263100 | (&) =3

Figure 3.14. Load introduction screen of the HOMER software
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Overall System
On the projects tab (see Figure 3.15), the project-related data i.e. economic
parameters and emission penalties were given to the system based on assumptions

in the previous section.

a) | LOAD COMPOMENTS RESOURCES PROJECT HELP

O0&aQq RIROBHO

Economics Constraints Emissions Optimization Search Space Sensitivity Multi-Year Input Report Estimate Clear Results

b 5
) ECONOMICS @ ©)

Nominal discount rate (%): 24.00
Real discount rate (%): 3.33
Expected inflation rate (%) 20.00
Project lifetime (years): 25.00

System fixed capital cost (§): 0.00

System fixed O8M cost ($/yr) 0.00

SNGNCNGNGNE

Capacity shortage penalty ($/kWh): | 0.00

Currency: | US Dollar ($)

EMISSIONS © &R cozpenaty o

Emissions Penalties
Variable: CO2 Penalty
Carbon dioxide ($/): 0.00 Link with: | 2ngnes

Carbon monoxide (§/t): 0.00 Values: COZ Penalty

nl

Unburmed hydrocarbons {$/1: 0.00
Particulate matter ($/t): 0.00

Sulfur dioxide ($/t): 0.00

©@O0OO06

Nitrogen oxides (§/t): 0.00

oK Cancel

Figure 3.15. a) Project tab, b) Economics tab, and ¢) Emissions tab of the HOMER

3.4 Limitations

The number of participants in the survey conducted within the scope of this study
does not create a large representative sample. The survey results can not indicate
a valid result for the whole WWTPSs. Yet, a tendency, that is in parallel with the
findings in the literature, can be seen in this small sample of responses as it is shown

in the Results chapter.

The WWTPs considered within this study are limited to the ones given in AARs. In

case of filling the data gap, personnel of some of the WSAs provided data for
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additional WWTPs. However, the total number of WWTPs used in this study still

less than the total number of WWTPs in the metropolitan municipalities.

The parameters of WWTPs are limited with the given information in the open
literature and personal communication. For instance, some WWTPs applied minor
modifications to the original process used in the plant, resulting in a change in the
type of the WWTP. Therefore, a process defined as a secondary treatment in the
reports, for example, might be an advanced treatment for a WWTP which modified
the process slightly. This kind of information is not available for this study unless it
was indicated by the WWTPs itself during personal communication. Another similar
example could be given for treated wastewater or the electricity consumption, which
could be different values in different open sources. In this case, the value given in
the AAR was used unless a different value was reported by the WWTPs during

personal communication.

In addition, only the WWTPs of which data are missing were contacted. The
information regarding the rest of the WWTPs found in the open literature were

assumed to be right.

The simulation results of this study are limited by the assumptions made throughout
the study. In the real world, the characteristics of WWTP will impact most of the
assumptions made regarding biogas power. The fluctuations in the economic
parameters is another impact on the results. Thus, it is important to evaluate the
simulation results of this study as a basis for further detailed analysis.

3.5 Concluding Remarks

In this chapter, the data sources and the methodology are detailly explained. As
almost in every study, this thesis depends basically on data collection for the main
parameters needed in the simulation model. Following the collecting of data by using
various tools such as online survey, telephone, fax, mail, literature research, market
research, etc., the collected data analyzed in order to develop assumptions and
calculation methods for each parameter. The parameters were used in the HOMER

software to simulate the possible and optimum RESs combinations to meet the
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electricity demand of the WWTPs.

Finally, the individual

economic and

environmental simulation results are combined to obtain an overall result for Turkey.

The parameters used in the software are given in Table 3.26 while the partial tables

are given in the related sections of this chapter.

Table 3.26. Summary table for the used values in the simulation model

Data Unit Range Source Used
Value

Biomass Resource

Biogas
Fuel

Generator

Photovoltaic Solar Resource

Panels

Available Amount
(Sludge production in individual

WWTPs)

Average Price
Carbon Content
Gasification Ratio (biogas to

biomass)
Density

Lower Heating Value (LHV)

Initial Capital of generator

Replacement Cost of generator
Cost of O&M of generator

Lifetime

Fuel Consumption

CO

Unburned HC
Particulate Matter
Fuel Sulfur to PM

NOx

Local solar radiation (GHI)

Clearness Index

Temperature

Location (District of the WWTP)
Investment Cost of PV system

ton/day

$/ton
% of mass
ka/kg

kg/m3
MJ/kg

$/kW

$/kW

$/kW-
op.h.

k hours
kg/kWh

g/kg fuel
g/kg fuel
g/kg fuel
%

g/kg fuel

kWh/m?-
day

%

°C
N/A
$/kW

Replacement Cost of PV system  $/kW
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N/A

22.1
19-50
N/A

1.10-1.25

13.3-23.2

420 - 7,220

N/A
0.012-0.021

48 - 60
N/A

49-15.8
25-438
0.00029
N/A
3.6-10.3
N/A

N/A
N/A
N/A
900 - 1,500

Field Data

[49]
[53]-{58]
Field Data

[46], [66]—
[69]

[48], [60],
[66]-[68]

[42], [46],
[51], [71]-
[77]

Assumption

[42], [51],
[73]

[42], [77]
Hse

[78]-[81]
[78], [81]
[78]
Assumption
[78]-[81]
HS?

HS2
HS2
Field Data

[38], [42],
[88]-[90],
[70], [71],
[82]-[87]

[85], [89]

a

22.1
35
PS®

1.2b

19°

2,000

2,000
0.015

60

0.0144
0.244¢

8

3.2
0.00029
0

5.5

PSP

PSP
PSP
PSP
1,100



Inverter

Grid

Economics

Emission

Penalties

Cost of O&M of PV system

Lifetime
Derating Factor
Ground Reflectance (albedo)

Temperature Coefficient of Power

NOCT

Efficiency at STC

Azimuth Angle

Slope Angle

Investment Cost of Inverter

Replacement Cost of Inverter

Cost of O&M of Inverter
Input Lifetime

Input Efficiency

Rectifier Relative Capacity
Rectifier Efficiency

Grid Power Price

Grid Sellback Price
COs

CO

Unburned HC
Particulate Matter

SO»

NOx

Nominal discount rate
Expected inflation rate
Project Lifetime

System fixed capital cost
System fixed O&M cost
Capacity Shortage Penalty
CO2

CcO
Unburned HC

$ly-kwW

years
%

%

%/ °C
CE

%

o

(o]

$/kW

$ly
$ly-kwW
years
%

%

%
$/kWh

$/kWh
g/kWh

g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
%

%
years

$Sly
$/kWh
$/ton

$/ton
$/ton
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10.0-19

25

N/A

N/A
-0.37--0.47
43 - 47
15.7-19.6
0-180

37.3 -
1,000.0

N/A
N/A
N/A
N/A
N/A
N/A

0.0647 -
0.0849

N/A

482.80 -
499.87

0.00-0.24
0.00
0.00 - 0.22
1.82-2.74
0.57-1.34
N/A
19.7-20.3
N/A
N/A
N/A
N/A

0.08 —
126.78

N/A
N/A

[70], [87],
[89], [91]-
(93]

MRe¢, HS?2
HS?2
HS?2
MRe¢, HS?2
MR¢, HS?
MR¢, HS?
HS?
HS?

[42], [70],
[72], [83],
[85], [88],
[89], [91],
[94]

Assumption
Assumption
HS?
HS?
HS?
HS?

[95], Field
Data

[96]
[98], HS?

[97], HS?
HS?

[97], HS?
[97], HS?
[97], HS?
[101]

[102], [103]
HS?
Assumption
Assumption
HS?

[104]

Assumption
Assumption

Data Unit Range Source Used
Value

12

25
88
20
-0.41
45
16.8

PSP
110

110

0

10

93
100
93
0.080

0.133 &
0.050 & 0

482.80

0.24
0.00
0.22
1.82
0.57
24
20
25

0

0

0

16 &0



Data Unit Range Source Used
Value

Particulate Matter $/ton Assumption 0
SO, $/ton N/A Assumption 0
NOy $/ton N/A Assumption 0

aPlant Specific

b These values were used in the conversion of some parameters given with various units in the literature.
¢Homer Software

d Intercept coefficient of the fuel-power curve

¢ Slope of the fuel-power curve
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4 RESULTS AND DISCUSSION

In this chapter the results of the study are presented in the following four contents;
v Survey results,
v Analysis of the collected data,
v' Energy intensity of WWTPs in Turkey,

v" Simulation outcomes.

4.1 Survey Results
As indicated in the previous chapter, the survey has two main parts. One part is to
reveal the energy consumption of WWTPs. The second one is to get the

participants’ evaluation of RES integration to WWTPs.

Answers of 20 WWTPs operators were valid to be evaluated as indicated before.
These WWTPs are in 7 metropolitan municipalities, representing 23% in terms of
number, and 30% in terms of population of metropolitan municipalities in Turkey.
They also represent 23% of the population of Turkey (see Figure 4.1). 70% of them
employ advanced treatment while the rest of them use secondary treatment.

*MM: Metropolitan Municipalities
Figure 4.1. Representativeness of survey participants

4.1.1 Energy Resources and Consumption of WWTPs

The total number of WWTP operators participated in the first part of the survey is
20, so the representation ratio is 100% for the survey participants. The total
population that is served by these WWTPs consists of 47% of participant cities in
terms of population. They also comprise 11% and 14% of the population of Turkey

and metropolitan municipalities, respectively (see Figure 4.2).
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*MM: Metropolitan Municipalities
Figure 4.2. Participants’ representativeness for the first part of the survey

In the first part of the survey, WWTP operators were asked questions related to the
plants’ electricity consumption. One of the questions required the participants to
select the top three in electricity consuming processes (see Appendix A). A list of
25 processes and sub-processes were given to the participants and they labeled
them as the 1%, 2" and 3" electricity consumer in the plant. Participants could
either select directly the main process such as primary, secondary & advanced,

sludge processes, etc. or the subprocesses such as sludge digestion, aeration, etc.

For the assessment of the responses, the sub/process selected as the 15t was given
a rating of three and vice versa. Therefore, their ratings were evaluated based on a
full point of three. 10 processes in 25 were labeled as being in the top three
consumers at least once. Aeration was chosen as the top one consumer (see Figure
4.3). As was expected, the results validate that the electricity consumption of

aeration is much higher than other sub/processes.
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RAS: Return Activated Sludge
Figure 4.3. Processes selected as top three electricity consumers in WWTPs
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In another question of the first part of the survey asked participants to give the
electricity consumption of each individual process as a percentage of the total
electricity consumption of WWTP. The participants were given the same
sub/processes list with the previous question. The sub/processes which have the
greatest number of data were taken in the evaluation and consequently, 6 processes
were evaluated. During the assessment, it was realized that the main process called
“pre-treatment” and its subprocess called “WW pumping stations” were perceived
as separate processes as the percentage of the subprocess was given as higher
than its main process. Therefore, they were treated as separate processes in the

evaluation.

Based on the assessment, the distribution of the median values of inputs for each
sub/process revealed that the aeration has the biggest electricity consumption with
a share of 40% (see Figure 4.4). This conclusion supports the output of the previous
question as aeration was evaluated as the biggest electricity consumer with a
ranking of 2.8 over 3 (see Figure 4.3). In the literature, aeration is also the biggest
electricity consumer with a share of generally between 50-60%, and there are cases
where its share is as low as 13% and reaches up to 70% as it depends on the size
of the WWTP and content of the wastewater [16], [19], [21], [23], [25], [105], [106].

Activated
Sludge
6% Pumps for
RAS
14%

Aeration
40% Sludge
Dewatering
7%
Pre-
Treatment
Ww 18%

Pumping
Station(s)
15%

Figure 4.4. Median electricity consumption shares of sub/processes

Aeration is followed by pre-treatment, WW pumping stations and pumps for return
activated sludge (RAS) (see Figure 4.4). According to various researches on
electricity consumption of the WWTPs, WW pumping generally comes after aeration
in electricity consumption with a share of changing from 4 to 30% with a typical value
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of 15-20% while it can reach up to 60% in some cases [16], [19], [21], [23], [26],
[106]. The variation of the share of WW pumping is also validated by the literature
as seen in Figure 4.5. The maximum variation is seen on activated sludge. That
might be attributable to the participants’ different definitions for the scope of the

activated sludge process.
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Figure 4.5. Given electricity consumption shares of sub/processes in total consumption

4.1.2 Perception of Renewable Energy Integration to WWTPs

The second part of the survey has questions on the opinions of WWTP operators
about RES integration to WWTPs to comprehend the perception on the topic.
Responses were collected for 20 WWTPs with 100% representation of the
participants. Yet, the number of responses that were evaluated is less for this
section of the survey. Because the same responses came from the same personnel
who participated in the survey for different WWTPs under a municipality were
omitted. Therefore, 13 responses were taken into account for the assessment. They
comprise 43% of the total population of participants, 10% of Turkey’s and 13% of

metropolitan municipalities (see Figure 4.6).

*MM: Metropolitan Municipalities
Figure 4.6. Participants’ representativeness for the second part of the survey
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The first question of the perception section is about Renewable Energy Resources
Support Mechanism (YEKDEM) in Turkey. The participants were asked whether the
mechanism is supportive of the WWTPs to implement RES. They were supposed
to rate from 1 (not supportive at all) to 5 (very supportive). Their responses mainly
focused on the rate of three (see Figure 4.7) which means YEKDEM has no positive

or negative impact for WWTPs on deploying RES.

YEKDEM - - L5

1.0 50

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Rate

Figure 4.7. Rate of supportiveness of YEKDEM for WWTPs to integrating RES

The second question was about the barriers for WWTPs towards integrating RES.
The participants were given five pre-defined barriers. They could choose more than
one option and add additional options. According to their responses, the main barrier

was found to be economical (see Figure 4.8) followed by technological barriers.
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Figure 4.8. Barriers for WWTPs to integrating RES

The third question was on several motivating factors for WWTPs to integrate RES.
The participants were given 11 pre-defined factors and they were asked to rate each
between 1 (not motivating at all) to 5 (very motivating). According to their responses,
almost all the factors except “improving voltage and frequency management”, have

a motivating impact with a rating of higher than three (see Figure 4.9).
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Figure 4.9. Motivating factors for WWTPs to integrating RES

In the fourth question, the participants were asked about renewable energy
technologies which are common today and will take place in 10 years. In both

categories, PV has the first line (see Figure 4.10).
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The fifth question was about electricity storage. The participants were asked
whether they use electricity storage and whether they have a plan to increase its
capacity. Two of the five participants having electricity storage are planning to
increase electricity storage capacity (see Figure 4.11). On the other hand, one of

the 7 participants not having electricity storage is planning to have.
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2 ¢4
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g 4 3
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z Capacity increase No increase planned Capacity increase No increase planned
planned planned
Electricity Storage No Electricity Storage

Figure 4.11. Electricity storage existence and capacity increase planning

For the final, sixth, question the participants were asked whether they implement
any measures to reduce the electricity consumption of the WWTPs. 64% of them
indicated that they implemented reduction measures (see Figure 4.12). Soft starter
and frequency converter utilization in electromechanics, and process control are

some of these measures indicated by the WWTP operators.

Non-exist
4
36%

Exist

64%

Figure 4.12. Existence of electricity consumption reduction measures

4.2 General Analysis of the Collected Data

The data on various parameters of WWTPs of 30 metropolitan municipalities in
Turkey was collected (see Section 3.1). In total, 818 data inputs for 481 WWTPs
were obtained for different years. Since the scope of the thesis is the year of 2017,
mainly the data for 2017 was intended to be completed. As a result, the data of 456
of 481 WWPTs was gathered and completed for 2017 (see Figure 4.13). The
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following analysis is based on these 456 WWTPs. According to the MOEU WWTPs
inventory in May 2018, there are 911 WWTPs in Turkey. 456 WWTPs, of which data
were collected, represent 50% of the WWTPs in number. The cities, in which these
WWTPs are located, represent 77% of Turkey’s population in 2017 [107].

2017 2018
456
20
56% 2%
2019
5
s 1%
2014
1
2016 2015
307 29 0%
37% A%

Figure 4.13. Number of total collected WWTPs data for 2014-2019

The existing detailed data in each topic is shown in Figure 4.14. Type information of
456 WWTPs is available, while processes used the plant were identified for 80% of
them. The percentage of the known data in electricity consumption and the

discharged sludge is relatively low; i.e. 53% and 46% respectively.

® Data exists Data does not exist
Type RLLA

Treated WW (m3/y) A

Process Rl

Population Served B4

Electricity Consumption (kWh/y)
Discharged Sludge (kg/y)
BOD (mg/l)
Electricity Production-Biogas (kWh/y) E
Cost of Electricity (TL7y) &
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Figure 4.14. Share of available data among the collected ones for 2017

66% of the WWTPs of which data was collected is secondary treatment, while 22%
is advanced treatment. The rest is distributed as natural, primary and package
WWTPs (see Figure 4.15).
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Figure 4.15. Collected WWTPs by treatment type

The process category distribution (see Section 3.2 for details) of the 456 WWTPs is
shown in Figure 4.16. As can be clearly seen, 18% of the WWTPs use EAAS while
29% use CAS. On the other hand, 20% of the collected WWPTSs’ processes are not

known as shown in Figure 4.14 before.

42% of the WWTPs treat up to 500,000 m? of wastewater while 35% treat between
500,000 and 10 million m3 (see Figure 4.16).
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Figure 4.16. Collected WWTPs a) by process b) by volume of treated wastewater



4.3 Energy Intensity Calculation Results

Before calculation of the energy intensity, the relationships between total energy
consumption (EC) (kWh/y) and aforementioned parameters that have an impact on
the electricity consumption of WWTPs i.e. BOD (kg/y) and the amount of treated
wastewater (TWW) (m®/y) were inspected. Simple regression analysis (RA) with a
confidence interval of 95% was employed for the investigation and the constant was

assumed to be 0.

In Figure 4.17 the correlation of EC (kWh/y) with the BOD (kg/y) and the TWW (m?3/y)
are presented based on available data. Electricity consumption (kWhl/y) of the
WWTPs is 69% correlated with BOD, while 68% correlated with the TWW (see
Figure 4.17). In some studies, even higher correlation values such as 80-95% were
observed [24], [25], [106]. Molinos-Senante et al. [27] also showed the relation by

finding out the share of flow rate among factors that impact EC is at least 30%.
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Figure 4.17. a) Correlation between total electricity consumption and BOD b)
Correlation between total electricity consumption and flow rate
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According to analysis results, p-values are too low indicating that the correlation is
significant and the relation equations can be used for estimation of the total

electricity consumption (see Table 4.1).

Table 4.1. R?, F value, and p-value of the regression analysis between electricity
consumption (kWh/y) and BOD (kg/y) and treated wastewater (m?3/y)

Total electricity consumption 2 F p-value
(kWhly) (Significance F)

BOD (kaly) 0.69275252 117.245 7.98894E-15
Flow rate (m3/y) 0.67728820 501.599 1.58039E-60

The positive relation between the total electricity consumption and flow rate and

BOD can be clearly seen in Figure 4.18.
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Figure 4.18. Electricity consumption (GWh/y) and a) BOD (kt/y) b) the amount of treated
wastewater (million m3/y)

Electricity consumption per meter cube of treated wastewater, i.e. energy intensity
(El) (kWh/m?), of each WWTPs of which data were available were calculated by
using equation 3.6 given in Section 3.2. The outliers in the energy intensity data set
including 240 WWTPs, were identified by using Modified Z Score (Median Absolute
Deviation-MAD) [108] with double MAD as the skewness of the data set is 5.59
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indicating a positive skewness (see Figure 4.19). As chosen the cut-off point of 1.5,
in total 25 WWTPs with an El of below 0.06 kWh/m? and above 1.45 kWh/m? were
identified as outliers (red colored in Figure 4.19), representing 10% of 240 WWTPs.
Thus, 90% of the available data was analyzed further.
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Figure 4.19. Histogram of calculated energy intensities (kWh/m?) of 240 WWTPs

When the overall energy intensity of Turkey is compared with other countries,
Turkey has relatively low energy intensity (see Figure 4.20). The references [19],
[24] that were used for the national energy intensity comparison give different values
for the same countries i.e. China, Germany Japan, Sweden, USA. The difference is
huge for the USA and especially for Germany while it is smaller for China and
Sweden. Still, the comparison gives an idea of the position of Turkey in the energy

consumption of WWTPs among other countries.
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Figure 4.20. National energy intensity comparison with countries (adapted from [19], [24])

Based on the type classification defined in Section 3.2, energy intensities (kWh/m?)
of each type of WWTPs are shown in Figure 4.21. El is the highest for secondary
WWTPs while primary WWTPs have the lowest ones similarly with the findings in
the literature research [9], [21]. The distribution looks even and more concentrated

although the range is between 0.147 and 0.779 kWh/m? for advanced treatments
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without outlier points. For secondary treatment, on the other hand, the variation is
high, and the distribution is wide changing between 0.075 to 1.276 kWh/m?3 (without
outliers). Nevertheless, most of the data concentrates on lower values giving a
median of 0.45 kWh/m3,
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Figure 4.21. Maximum, minimum and median of calculated energy intensity (kWh/m?3)
by type in Turkey

When the energy intensity of advanced treatment in Turkey was compared with the
values found in the literature [9], [23], [26], Turkey has one of the lowest energy
intensity at minimum, however, it has high variation for advanced treatment (see
Figure 4.22).
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Figure 4.22. Comparison of Turkey’s calculated energy intensity for advanced treatment
(adapted from [9], [23], [26])

Nonetheless, its variation is not as much as Australia and Japan. For the primary
treatment, at the same time, its El is one of the higher values with a lower deviation

compared to Australia and New Zealand (see Figure 4.23).
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Figure 4.23. Comparison of Turkey’s calculated energy intensity for primary treatment
(adapted from [9])

As the energy intensity for primary and advanced treatments could be found in the
literature as one value, the comparison could be done on type basis. However,
finding an overall value for all secondary treatments is harder. Because it has
varying techniques changing the energy consumption of the plant significantly. For

this reason, energy intensity for secondary treatments compared on process based.

For this purpose, the energy intensities (kWh/m?3) were investigated by their process.
The highest energy intensity belongs to CAS, even though median and average
values are close to EAAS (see Figure 4.24). This outcome is not in line with the
findings from the literature as EAAS in literature has higher El than CAS’s [9], [21],
[22], [24] because of the long aeration need and the aeration’s contribution to total

electricity consumption in the plant as indicated before.
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Figure 4.24. Calculated energy intensity (kWh/m?) by process

74



The energy intensities of CAS, MBR, and OD in Turkey were compared with other
countries (see Figure 4.25). Based on the comparison, OD has closer values to
Australia. CAS treatments in Turkey can be categorized as high energy consumers
among other countries however they might have also lower energy intensities
because of the deviation range it has. The range also includes the result for WWTPs
using CAS in the thesis of Ayrak [22] (see Figure 4.25). His energy intensity results
for EAAS is also within the range of this study’s outcome (0.45 kWh/m?) with a value
of 0.89 kWh/m? and higher than the medium value found in this study.
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Figure 4.25. Comparison of Turkey’s energy intensity for a) OD treatment b) CAS
treatment (adapted from [9], [22], [26])

The deviation range for MBR in Turkey is so small because of the sample size.
There are only 2 data points using MBR in the available data set. Their values are
close to each other and around 0.35 kWh/m? within the ranges from 0.10 to 1.60 for

different countries found in the literature [9], [23].
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To investigate the energy intensity in detailed based on not only the type/process
but also flow rate of the WWTPs, an approach of combining two of them was used
as the relation between the amount of flow rate and the energy intensity was
revealed in various studies [21], [24], [26]. Table 4.2 presents the median values of
energy intensities of the available data based on the flow rate and process category.
As can be seen in the table, energy intensity generally tends to decrease as the
amount of treated wastewater increases especially for the ones except natural and
package treatments. This table could give a general idea on the behavior of energy
intensity of the plants however, the values may vary from plant to plant due to the

factors that are implicated in the previous sections.

Table 4.2. Median values of energy intensity (kWh/m?) by process and treated wastewater
(mly)
Flow rate Energy Intensity — El (kWh/m3)
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o

o o - (ol

< - pd -

_ = Z " Z

© ) + 0 +
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< @ < < [oa)

Z m O L n

0 - 200k 0.335 0.376 0.630 0.885 - - - 0.640 -

200k - 500k - 0.514 0.442 0.387 - - - 0.474 -
500k - 1m - 0.792 0.589 0.510 - - 0.662 0.517 0.333

1m - 10m 0.113 0.347 0.275 0.428 - 0.553 0.485 0.386 -

10m - 50m 0.099 0549 0.246 0.311 - 0.417 0.353 0.170 -

50m - 100m 0.066 - 0.221 - 0.518 0.389 - 0.283 -

100m - 150m - - 0.136 - 0.317 - 0.364 - -

150m - 200m 0.117 - - - - - - - -

200m - 300m 0.106 - 0.115 - - - - - -

The total electricity consumptions of WWTPs of which data were missing, were
calculated by using equation 3.7, and Table 4.2 for the Elcategory parameter in the
equation. To test this approach, electricity intensities of the known 240 points were
selected based on Table 4.2. The median of the absolute error margins between the
real Els and the Els estimated by Table 4.2 was calculated as 25% whereas the
error margin basically ranges between -13% and 0% for 52 of the WWTPs (see
Figure 4.26). In addition, the absolute error margin is less than 25% for 54% of the

data.
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Figure 4.26. Error margins of the estimated energy intensities (kWh/m?3)

As Figure 4.26 shows a positive skewness, majority of the WWTPs deviating from
median have a higher energy consumption per flow rate. Therefore, it could be

concluded that those WWTPs have a potential of energy efficiency implementations.

4.4 Analysis of Renewable Energy Integration to WWTPs

Before using the simulation model for evaluation of the RES integration, the
assumptions were verified by using 12 WWTPs having the most complete data. To
this end, available biomass and gasification ratio of the plants were calculated
respectively with equation 3.1 and equation 3.4 given in Section 3.1.2.1. The needed
parameters (see Section 3.1.2) were filled in the related fields in the HOMER
software as explained in Section 3.3. The simulated systems have only a biogas
generator in addition to the grid to check whether the system can generate a close
amount of electricity to the real amount of generation. The real and simulation

results of the selected WWTPs were given in Table 4.3.

Table 4.3. Specifications of the selected wastewater treatment plants for validation

WWTP | ECa EP® REP® EC? EPP REP®
(MWh/y) | (MWh/y) |share (%) | (Mwhly) |(Mwhly) |share (%)

1. 26,235 2,338 8.9 26,235 2,190 8.3

2. 17,339 9,497 54.8 17,339 9,636 55.5 1
3. 29,332 3,252 111 29,332 3,066 10.5 -6
4. 15,560 10,475 67.3 15,560 10,950 69.7 5
5. 7,654 3,805 49.7 7,654 3,942 51.4 4
6. 1,876 739 394 1,876 657 35.0 -11
7. 6,745 3,878 57.5 6,744 3,942 58.3 2
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Real Case Simulation Result

WWTP | EC? EP® REP® EC? EP® REP®
(MWh/y) | (MWh/y) |share (%) | (Mwhly) |(MWhly) |share (%)

8. 7,187 3,751 52.2 7,187 4,137 50.5

9. 15,907 8,651 54.4 15,907 8,760 55.0 1
10. 14,909 2,772 18.6 14,910 2,628 17.6 -5
11. 16,180 4,529 28.0 16,179 4,544 26.7 0
12. 7,821 3,028 38.7 7,821 3,242 36.7 7

aElectricity consumption, ° Electricity production, ¢ Renewable energy production

According to the results, the systems were feasible and could generate a close
amount of electricity to the real amounts with an absolute error margin range of 1%
and 11% (see Figure 4.27). In addition, the real error margins do not tend to be all
positive or negative indicating that the variation is normal. However, HOMER did not
offer these production amounts as a solution because it searches for the optimum
solution which meets the electricity load with the lowest net present cost. Still, it
confirms that the real amount of electricity can be generated with the assumptions

made within this study.
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Figure 4.27. a) Absolute error margins for generated electricity with HOMER in 12
WWTPs b) Real error margins for generated electricity with HOMER in 12
WWTPs
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The sizes of the biogas generators used in these 12 WWTPs were found for 11 of
them to compare the sizes used in HOMER. The sizes used in the HOMER are
generally 40% less than the currently used size. This is attributable to not only the
high number of assumptions in this study but also being some of the generator sizes

given for the WWTPs are the installed capacity instead of the utilized capacity.
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Following the verification of the assumptions made, the WWTPs with the electricity
consumption and annual flow rate data were examined for the simulation. As a
result, the total number of eligible data which have the energy intensity and
gasification ratio while does not have electricity production from biogas is 123. From
these, 25 WWTPs were selected by ensuring that the sample represents various
regions of Turkey, different type of treatment and amount of treated wastewater.
60% of the selected WWTPs employs advanced treatment while the rest employs
secondary treatment. The distribution of the selected WWTPs based on the annual

flow rate together with the 123 eligible data is shown in Figure 4.28
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Figure 4.28. The distribution of the annual flow rate of the selected and the total eligible
WWTPs

As indicated before, the system was simulated on a scenario basis with the
parameters of CO2 emissions penalty, and the electricity selling price (see Table

4.4). The base case is using only grid for each scenario option.

Table 4.4. Used scenarios within the simulations

" Faramerersisoenario | Al 8| ¢l ol & F

Electricity Selling Price ($/kWh) 0.000 0.000 0.050 0.050 0.133 0.133
CO:z Emissions Penalty ($/t) 0.000 16.000 0.000 16.000 0.000 16.000

The comparison of the scenarios is given based on the main scenario of electricity
selling price in Table 4.5, Table 4.6 and Table 4.7.
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Table 4.5. Simulation results for no electricty selling (Scenario A & B)
Input Scenario A (CO2 penalty: 0 $/t) Scenario B (CO2 penalty: 16 $/t)

EC| Gasification| Biomass EPgen EPpv| RE share| Payback EPgen EPpv | RE share| Payback

% § § 2 | (MWhly) (kg.biogas/ (t/day) | (MWh/y)| (MWhly) Period | Emissions | (MWh/y)| (MWhly)|in supply Period | Emissions
Emll e kg biomass)

1. 6 1. 41,226 67.43 0.18 0 5,450 12 14 17,500 16,400 5,450 52 12 9,577
2. 5 1. 6,693 19.47 0.08 0 1,424 19 15 2,614 0 1,600 22 13 2,652
3. 5 . 10,300 12.83 0.11 0 2,200 20 15 4,019 0 2,486 22 13 3,918
4. 5 1. 5,119 13.92 0.11 0 1,085 19 15 2,001 0 1,218 22 13 1,954
5. 5 1. 4,137 13.05 0.19 0 0 0 0 1,997 1,774 882 62 13 761
6. 5 lll. 10,383 29.15 0.10 0 2,230 20 15 4,048 0 2,459 21 13 3,966
7. 5 1. 7,098 21.75 0.19 0 1,442 19 15 2,801 3,404 1,442 66 14 1,161
8 5 . 13,035 28.28 0.14 0 3,069 21 14 4,976 0 3,370 23 13 4,876
9. 5 4,891 3.48 0.19 0 1,523 28 12 1,730 0 1,609 29 11 1,706
10. 5 1. 9,207 10.88 0.19 0 2,443 24 13 3,413 1,875 2,571 45 12 2,469
11. 5 1. 5,766 10.44 0.19 0 1,499 24 13 2,147 1,783 1,587 55 12 1,261
12. 5 1. 1,378 13.05 0.19 0 0 0 0 665 0 0 0 0 665
13. 4 1L 3,052 5.18 0.19 0 0 0 0 1,473 1,392 0 46 8 804
14, 4 1. 2,146 6.53 0.22 0 0 0 0 1,036 1,526 0 71 7 301
15. 4 1. 436 1.13 0.12 0 0 0 0 210 0 0 0 0 210
16. 4 1. 2,406 4.79 0.15 0 0 0 0 1,162 0 0 0 0 1,162
17. 4 1. 2,089 3.18 0.19 0 0 0 0 1,009 0 0 0 0 1,009
18. 3 1L 799 0.69 0.14 0 0 0 0 386 0 0 0 0 386
19. 3 1. 505 0.52 0.17 0 0 0 0 244 0 0 0 0 244
20. 3 1. 675 1.09 0.17 0 0 0 0 326 0 0 0 0 326
21. 3 1. 570 1.09 0.17 0 0 0 0 275 0 0 0 0 275
22, 2 1. 180 0.17 0.15 0 0 0 0 87 0 0 0 0 87
23. 2 1. 142 0.25 0.15 0 0 0 0 68 0 0 0 0 68
24, 2 1. 227 0.87 0.06 0 0 0 0 109 0 0 0 0 109
25. 2 1. 82 0.13 0.15 0 0 0 0 40 0 0 0 0 40

II: Secondary; Ill: Advanced; 1: 0 - 200k m3/y;2: 200k - 500k m3/y; 3: 500k - 1m md/y; 4: 1m - 10m m3/y; 5: 10m - 50m m3/y; 6: 50m - 100m m?3/y
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Table 4.6. Simulation results for the eIectricty selling price is 0.05 $/kWh (Scenario C & D)

Input Scenario C (COz penalty: 0 $/t) Scenario D (CO2 penalty: 16 $/t)

EC| Gasification| Biomass EPgen EPpv| RE share| Payback EPgen EPpv| RE share| Payback
(MWhly)| (kg biogas/ (t/day) | (MWh/y)| (MWh/y)]| i Period | Emissions | (MWh/y)| (MWhly)|in supply Period | Emissions
kg biomass)

e

o
-
3

y

class
p

1. 6 . 41,226 67.43 0.18 0 5,450 12 14 17,500 16,500 5,450 52 12 9,555
2. 5 1. 6,693 19.47 0.08 0 1,857 25 15 2,470 0 2,132 28 14 2,400
3. 5 Il 10,300 12.83 0.11 0 2,858 25 15 3,800 0 3,315 28 14 3,685
4. 5 1. 5,119 13.92 0.11 0 1,413 25 15 1,891 0 1,656 29 14 1,829
5 5 L 4,137 13.05 0.19 0 1,153 25 15 1,525 1,678 1,199 66 14 707
6. 5 . 10,383 29.15 0.10 0 2,916 25 15 3,821 0 3,374 29 14 3,707
7. 5 7,098 21.75 0.19 0 1,803 23 15 2,673 3,276 1,914 70 14 1,069
8. 5 . 13,035 28.28 0.14 0 4,240 29 14 4,633 0 4,814 32 13 4,517
9. 5 4,891 3.48 0.19 0 3,600 52 13 1,459 0 4,151 56 13 1,430
10. 5 L. 9,207 10.88 0.19 0 3,664 34 13 3,113 2,924 4,210 67 14 1,625
11. 5 1L 5,766 10.44 0.19 0 2,283 34 13 1,952 1,614 2,444 62 13 1,150
12. 5 1. 1,378 13.05 0.19 0 0 0 0 665 0 0 0 0 665
13. 4 Il 3,052 5.18 0.19 0 1,443 39 13 994 1,301 1,544 79 14 358
14, 4 1L 2,146 6.53 0.22 0 1,099 42 13 687 1,083 1,081 84 11 193
15, 4 1L 436 1.13 0.12 0 0 0 0 210 0 0 0 0 210
16. 4 L. 2,406 4.79 0.15 0 789 29 14 854 0 892 32 13 833
17. 4 Il 2,089 3.18 0.19 666 839 64 16 387 0 964 38 13 686
18. 3 1. 799 0.69 0.14 0 0 0 0 386 0 0 0 0 386
19. 3 L. 505 0.52 0.17 0 0 0 0 244 0 0 0 0 244
20. 3 1L 675 1.09 0.17 0 0 0 0 326 0 0 0 0 326
21. 3 1. 570 1.09 0.17 0 0 0 0 275 0 0 0 0 275
22. 2 1. 180 0.17 0.15 0 0 0 0 87 0 0 0 0 87
23. 2 L. 142 0.25 0.15 0 0 0 0 68 0 0 0 0 68
24, 2 . 227 0.87 0.06 0 0 0 0 109 0 0 0 0 109
25. 2 1. 82 0.13 0.15 0 0 0 0 40 0 0 0 0 40

IIl: Secondary; lll: Advanced; 1: 0 - 200k m3/y;2: 200k - 500k m3/y; 3: 500k - 1m m3/y; 4: 1m - 10m m3/y; 5: 10m - 50m m?/y; 6: 50m - 100m m?3/y
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Table 4.7. Simulation results for the eIectricty selling price is 0.133 $/kWh (Scenario E & F)

Input Scenario E (CO2 penalty: 0 $/t) Scenario F (COz penalty: 16 $/t)

EC| Gasification| Biomass EPgen EPpv| RE share| Payback EPgen EPpv| RE share| Payback
(MWhly)| (kg biogas/ (t/day) | (MWh/y)| (MWh/y)]| i Period | Emissions | (MWh/y)| (MWhly)|in supply Period | Emissions
kg biomass)

e

o
-
3

y

class
p

1. 6 . 41,226 67.43 0.18 15,100 5,450 44 12 12,200 17,200 5,450 53 13 9,485
2. 5 1. 6,693 19.47 0.08 0 5,485 55 10 2,037 0 5,485 55 10 2,037
3. 5 Il 10,300 12.83 0.11 1,852 5,487 51 12 3,283 1,847 5,487 50 11 3,286
4. 5 1. 5,119 13.92 0.11 1,787 5,483 70 9 1,436 1,774 5,483 70 9 1,440
5 5 L 4,137 13.05 0.19 3,490 5,487 93 9 316 3,490 5,487 93 9 316
6. 5 . 10,383 29.15 0.10 3,796 5,490 57 12 3,194 3,675 5,490 57 11 3,224
7. 5 7,098 21.75 0.19 5,805 5,325 82 9 1,117 5,837 5,325 91 9 517
8. 5 . 13,035 28.28 0.14 4,513 5,777 56 10 3,774 4,673 5777 57 9 3,709
9. 5 4,891 3.48 0.19 931 7,053 77 7 1,082 931 7,053 77 7 1,082
10. 5 L. 9,207 10.88 0.19 2,190 6,171 65 9 2,084 2,190 6,171 65 8 2,084
11. 5 1L 5,766 10.44 0.19 2,190 6,174 80 8 981 2,190 6,174 80 8 981
12. 5 1. 1,378 13.05 0.19 3,458 4,650 95 7 185 3,458 4,686 100 8 6
13. 4 Il 3,052 5.18 0.19 1,376 6,449 88 7 461 1,376 6,449 88 7 461
14, 4 1L 2,146 6.53 0.22 2,023 6,596 93 7 289 2,023 6,596 93 7 289
15, 4 1L 436 1.13 0.12 0 0 0 0 210 0 0 0 0 210
16. 4 L. 2,406 4.79 0.15 1,012 5,770 84 8 554 1,013 5,770 84 8 539
17. 4 Il 2,089 3.18 0.19 848 6,153 89 8 356 847 6,153 89 8 352
18. 3 1. 799 0.69 0.14 0 0 0 0 386 0 0 0 0 386
19. 3 L. 505 0.52 0.17 0 0 0 0 244 0 0 0 0 244
20. 3 1L 675 1.09 0.17 0 0 0 0 326 0 0 0 0 326
21. 3 1. 570 1.09 0.17 0 0 0 0 275 0 0 0 0 275
22. 2 1. 180 0.17 0.15 0 0 0 0 87 0 0 0 0 87
23. 2 L. 142 0.25 0.15 0 0 0 0 68 0 0 0 0 68
24, 2 . 227 0.87 0.06 0 0 0 0 109 0 0 0 0 109
25. 2 1. 82 0.13 0.15 0 0 0 0 40 0 0 0 0 40

IIl: Secondary; lll: Advanced; 1: 0 - 200k m3/y;2: 200k - 500k m3/y; 3: 500k - 1m m3/y; 4: 1m - 10m m3/y; 5: 10m - 50m m?/y; 6: 50m - 100m m?3/y
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An important conclusion of the simulation results is that the integration of RESs is
not cost effective for the WWTPs for those with a flow rate of less than 1 M m3/year
under the selected scenarios while IEA indicated that this limit is 1.8 M m3/year in
theory and 8 M m®/year in practice [3]. The integration is not economically preferable
for eight of the selected WWTPs (see Table 4.5, Table 4.6 and Table 4.7) under any
of the scenarios as the capacity decreases, the available biomass and the energy
demand also decreases. Nevertheless, only the optimal solutions are presented in
this study while there are solutions that are feasible but not cost effective. As it can
be clearly seen in Figure 4.29, unlike PV, biogas is a cost-effective option for only

in large scale plants.

Another important conclusion is the impact of the electricity selling price, especially
on biogas power. In case of no selling or even a selling price of 0.05 $/kWh, biogas
power integration is not cost-effective for any of the flow rates, while PV still could
be utilized in small-scales (see Table 4.5, Table 4.6). As the electricity selling price
increases, the renewable energy production over energy demand increases (see
Figure 4.29).
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Figure 4.29. a) Electricity production from PV over electricity demand b) Electricity
production from biogas over electricity demand
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The electricity selling price impacts the electricity utilization as well. The plants tend
to produce more electricity than their demand in order to sell the excess to the grid
and get revenue. Even though the utilization of the generated electricity inside the
plant increases, the difference between the produced and utilized electricity inside

the plant also increases significantly (see Figure 4.30).
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Figure 4.30. a) Renewable energy production over electricity demand b) Utilization of
the renewable energy to meet the energy demand

Furthermore, its clearly seen that the penalty for CO2 emissions has a significant
effect on the choice of PV and biogas integration. It causes WWTPs to integrate
biogas and PV especially for the cases of “no selling” and “a selling price of 0.05
$/kWh” (see Table 4.5, Table 4.6, Table 4.7 and Figure 4.29).

For all the flow rates, an increasing trend in total renewable energy production share
can be seen (see Figure 4.31). For the scenario C, however, a decrease is obvious
despite the increase from scenario A. This is due to the selling price of 0.05 $/kWh
on its own is not still as good as CO:2 penalty to incentivize the renewable energy
integration and utilization, especially for the WWTPs with an annual flow rate of

more than 50 million m3.
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Figure 4.31. a) Renewable energy production share in WWTPs with an annual flow rate
of 50 m — 100 m b) Renewable energy production share in WWTPs with an
annual flow rate of 10 m — 50 m ¢) Renewable energy production share in
WWTPs with an annual flow rate of 1 m — 10 m

The payback periods of the systems show a trend of decline through the increase
of electricity selling price (see Figure 4.32). As revealed earlier in Figure 4.30,
WWTPs tends to gain higher revenue with a renewable energy production of much
higher than their energy demand in case of an increased electricity selling price.
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Figure 4.32. a) Payback periods for WWTPs with an annual flow rate of 50 m - 100 m b)
Payback periods for WWTPs with an annual flow rate of 10 m - 50 m c)
Payback periods for WWTPs with an annual flow rate of 1 m - 10 m

In parallel with the renewable energy integration, the CO2 emission reductions
compared to base case in each scenario follow growing trends (see Figure 4.33). In
scenario F, the reduction potential could reach up to 62% for 1-10 M m?® sized
WWTPs. According to the scenario outcomes, as a result of the implementation of
the optimum solutions to the WWTPs, the total emissions of the 25 WWTPs could
dropped to 32 kt CO2 from 64 kt CO2 (see Figure 4.33).
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Figure 4.33. a) The CO; emission reduction potential for each flow rate in each scenario
b) The total CO, emissions for each scenario

4.5 Concluding Remarks
In this chapter, the results of the conducted researches to analyze the energy

intensity (kWh/y) of WWTPs in Turkey and the integration of RES, i.e. PV and

biogas, into WWTPs were presented and explained in detail.

With the survey conducted for collecting data from WWTPs operators, it was
revealed that the aeration process of the WWTPs in Turkey is responsible with about
40% of the plant’s electricity consumption. This value is in line with the literature
data for different WWTPs around the world [16], [19], [21], [23], [25], [105], [106].

According to the perception part of the survey, WWTPs operators believe that PV
and anaerobic digestion will be the first two renewable energy technologies in 10
years even though PV is also currently in the first line according to the participants’
responses. As a second important observation of the second part of the survey is

the main barrier for RES integration to WWTPs is financial.
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As a result of the data collection process of the study (see Section 3.1) data of 456
WWTPs were achieved. It was found that the total electricity consumption has a
strong correlation of 68% with flow rate, as even higher correlation values observed
in various studies [24], [25], [27], [106].

After cleansing and analyzing of the data set, the energy intensity of WWTPSs in
Turkey was determined for both overall and type/processes. Analysis shows that
the overall energy intensity of Turkey is between 0.07 and 1.34 kWh/m3. El is found

to be higher or lower values than the values reported in this study [19], [24].

Another conclusion of the energy intensity calculation is that the secondary
treatment has higher energy intensity than advanced treatment likewise the
literature data [9], [21]. Type/process-based comparison concluded an interesting
result that the energy intensities of CAS and EAAS processes are close to each
other, especially in terms of their median values. Even though it was expected that
EAAS should have higher values because of its longer duration of aeration need [9],
[21], [22], [24], the maximum value that is observed for EAAS is lower than the one
for CAS.

Finally, the energy intensities grouped by flow rates of the WWTPs and used the
median values for determination of the energy intensities. The error margin of the
real energy intensity values is calculated to test this approach. As it is observed that
the majority of the error margins tends to be positive, electricity consumption per
treated wastewater is higher in most of the WWTPs and this creates an area for

energy efficiency applications.

The final research of this study is the assessment of the PV and biogas integration
to WWTPs. For this assessment, 25 WWTPs representing various sizes and with
available data were selected and their plant specific values together with the other
assumed values were input to the simulation software HOMER. The scenarios
based on electricity selling price and CO2 emissions penalty (see Table 4.4) were
also identified to HOMER. As HOMER searches for a result with minimum net
present value (NPV) to meet the electricity demand of the system, the optimum

solutions for each scenario was analyzed within the scope of this study although
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HOMER documents all feasible solutions that could be considered. The summary

of the results was given in Table 4.8.

Table 4.8. Summary table of the simulation results in terms of impact of the scenarios

Scenarios

200k - 500k m3/y A B C D E F
Average Payback Period (y) N/A N/A N/A N/A N/A N/A
Average RE Utilization (%ly) 0% 0% 0% 0% 0% 0%
Average RE Production (%ly) 0% 0% 0% 0% 0% 0%
Average PV Production* (%/y) 0% 0% 0% 0% 0% 0%
Average Bioenergy Production* (%/y) 0% 0% 0% 0% 0% 0%
Average CO2 Saving (%/y) 0% 0% 0% 0% 0% 0%
500k - 1m m3/y A B C D E F
Average Payback Period (y) N/A N/A N/A N/A N/A N/A
Average RE Utilization (%/y) 0% 0% 0% 0% 0% 0%
Average RE Production (%/y) 0% 0% 0% 0% 0% 0%
Average PV Production* (%l/y) 0% 0% 0% 0% 0% 0%
Average Bioenergy Production* (%/y) 0% 0% 0% 0% 0% 0%
Average COz Saving (%ly) 0% 0% 0% 0% 0% 0%
1m - 10m mdly A B C D E F
Average Payback Period (y) N/A 8 14 13 8 8
Average RE Utilization (%/y) 0% 56% 43% 60% 88% 88%
Average RE Production (%/y) 0% 56% 50% 71% 312% 312%
Average PV Production* (%/y) 0% 0% 43% 46% 258% 258%
Average Bioenergy Production* (%/y) 0% 56% 7% 25% 54% 54%
Average CO; Saving (%ly) 0% -29% -36% -53% -62% -62%
10m - 50m md/y A B C D E F
Average Payback Period (y) 14 13 14 13 9 9
Average RE Utilization (%/y) 21% 34% 29% 44% 65% 66%
Average RE Production (%ly) 23% 37% 34% 51% 119% 119%
Average PV Production* (%/y) 23% 25% 34% 38% 80% 80%
Average Bioenergy Production* (%/y) 0% 12% 0% 12% 38% 39%
Average CO; Saving (%ly) -19% -33% -26% -40% -48%  -50%
50m - 100m m?3/y A B C D E F
Average Payback Period (y) 14 12 14 12 12 13
Average RE Utilization (%/y) 12% 52% 12% 52% 44% 53%
Average RE Production (%ly) 13% 53% 13% 53% 50% 55%
Average PV Production* (%/y) 13% 13% 13% 13% 13% 13%
Average Bioenergy Production* (%/y) 0% 40% 0% 40% 37% 42%
Average CO; Saving (%ly) -12% -52%  -12%  -52%  -39% < -52%

*Average PV/Bioenergy Production is the production over energy demand as percentage.
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An important finding of the simulation results is that any of PV and biogas integration
is not cost effective for WWTPs with an annual flow rate less than 1 million m3(see
Table 4.8). For the ones that has a flow rate between 1 million and 10 million m3y,
an incentive like electricity selling price or a fine like CO2 emissions penalty are
needed for supporting. Otherwise using the electricity from the grid is cheaper for

them.

The increase of the electricity selling prices motivates WWTPs for the integration of
RES. An electricity selling price of 0.05 $/kWh is not as stimulating as the CO2
penalty as seen in the Scenarios A, B, and C. On the other hand, a high electricity
selling price of 0.133 $/kWh is supportive for the integration of RES mainly for selling
the electricity produced instead of excess. As it can be seen in Table 4.8 thanks to
the electricity selling price, the payback period is much less than the first four

scenarios in scenarios F and D.
Finally, even in the scenario A where no economic incentive or penalty is defined in

the system, there is a potential of CO2 emissions reduction of 15%. It could be

increase up to 51% with right political and economic instruments.
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5 CONCLUSION AND RECOMMENDATION

Water and energy are one of the basic needs that create a nexus for people to have
welfare. While it is hard to live in scarce of any of them, it is also hard to obtain one
them without the other one. An amount of electricity as much as the Australia’s
energy consumption is consumed by the water sector globally while its 60% is
attributable to electricity consumption [3]. It was estimated that the water sector in
Turkey consumes 2-5% of the total electricity consumption like in the world [3], [5].
Consequently, the water sector, especially wastewater treatment is one of the
contributors to GHG emissions [13], [14], since a large share of energy costs of a
municipality is caused by the WWTPs [3]. In Turkey, there are also examples of
municipalities of which WWTPs causing 86% of GHG emissions of the WSA [15]
and 20-40% of the operational costs due to electricity utilization [17].

In this thesis, the economic and environmental impacts of integrating PV and biogas
to WWTPs were analyzed due to the high energy demand and high energy potential
of wastewater sector in Turkey. To do this, the energy intensity of the WWTPs in
Turkey was investigated as a first step. The literature research on determination on
energy intensity gave an idea on various methods for calculation of the energy
intensity as well as the values. The general approach is calculating the energy
intensity based on flow rate (m3/y) nevertheless there are also benchmarks for per
BOD removed or per capita. It was concluded that the approach depends on the
aim of the study. Since there are variations in energy intensity figures even in the
same country and the same type of treatments, it was concluded that a country
specific research and various modelling approaches should have been used to

determine the energy intensities for Turkey.

As the Turkey and the WWTPs have a big potential of solar energy and bioenergy,
different RES employment examples both theoretical and practical were examined
through a literature research to reveal the possible impacts of RES integration. It
was concluded that RES integration has a significant economic and environmental
opportunity for WWTPs such as providing the plant’'s energy demand by RES with
a range of 2.5 to 100 and even make a WWTP to gain revenue by reaching up to

more than 100% renewable energy production.
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In order to complete the task defined within this study, the study focused on 30
metropolitan municipalities representing 77% of the total population and 85-89% of
the discharged/treated wastewater in Turkey. Data regarding energy consumption
and other specifications of WWTPs of 30 metropolitan municipalities was collected
through basically open literature and completed the data caps through online

survey, and private communication.

The survey focused on two main points; first is the energy consumption of the
WWTP and the second one is the perception of the WWTPs operators on integration
of RES to their plant. As a result of the first part of the survey, it was revealed that
the aeration is the first energy consumer with a share of 40% of the total energy
consumption in the WWTPs supporting the findings in the literature [16], [19], [21],
[23], [25], [105], [106]. The second part highlighted the PV and biogas technologies
as first and second one in 10 years. In addition, the participants indicated that the

main reason for not using RES in the WWTPs is financial barriers.

With the open literature 481 WWTP’s main data has been achieved. With private
communication most of the data of 456 of them were able to be completed. By
analyzing the relationship between the total energy consumption and the BOD and
flow rate, the R? was found as 69% and 68% respectively lower than the observed
values of 85-95% found in the literature [24], [25], [27], [106].

The energy intensity was calculated with the available data set and the resulted
values were trimmed out by the outliers. Resulting 431 WWTP were analyzed to

calculate the energy intensity of Turkey.

The overall energy intensity of Turkey ranges from 0.07 to 1.36 kWh/m?2. In some
other countries, the variation is much higher; e.g. from 0.13 to 3.14 kwWh/m? for Spain
and from 0.05 to 5.50 kWh/m?for Germany [19], [24]. The secondary treatment has
higher energy intensity range from 0.08 to 1.36 kWh/m? than the range of advanced
one from 0.15 to 0.99 kWh/m?3[9], [21]. Their median values on the other hand are
close to each other. When advanced treatment compared with other countries,
Turkey has a wider range than Poland (0.48-0.87 kWh/m3) while narrower range
than Japan (0.39-3.74 kWh/m?3) and Australia (0.13-10.55 kWh/m?3) [9], [23], [26].
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The process-based analyze of the energy intensity revealed that the CAS has the
highest energy intensity among other processes despite the fact that the EI for
EAAS is higher in most of the studies [9], [21], [22], [24]. CAS has a range of 0.08-
1.36 kWh/m3, slightly lower than Japan (0.30-1.89 kWh/m?3) and higher than USA
(0.33-0.60 kWh/m3) [9].

The energy intensity data set was analyzed together with flow rate based on
processes used in WWTPs. The known energy intensity values were compared with
the median value of a process for a flow rate category. It was concluded that the
real values deviating from the median have tendency to be on the positive side
meaning that they are higher than the median values. This is an important area for

an implementation of energy efficiency measures.

In order to assess the RES integration to WWTPs, HOMER software was used with
the collected parameters (see Section 3.1.2). 25 WWTPs that is known as not an
electricity producer, with the known PE and electricity consumption value and with
following flow rates:

- 200k - 500k m3/y

- 500k - 1m mdy

- 1m-10m mdly

- 10m - 50m m3/y

- 50m - 100m m3/y

As indicated earlier, plant specific data and other parameters in addition to the
scenario parameters i.e. electricity selling price and penalty for CO2 emissions
penalty were given to the system. HOMER Software is a strong tool to estimate not
only the cost but also the environmental impacts of the simulated system on
scenario basis by identifying the optimum solution with the NPV. Even though the
HOMER gives other possible feasible combinations, the optimum combinations with

the lowest NPV were compared within the scope of this study.

Highlighted conclusions from the scenario analysis are as follows:
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As HOMER gave an optimum combination for none of the scenarios for
WWTPs having inflow rate less than 1m3y, RES integration is not cost-
effective for the WWTP if not having an inflow rate higher than 1 million m?3
per year.

Electricity selling price is a significant factor on the decision of RES
integration as it impacts the possible amount of revenue and payback period,
consequently the decision of the integration of RES.

An emission penalty is an important policy instrument for the governments to
accelerate the energy transition in the country.

For all flow rates higher than 1 million m3/y, electricity selling price inclusion
to the system and introduction of a penalty for emissions are favorable to
integrate RES.

Utilization of the not only a penalty but also an incentive has the maximum

positive impact as is observed scenario F.

This study was completed as a starting point however there are various areas that

could be improved not only for this study but also to support any following ones:

v

Detailed plant specific database is strongly needed for an overall and more
accurate assessment for plants and countrywide.

Even though this thesis was conducted with a large data set, it has also a
large set of assumptions. Therefore, for the investment decisions, plant
specific analysis is strongly recommended.

As the observed positive skewness from the median values of the WWTPs,
a detailed plant specific analysis is recommended to reveal the causes and
implement energy efficiency measures in case of need.

As it was observed from the results that the amount of increase in electricity
selling price canalize the operators to utilize of RES more than its demand,
the price selection should be analyzed further with more detailed and
accurate models.

The utilization of different market-based incentives and penalties should be
analyzed and used together to ensure optimum economic and environmental
impact because the CO2 mitigation potential is increasing from 15% in a case
like scenario A without any incentive or penalty to 51% in a case of both

incentive and penalty.
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v' As HOMER Software searches for the option with the lowest net present
value, some of the other feasible options would be considered by the plant
operators.

v' As found in the literature research that the hydraulic energy potential of
WWTPs is another important source of energy that could be investigated in

further studies.
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APPENDICES
Appendix A.  Questionnaire

ATIKSU ARITMA TESISLERININ ENERJI TUKETIMI
ANKET FORMU

Bu anket, Hacettepe Universitesi Temiz Tilkenmez Enerjiler Anabilim Dall biinyesinde, Hacettepe
Universitesi Cevre Mihendisligi Bolimid ogretim Uyelerinden Doc. Dr. Merih Aydinalp Kéksalin
damismanliginda gerceklestirilen, Gozde Odabagin yiksek lisans tez caligmasi kapsaminda
hazirlanmigtir. Tez caligmasimin amaci; Tlrkiye'de tOm su ve atiksu iglemlerinde tlketilen enerjinin
ortaya konularak azaftimasi icin tesislerde kullamilabilecek temiz-tikenmez enefi kaynaklannin
belirlenmesidir. Tez calizmasi kapsaminda, biri Atksu Antma Tesisleri; diden Su Antma Tesisler ile
olmalk Uzere iki anket yiratilecektir. Bu anketler ile, su ve atiksu tesislerinin mevcut enerji kaynaklan,
toplam ve proses bazh enerji kullanimi ve gelecekteki potansivel eneri kaynadl dadilimi zerine temel
veri wve goriglerin toplanarak literatirden elde edilen wverilerle karsilaghrmada kullamimasi
hedeflenmisgtir.

Bu anketin yapilabilmesi icin Hacettepe Universitesi Etik Komisyonu'ndan gerekli izin alinmigtir. Ankete
katihm tamamen géndllidlik esasina dayalidir. Anket, genel olarak Kigisel rahatsizlik verecek sorular
icermemektedir. Ancak, anket formunu doldururken sorulardan ya da herhangi bagka bir nedenden
otlrd  kendinizi rahatsiz hissederseniz cevaplama isini yanda birakabilirsiniz. Anket formunu
doldurduktan sonra, anket yanitlannizin kullaniimasi kenusunda fikrinizi dedistirirseniz tez danisman
Dog. Dr. Merin Aydinalp Kéksal'a velveya Gozde Odabag’a asagida verilen iletizim kanallan araciidiyla
basvurmaniz yeterli olacaktir. Bu durumda anket yanitlanniz imha edilecektir.

Anket uygulanmasi icin onay vermeden &nce veya anket sirasinda, calisma hakkinda merak ettiginiz
herhangi bir konuda tez &grencisi Gozde Odabas'tan detayl bilgi alabilirsiniz. Anket sonrasinda tez
calismasi ile ilgili herhangi bir konuda detayl bilgi almak isterseniz veya sorulanniz var ise agadida
iletigim bilgileri verilen tez danismam Do¢. Dr. Merih Aydinalp Kdksal'a ulazabilirsiniz.

Saygilanmizla,

Giozde ODABAS

E-posta: gozdeodbsi@gmail.com
Ofis Tel: +90 312 491 95 30
Cep Tel: +90 554 813 16 03

Dog. Dr. Merih AYDINALP KOKSAL
E-posta: aydinalp@hacetiepe.edu.ir
Ofis Tel: +90 312 297 73 00 (dahili: 123)
Cep Tel: +90 533 929 07 538

Gizlilik:

» Ankette verilen tim tekil yanitlar ve yanitiann kimden temin edildidi gizli tutulacaktir.

= Anketyanitlan sadece tez 8grencisi ve danigmani tarafindan dederlendirilecek, bilimsel amaclar
dodrultusunda kullanilacak ve arastirmanin amaci disinda kullaniimayacaltir.

« Anket sonuclan, temel olarak veri kargilagtirmasi igin kullanilacak olup, tekil olarak yer
almayacak, toplulagtinimig sonuclar, tezde ve bilimsel yayinlarda kullanilacaktir.

Bu anket igme Suyu Antma Tesislerine yénelik olup, asadidaki 6 bolimden ve codunlufu goktan
secmeli olan 19 sorudan clusmaktadir. Yaklagik olarak 15-20 dk streceldir.

1. Anket Bilgisi

2. 'Iletigim Bilgisi {3 soru)

3. Kurumsal Bilgi (5 soru)

4. Tesisin Mevcut Ve Gelecekteki Enerji Kullamimi, Eneri Kaynad Dadilhmi (5 soru)

5. YEK konusundaki dederlendirmeniz (5 soru)

6. Son S6zler (Tercihen) (1 soruw)
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1. Anket Bilgisi

Dinya'mn enerji tiketiminin %2-%8'1 su sektdrinden kaynaklanmalktadiri). 2015'te Tirkiye'nin toplam
elektrik tiketimi 217.312 GWh iken Ankara, istanbul ve izmir Su ve Kanalizasyon Idarelerinin {sirasi ile
ASKI, ISK, 1Z51) elektrik tiketimleri 2010 GWh(z] ile thm Tarkiye'nin elektrik tiketiminin yaklasik yizde
birini olugturmustur. Enerji maliyeti, su iglemleri arasinda da oldukca biylk yer tutmaktadira). Su ve
atiksu hizmetlerinde isletme maliyetinin %65-%30'u elektrik harcamalandiri#). Yiksek enerji maliyetleri,
tesis igletmecilerini zorlamalkta ve ilkedeki tim vatandaglann hizmet almasina engel olmaktadir. TUIK
verilerine gére Tirkiye nifusunun %45'ine icme ve kullanma suyu antma tesisi hizmetifs), %30'una
atiksu aritma tesisi hizmeti ulagmamaktad . ic;me ve kullanma suyu olarak cekilen suyun 9643705,
olusan atiksuyun %1470 antimamaldadir. Torkiye'de de simdiden yodun enerji falebi olan su
islemlerinin nifus artigina paralel olarak su talebinin artmas ile gelecekie daha cok eneriye ihtiyag
duyacad) agikérdir. Su islemlerinde kullamlan enerjinin temiz-tikenmez enerji kaynaklanndan elde
edilmesiyle dnemli ekonomik, cevresel ve sosyal kazanimlar sadladid) farkl teorik ve pratik calismalarla
kamitlanmistir.

Temiz-tikenmez enerji kaynaklannin entegre edilebilmesi icin dncelikle enerji yodunlugu ve temiz-
tikenmez enerji kaynak potansiyeli belilenmelidir. Su iglemlernin enerji yogunludunun yalnizca
llkeden (lkeye dedil, ayni llke icinde ve hatta ayni tekneloji kullanan tesisler arasinda bile dedistidi
distnilddginde, Tirkiye'de fim su iglemlerinin fesis bazinda enerji yodunlugunun belifenmesi dnem
arz etmektedir.

Bu caligmayla, Tarkiye'deki su ve atiksu antim iglemlerinin enerji tiketimi ve temiz-enerji kullanma
kapasitesi konusunda mevcut durumunu literatiire ve karar vericilere veri tabani nitelidinde sunarak su
islemlerinde tlketilen enerjinin bir kisminin ya da tamaminin temiz-tikenmez enerji kaynaklan
kullamilarak kargilanmasinin ekonomik ve cevresel analizinin gerceklestirimesi hedeflenmeltedir.

Kaynaklar
[1] Turan, C., Enerji icin su, su icin enerji ve tanmsal sulamalar, TMMOE Elektrik Mihendisleri Odasi

izmir Subesi Haber Bilteni, 295 26-23 2014, hitpdiwww emo org triyayinlar/dergi goster php?
kodu=880&sube=7

[21 Eneri Aflasi, 3 Bayiksehiin Su Sebekelerinde 2 Milyar KWh Elekirik  Kullamiliyor,
http:/fewnw enerjiatiasi.comhaber/3-buyuksehirin-su-sebekelerinde-2-milyar-kwh-elektrik-kullaniliyor
(Ekim, 2017}

[3] Ayrak, B, Evsel Atiksulanin Antilmas) Ve Maliyet Analizi, Yiksek Lisans Tezi, Gebze Yiksek
Tekneloji Enstitisi Cevre Mihendisligi Anabilim Dal, lzmit, 2010

[4] The World Bank, A primer on energy efficiency for municipal water and wastewater Utilities,
Technical Report 00112, 2012,
http:idocuments worldbank org/curated/en/25632 1468331014545/ pdif 6828 00ESMAPOWRP W WUOTRO
0101 20Resized pdf

[5] Tiirkiye istatistilc Kurumu (TUIK), Beledive su gdstergeleri, 2016

[6] Tirkiye Istatistik Kurumu (TUIK), Beledive atiksu géstergeleri, 2016

2. iletisim Bilgisi

1-Ad Soyad: *
Adiniz Soyadimiz

2 - E-posta: *

omekiFornek.com

*

3 - Kurumda Bagh Oldugunuz Birim:
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3. Kurumsal Bilgi

4 - Tesis Adi: ©

Liitfen Seciniz

6 -ilge: *

T - Tesisinizdeki antma ¢esitleri nedir?
0 On (ilk) Antma

E] Birincil (FizikselMekanik) Antma

D ikincil Artma (Biyolojik ve Kimyasal Aritma /Karbon Giderimi)

E] lleri Artma {Gelismis Aritma /Azot ve Fosfor Giderimi)

3 - Liitfen, tesisinizde kullamlan siireclerilekipmanlan igaretleyiniz.

0 d

oo ooboood

Terfi Merkez(ler)i

Havalandirmal Lagunler

On (llk) Antma: Kaba lzgaralar

On (ilk) Antma: Ince Izgaralar

On (llk) Antma: Kum-Yag Tutucular (Siyirici ve atici dahil)

Birincil (Fiziksel/Mekanik) Antma: On Caktirme (Cokeltme) Havuzlan

Birincil (FizikselMekanik) Antma: Cokelme Verimi icin Kimyasal llavesi (Otomatik)
ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon Giderimi) & ileri (Gelismis) Antma:

Havalandirma Havuzlan

ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon Giderimi) & ileri (Gelismis) Artma: Aktif
Camur {Biyolojik Azot, Karbon ve Fosfor Giderimi)

ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon Giderimi) & lleri (Gelismis) Antma:
Damlatmali Filtre

ikincil Anitma (Biyolojik ve Kimyasal Antma/Karbon Giderimi) & lleri (Gelismis) Antma: Doner
Biyodisk

ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon Giderimi) & lleri (Gelismis) Antma: Geri
Devir Pompalan

ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon Giderimi) & ileri (Gelismis) Antma:
Pompalama

ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon Giderimi) & lleri (Gelismis) Antma: Son
Coktirme (Cakeltme) Havuzlan

Dezenfeksiyon: Kizilotesi (UV) Isimi
Dezenfeksiyon: Isil Antma

Dezenfeksiyon: Membran Filtrasyonu
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Dezenfeksiyon: Klorlama

Dezenfeksiyon: Ozonlama

Dezenfeksiyon: Hidrojen Peroksit Uygulanmasi

Desarj Unitesi

Camur Islemler: Camur Pompalan

Camur Islemleri: Bant Filtre/Belt Pres (Camur Susuzlastirma/Yodunlastirma/Camur Keki)
Camur islemleri: Santrifilj Dekantérler (Camur Susuzlastirma/Yodunlastirma/Camur Keki)
Camur islemleri: Tampon Tanki

Camur iglemleri: Camur Ciriitme

Camur islemleri: Camur Kurutma

Camur Islemleri: Kojenerasyon Unitesi (Kuru Gaz/Biyogaz Tank)

Koku Giderme

0000 o0o0oo0ooogo

(] |Diger Islemler

4. Tesisin Mevcut Ve Gelecekteki Enerji Kullanimi, Enerji
Kaynagi Dagilimi

9 - Litfen, tesisinizle ilgili asagida sorulan bilgileri muimkiin oldugunca doldurun. Litfen
yanitlan en yakin tam sayi olarak verin.

Miktar

Hizmet Verilen NUfus (Kisi)

Tesis Tasanm Kapasitesi (metreklp/gin)

Glnlik Antilan Su (metreklp/gan)

Calisma Orani (yillik saat)

Atk Camur Miktan (kag/gln)

Ortalama tesis desarji (metrekOp/gin)

Sebekeden kullamlan toplam elektrik (birim belirtiniz: MWhiyil ya da TLAl)
Tesis tarafindan Uretilen enerji (MWh/yl)

Sebekeye verilen elektrik (MWhiyIL)

Sebekeye verilen gaz (milyon metrekiphyil)

Varsa enerji satizindan elde edilen toplam gelir (TLA1I)
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10 - Tesisinizde yenilenebilir enerji iiretimi yapiyorsaniz kaynagini ve miktanni belirtiniz.

Miktar
(MWh/yI)
Giines Enerjisi (Fotovoltaik)
Hidroelektrik
Razgar Enerjisi
Jeotermal
COksijensiz (Anaerobik) clritme: Uretilen elektrik
Oksijensiz (Anaerobik) clritme: Toplanan ve Kullanilan 151
Oksijensiz (Anaerobik) curlitme: Gazs kaybi
Kansik cirime (yemek atigi danil): Uretilen elektrik
Kansik clirime (yemek atidi dahil): Toplanan ve kullanilan 151
Kansgik clirime (yemek atidn dahil): Gaz/is1 kayb
Is1 dontisimi/Camur yakma: Uretilen elekirik

Is1 dénusumi/Camur yakma: Toplanan ve kullanilan 1si

Is1 donisimuo/Camur yakma: Gaz1s kaybi

Diger Elektrik Uretim Teknolojileri

11 - Liitfen, tesisinizde bulunan asagidaki ekipmanlann sayisi, giicii ve galisma saatini
belirtiniz.

- Calisma

Adet l%,ﬁ Saati

(s/gn)
Blower
Diftizdr

Santrifll] Dekantor

Belt Press (Bant Filtre)

Pompalar

Geri Devir Pompalan
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12 - Liitfen, tesisinizde ham suyun girisinden ¢ikisina kadar gectigi iglemlerde harcanan
elektrik/enerji miktarini, birimini secerek (MWh/yil ya da TL/yil kolonuna "x" koyarak)
belirtiniz.

Toplamin i
MWhiyIl TLAI  ylzdesi ﬁ,'ﬁ'éi."rﬁ

(%)

On (ilk) Antma

On (ilk) Antma: Kaba |zgaralar

On (ilk) Antma: Terfi Merkez(ler)i

On (ilk) Antma: ince |zgaralar

On (1) Antma: Kum-Yag Tutucular (Siyinci ve atici
dahil)

Birincil (FizikselMekanik) Aritma

Birincil (FizikselMekanik) Antma: On Céktarme
(Cokeltme) Havuzlan

Birincil (Fiziksel/Mekanik) Antma: Cokelme Verimi icin
Kimyasal llavesi (Otomatik)

ikincil Aritma (Biyolojik ve Kimyasal Antma/Karbon
Giderimi) & lleri (Gelismis) Artma

ikincil Arnitma (Biyolojik ve Kimyasal Antma/Karbon
Giderimi) & ileri (Gelismis) Antma: Havalandirma

ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon
Giderimi) & ileri (Gelismis) Aritma: Aktif Camur
(Biyolojik Azot, Karbon ve Fosfor Giderimi)

ikincil Anitma (Biyolojik ve Kimyasal Antma/Karbon
Giderimi) & ileri (Gelismis) Antma: Damlatmali Filtre

ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon
Giderimi) & [leri (Geligmis) Antma: Doner Biyodisk

ikincil Antma (Biyolojik ve Kimyasal Aritma/Karbon
Giderimi) & ileri (Gelismis) Antma: Geri Devir
Pompalar

ikincil Aritma (Biyolojik ve Kimyasal Antma/Karbon
Giderimi) & ileri (Gelismis) Antma: Pompalama

ikincil Aritma (Biyolojik ve Kimyasal Antma/Karbon
Giderimi) & lleri (Gelismis) Antma: Son Coktirme
(Cokeltme) Havuzlan

Dezenfeksiyon

Desarj Unitesi

Camur islemleri

Camur Islemler: Gamur Pompalar
Camur islemler: Camur Susuzlastirma
Camur Islemler Camur Yogunlastirma
Camur Islemler: Camur Ciritme

Camur islemlen: Camur Kurutma

Camur islemleri: Kojenerasyon Unitesi (Kuru
Gaz/Biyogaz Tanki)
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13 - Tesisinizde ham suyun girigsinden gikisina kadar gectigi islemlerden en cok

elektrik/enerji harcayan ilk ii¢ islemi seginiz.

On (ilk) Antma

On (ilk) Antma: Kaba lzgaralar

On (ilk) Antma: Terfi Merkez(ler)i

On (ilk) Anitma: ince |zgaralar

On (ilk) Antma: Kum-Yad Tutucular (Siyinci ve atict dahil)

Birincil (Fiziksel/Mekanik) Arntma
Birincil (FizikselMekanik) Antma: On Caktirme (Cokeltme)
Havuzlan

Birincil (FizikselMekanik) Artma: Cokelme Verimi icin Kimyasal
ilavesi (Otomatik)

ikincil Anitma (Biyolojik ve Kimyasal Artma/karbon Giderimi) & ileri
(Gelismis) Antma

ikincil Antma (Biyolojik ve Kimyasal Antma/Karbon Giderimi) & ileri
(Gelismis) Antma: Havalandirma

ikincil Antma (Biyolojik ve Kimyasal Antma/karbon Giderimi) & ileri
(Gelismig) Antma: Aktif Camur (Biyolojik Azot, Karbon ve Fosfor
Giderimi)

ikincil Antma (Biyolojik ve Kimyasal Antma/karbon Giderimi) & ileri
(Gelismig) Antma: Damlatmal Filtre

ikincil Antma (Biyolojik ve Kimyasal Antma/karbon Giderimi) & ileri
(Gelismig) Antma: Doner Biyodisk

ikincil Antma (Biyolojik ve Kimyasal Arntma/Karbon Giderimi) & lleri
(Gelizmig) Antma: Ger Devir Pompalan

ikincil Antma (Biyolojik ve Kimyasal Antma/karbon Giderimi) & ileri
(Gelismig) Antma: Pompalama

ikincil Antma (Biyolojik ve Kimyasal Antma/karbon Giderimi) & ileri
(Gelismiz) Antma: Son Coktlirme (Cokeltme) Havuzlar

Dezenfeksiyon

Desarj Unitesi

Camur islemleri

Camur islemleri: Camur Pompalar
Camur islemler: Camur Susuzlastirma
Camur iglemleri: Camur Yofunlastirma
Camur islemleri: Camur Caritme
Camur islemleri: Camur Kurutma

Camur islemleri: Kojenerasyon Unitesi (Kuru Gaz/Biyogaz Tanki)
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5. Yenilenebilir Enerji Kaynaklar (YEK) Konusundaki
Degerlendirmeniz

14 - Tiirkiye'de YEKDEM yonetmeliginin atiksu aritma tesislerinde YEK kullanimini
destekledidine ne kadar katiliyorsunuz?

0 1 2 3 B 5

Fikrim ok (:) (:) (:) (:) O O Kesinlikle Katiliyorum

15 - Atiksu antma tesislerine YEK entegre edilmesinin &niindeki engelleri ve riskleri seciniz:
D Yenilenebilir enerji kaynak kapasitesinin eksikligi engeli

C] Finansal engeller
C] Teknik bilgi eksikligi engeli
D Enerji arz glivenligi riski

D Gelismis teknoloji eksikligi engeli

C] Diger
16 - Tesisinize YEK entegre etmenizi, asagidaki etmenlerden hangileri ne kadar motive eder?

(1: Hig motive etmez; 3: Ne motive eder, ne motive etmez; 5: Cok motive eder)

1 2
Tesis icin en dastk maliyetli (TLKWR) enerji
kaynagini elde etmek

Artilan atiksuyun birim maliyetini azaltmak

Tesisin stratejik enerji yénetimi plani
Belediyenin (ya da difer yerel yonetimin) stratejik
plan

Toplumsal beklentileri Karsilayarak sosyal
sorumluluk géstermek

Giivenilifi§i ve gic kalitesini saglamak icin gerilim
ve frekans yonetimini gelistirmek

Tesisin enerji giivenlifini artirmak ve sebeke
defiskenligini azaltmak

Sebekenin genel performans ve dayanikliigina katki
safjlamak

Koku, garaitd gibi difjer tesis disi etkiler de danil
cevresel yonetimi iyilestirmek

Tuarkiye'nin sera gazi salimini azaltmasina destek
vermek

O0000000coOgoao
O0000000coOgoao
OO0 000000000
00000000 ogoges
00000000 000e

Yasal olarak yakimlad olmak

Yukandakiler disinda etmenler varsa:
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17 - Yararlanacak tesisler igin, 6ncelik sirasina gire, gu anda 6nemli olan ve Gniimizdeki 10
yil iginde énemli olacagim diistindiigiiniiz ii¢ enerji tiiriini siralayiniz.

o e . 10 10 10
Gunu1muzde Gunuzmuzde Gunu;nuzde yida yiida  yild
. . . 1

2. 3
O O

Alg Biyoyakit

O
O

Oksijensiz (Anasorobic
Digestion) Curlime

Yakit hicresi
Jeotermal Enerji
IS geri kazanimi

Hidroelektrik

Glnes Enerjisi
(Fotovoltaik)

Isil Dénasam (Or: camur
yakma)

Riizgar Enerjisi (] (] ()

18 - Liitfen agagidaki sorulan tesisinizin YEK kullammina gore yanitlayimiz.

O 000000
O 000000
O000000o
O0000000d
O000o0oo0o0oo0od
O000gooood

Evet Hayir
Elekirik depolama var mi? (Elektrik depolama icin sebekeye bagl D D
alet/sistem)
Gelecekte elekirik depolamayi arthirma planiniz var mi? C] C]

Tesisinizin elektrik tketimini azaltmaya yénelik uygulanan iglemiervarmi? - (] (]

Elektrik depolamayi artrma planiniz varsa, yiizde kag? (%)

ar- 40
Sayryl dodrudan yazabdirsiniz.

Tesisinizin elektrik tikketimini azaltmaya yonelik uyguladigimiz iglemler varsa tanimlayiniz:

6. Son Sozler (Tercihen)

19 - Konuya ve ankete iliskin diisiince ve yorumlanmz égrenmekten memnuniyet duyanz:
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Appendix B.  Ethical Approval

F T.C.
HACETTEPE UNIVERSITESI

v Rektorlitk
waﬁ%%ﬂﬂhgg,so?

FEN BILIMLERi ENSTITUSU MUDURLUGUNE

flgi:  05.01.2018 tarih ve 27 sayih yazimz.

Enstitiiniiz Temiz Titkkenmez Enerji Anabilim Dali tezli yiiksek lisans programi
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Lah
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dgrencilerinden Gézde ODABAS’in Do¢. Dr. Merih AYDINLAP KOKSAL danigmanhiginda

ylriittigt “Su Islemlerinde Temiz- Tiikenmez Enerji Kaynaklan Kullaniminin Ekonomik ve

Cevresel Analizi” baghkli tez ¢alismasi, Universitemiz Senatosu Etik Komisyonunun 16 Ocak
2018 tarihinde yapmus oldugu toplantida incelenmis olup, etik agidan uygun bulunmustur.

QAP

Prof. Dr. Rahime M. NOHUTCU
Rektér a.
Rektor Yardimeist

Bilgilerinizi ve geregini rica ederim.

Hacettepe Universitesi Rektorlitk 06100 Sihhiye-Ankara

Telefon: 0 (312) 305 3001 - 3002 « Faks: 0 (312) 311 9992 Yazi Isleri Miidiirligii
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Appendix C. Formal Letter from Hacettepe University for Survey
=

Tarih: 17.05.2018 16:12

Sayi: 23154132-300-}3.0!0000051575 l
- R
’3 HACETTEPE UNIVERSITESI
/' Fen Bilimleri Enstitiisii Miidiirliigii
Sayi : 23154132-300

Konu : Anket Talebi (Gozde Odabas)

............ SU VE KANALIZASYON IDARESI GENEL MUDURLUGU

Enstitiimiiz Temiz Tiikenmez Enerjiler Anabilim Dali Yiiksek Lisans programi N14323259 Numarali
ogrencisi Gozde Odabas’in “Su islemlerinde Temiz-Tiikenmez Enerji Kaynaklari Kullantminin
Ekonomik ve Cevresel Analizi” isimli tez caligmasinda kullanilmak iizere anket ¢aligmast online olarak
hazirlanmis ve Universitemiz Etik Kurul Komisyonundan ilgili izin alinmustir. Ekte yer alan anket talep
yazisinda belirtilen sekilde Genel Midiirliigiiniiz isletimindeki her bir Igme ve Kullanma Suyu Aritma

Tesisi ve Atk su Artma Tesisi Ozelinde bu anketlerin doldurulmasi hususunda yardimlarinizi
saygilarimla rica ederim.

e-imzalidir
Prof. Dr. Menemse GUMUSDERELIOGLU
Enstitii Miidiiri

Ek: - H.U. Etik Komisyon Onay:

- Anket Talep Yazist

Evrakin clektronik imzah suretine https:/belgedogrulama.hacettepe.edu.tr adresinden 354cc07d-202¢-4d49-9a60-4d78ad851056 kodu ile erisebilirsiniz.

Bu belge 5070 sayil Elektronik mza Kanunu’na uygun olarak Giivenli Elektronik imza ile imzalanmistir.

Hacettepe Universitesi Fen Bilimleri Enstitiisii Miidiirligii 06800 Beytepe-ANKARA

Telefon:(0 312) 297 68 65 Faks:(0 312) 299 21 57 E-posta:fenbilmaster@hacettepe.edu.tr interner Adresi:
www.fenbilimleri.hacettepe.edu.tr
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Tarih: 17.05.2018 16:12
Saye 23154132-300-E.00000051575

e o

E.00000051575

Dagrtim:

Ankara Su ve Kanalizasyon {sleri Genel Miidiirliigii
Adana Su ve Kanalizasyon Idaresi Genel Miidiirliigii
Antalya Su ve Atiksu Idaresi Genel Miidiirliigii

Bursa Su ve Kanalizasyon Idaresi Genel Midiirliigii
Diyarbakir Su ve Kanalizasyon Idaresi Genel Miidiirliigii
Gaziantep Su ve Kanalizasyon Idaresi Genel Miidiirliigii
[stanbul Su ve Kanalizasyon Idaresi Genel Miidtirliizii
Izmir Su ve Kanalizasyon Idaresi Genel Miidiirliigii
Kocaeli Su ve Kanalizasyon Idaresi Genel Miidiirligii
Konya Su ve Kanalizasyon Idaresi Genel Miidiirliigii
Mersin Su ve Kanalizasyon Idaresi Genel Miidiirligii
Sanlurfa Su ve Kanalizasyon Idaresi Genel Miidiirliigii (Suski)

Evrakm elektronik imzalt suretine https:/belgedogrulama hacetiepe.edu.tr adresinden 354cc07d-202¢-4d49-9a60-4d78ad851056 kodu ile erisebilirsiniz.

Bu belge 5070 sayih Elektronik {mza Kanunu'na uygun olarak Givenli Elektronik imza ile imzalanmistir.

Hacettepe Universitesi Fen Bilimleri Enstitiisii Midiirliigii 06800 Beytepe-ANKARA
Telefon:(0 312) 297 68 65 Faks:(0 312) 299 21 57 E-posta:fenbilmaster@hacctiepe.cditr Internet Adresi:
wiww.fenbilimleri.hacettepe.edu.tr
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Appendix D.  Survey Request Letter from the Thesis Supervisor

EK 2 — Anket Talep Yazisi
03/05/2018

DAGITIM YERLERINE

Sayin Ilgili,

Hacettepe Universitesi Temiz Titkenmez Enerjiler Anabilim Dali biinyesinde, yiiksek lisans
ogrencisi Gozde Odabag’in, danismanh@imda gergeklestirdigi tez ¢alismasi kapsaminda su ve
attksu iglemlerinde tiiketilen enerjinin ortaya Kkonularak azaltilmasi igin tesislerde
kullamilabilecek temiz-tiikenmez enerji kaynaklarinin belirlenmesi ile ilgili anketler
hazirlanmistir.

Bu anketler ile, su ve atiksu tesislerinin meveut enerji kaynaklari, toplam ve proses bazli
enerji kullanimi ve gelecekteki potansiyel enerji kaynagi dagihmi iizerine temel veri ve
goriiglerin  toplanarak literatiirden elde edilen verilerle karsilastirmada kullanilmasi
hedeflenmistir.

Anketler i¢in Hacettepe Universitesi Etik Komisyonundan gerekli izin almmugtir. Ankete
katihm tamamen goniilliilik esasina dayalidir. Anket, genel olarak kisisel rahatsizlik verecek
sorular igermemektedir. Ancak, anket formunu doldururken herhangi bir nedenden &tiirii
kendinizi rahatsiz hissederseniz cevaplama igini yarida birakabilir; anket formunu
doldurduktan sonra yanmitlarimizin kullanilmas: konusunda fikrinizi degistirirseniz anket
yanitlarinizin imha edilmesi i¢in tez danismam Dog¢. Dr. Merih Aydinalp Koksal’a ve/veya
Gozde Odabas’a bagvurabilirsiniz. Anketin uygulanmasi igin onay vermeden 6nce veya anket
sirasinda, ¢aligma hakkinda merak ettiginiz herhangi bir konuda tez &grencisi Gozde
Odabag’a ulasabilirsiniz.

feme ve Kullanma Suyu Aritma Tesisleri ve Atiksu Aritma Tesislerine yonelik online olarak
hazirlanan bu iki ankete asagidaki baglantilardan ulagabilirsiniz:

- Igme ve Kullanma Suyu Aritma Tesisleri: https:/www.jotform.com/gozdeodabas/icme-

suvu-aritma-enerji-tuketimi
- Atiksu Aritma Tesisleri: https://www.jotform.com/gozdeodabas/atiksu-aritma-enerji-
tuketimi

Genel Miidiirliigiiniiz isletimindeki her bir ieme ve Kullanma Suyu Aritma Tesisi ve
Atiksu Aritma Tesisi 6zelinde bu anketlerin doldurulmasi hususunda desteginizi rica ederim.

Saygilarimla,

Dog. Dr. Merih Aydinalp Koksal
Hacettepe Universitesi, Cevre Mithendisligi Bélimii
Beytepe Kampiisii, Beytepe, 06800, Ankara

Bilgi igin:
Gozde ODABAS Dog. Dr. Merih AYDINALP KOKSAL
E-posta: gozdeodbs@gmail.com E-posta: aydinalp@hacettepe.edu.tr
Tel: +90 554 813 16 03 Ofis Tel: +90 312 297 78 00 (dahili: 123)
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Appendix E.  Thesis Originality Report

HACETTEPE UNIVERSITY
L GRADUATE SCHOOL OF SCIENCE AND ENGINEERING
' THESIS/BISSERTATION ORIGINALITY REPORT

HACETTEPE UNIVERSITY
GRADUATE SCHOOL OF SCIENCE AND ENGINEERING
TO THE DEPARTMENT OF CLEAN RENEWABLE ENERGIES

Date: 04/10/2019

Thesis Title / Topic: Investigation of Economic and Environmental Impacts of the Use of Solar and Biogas Resources
in Urban Wastewaler Treatment Plants

According o the originality report obtained baywssssl(/my thesis advisor by using the Turnitin plagiarism detection
software and by applying the filtering options stated below on 0371072019 for the total of 96 pages including the a)
Title Page, b) Introduction, ¢) Main Chapters, d) Conclusion sections of my thesis entitled as above, the similarity
index of my thesis is 6%.

Filtering options applied:
1. Bibliography /Works Cited excluded
2. Quotes excluded /inchmded
3. Match size up to 5 words excluded

I declare that | have carefully read Haceltepe University Graduate School of Science and Engineering Guidelines for
Obtaining and Using Thesis Originality Reports; that according Lo the maximum similarity index values specified in
the Guidelines, my thesis dees not include any form of plagiarism; that in any future detection of possible
infringement of the regulations I accept all legal responsibility; and that all the information I have provided is correct

to the best of my knowledge.
| respectfully submit this for approval. OL- D 229

ature
Name Surname: Gozde Odabas
Student No: N14323259

Department: Clean Renewable Energies

Program: M.Sc.
Status: [ Masters [ Ph.D. [ integrated Ph.D.

APPROVED.

Assoc. ProsADr. MBrWAydinalp KOKSAL
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Appendix F.  Curriculum Vitae

1. Name: Go6zde ODABAS 4. Nationality: T.C.
2. Contact: gozde.odabas@hacettepe.edu.tr | 5. Civil Status: Single
3. Date of Birth: 07/04/1991

6. Education:

Institution Degree or Diploma obtained ‘

Hacettepe University, Institute of Science; Ankara, TR,
2015 - 09/2019

Bilkent University, Faculty of Engineering; Ankara, TR,
2008 — 2014 (Full Scholarship)

M.Sc. in Renewable Energies

B.Sc. in Industrial Engineering

7. Language Skills: (1: Low; 5: Excellent

Language ‘ Reading Speaking

Turkish (native) 5 5 5
English 5 5 5
Spanish 3 2 2

8. Membership of Professional Bodies: Executive Board Member at the
Research Association of Rural Environment and Forestry (RAREF) and
Resource, Environment and Climate Change Association

9. Other Skills: Excellent knowledge of MS Office programs (Word, PowerPoint,
Excel, Access). Moderate knowledge of PhotoShop, WordPress, CSS, HTML,
Java. Basic knowledge of QGIS, Arena, GAMS, SQL, HOMER Software. Fast-
learner on web/computer technologies

10. Current Position: Expert

11. Years Within Firm: ~5 years

12. Key Qualifications:

v' +5 years of experience in survey preparation, research, un/structured data
collection, integrating data across multiple data sources, applying
statistical and evaluation measures to complex data, scientific reporting
including data visualization
Familiarity with Java, CSS, VBA, SQL languages
5 years of experience in project development, management and
implementation in a multinational organization
Proven analytical abilities and writing skills
Experience in technical assistance field in terms of understanding the needs
of clients and the beneficiaries as well as the important actors in the field
v' Proven consultancy experience in EU environment and climate change

sectors for national environmental administrations and agencies

v' Understands the UN, EU, CEE, and national governance and

administrative systems

AN

AN

13. Specific Eastern Countries Experience:

Country, Date Country, Date

Turkey, 2014 — current India, June 2013 — September 2013

14. Professional Experience Record:

Date 11/2015 — Current (Past: 08/2014 JNeJef:1dle]y Ankara, Turkey
—09/2015)
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Company Regional Environmental Center Position Expert (Past:
(REC) Turkey Consultant)

v" Technical Assistance for Developed Analytical Basis for Formulating Strategies and Actions
Towards Low Carbon Development (06/2017-06/2020): 10 technical presentations on the EU
Emission Trading System Directive (ETSD) Regulatory Impact Assessment (RIA). Two
technical presentations on Effort Sharing Decision RIA. 3 Online surveys on ETSD, Fuel
Quality Directive (FQD) and Carbon Capture and Storage Directive (CCSD) and 3 evaluation
reports of the results. Two technical presentations on building sector. Two drafts and two
final RIA Reports on ETSD and ESD. A draft and a final SIA Report on the building sector.

v Waste Management in Turkey “Experiences on Dual Sorting and Current Situation on Public
Awareness Activities” (11/2018-03/2019): An Online survey targeting selected municipalities.
Five study visits and workshops. A Study Visit Report. A Current Situation on Dual Sorting
Report including analysis of the survey results.

v' GreenPack on the Road (09/2018-09/2019): Taking part in the concept design team and
poster/infographic design team for the Recycling Exhibition
(https://yesilkutu.orag/sergi/sergiicerik/). An online registration form for the visitor school
groups. Coordinator and supervisor of the exhibition guides.

v Preparation of GHG Inventory and Climate Action Plan for Denizli Metropolitan Municipality
(03/2018-12/2018): An Online Knowledge Test on Climate Change. An Online Personal
Carbon Footprint Calculator. A City GHG Inventory Report and Local Climate Action Plan. A
Current Situation Report. A Stakeholder Map and Report. Technical presentations at
trainings for students and personnel of municipality.

v' Preparation of GHG Inventory and Climate Action Plan for Kocaeli Metropolitan Municipality
(12/2017-08/2018: A City GHG Inventory Report and Local Climate Action Plan. 3 study
visits. A Study Visit Report and a presentation.

v' Turkish Business Leaders’ Response to Climate Change Project (08/2016 — 01/2017): An
Online Survey on Climate Change targeting CEOs of leader enterprises in Turkey. A public
event for survey results dissemination. A Report on Survey Results.

v/ Strengthening Institutional Capacity in Environmental Management in Turkey (CEKAP)
Project (ESEI Project) (08/2014 — 10/2016): 5 online stakeholder surveys. 3 regional
workshops for mayors. 7 working group meetings. +5 consultation meetings. 1 national
conference on sustainable cities. A draft and a final RIA Report on EU Packaging Waste
Directive. A Legal Gap Analysis and Report. An online survey for “problems faced by
municipalities” and a survey results report. A National Strategy Document for Local

Environmental Action Plan (LEAP). Two Implementation Guidelines for Municipalities on

Packaging and Packaging Waste and Waste Accumulators and Batteries Directives.

Date 01/2014 — 10/2014 Location Bursa, Turkey

Company Savcan Textile Position Project Researcher

Supporting project's senior consultant by;

v' Benchmark analysis of possible markets, current situation, similar and possible business
models

v/ Data compiling, analyzing and visualizing

v' Preparing presentations

v/ Organising meetings within the project team & keeping meeting minutes

Date 06/2013 — 09/2013 Location Jaipur, India

Company Aura Thai, Spa & Saloon Position Operations & Sales
Intern

Social Media Page Manager

Cashier

Welcoming & informing guests about services
Arranging schedules of staff

09/2013 — 01/2014 Ankara, Turkey

Date 09/2012 — 12/2012 Location
01/2011 — 06/2011
Company Bilkent University Position Teaching Assistant

Laboratory Assistants of two Courses named:
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https://yesilkutu.org/sergi/sergiicerik/

- Introduction to Computing and Programming for Social Sciences
- Introduction to Programming for Engineering and Science Students
v Assisting students in weekly projects of Excel & MATLAB & Java during the laboratory
hours
v'  Evaluating the projects of students

15. Others: (Publications/Books/Articles; Conferences)
Publications

v/ Sayman, R. U., Akpulat, O., Bas, D., Odabas, G., GHG Inventory Report of
Kocaeli Metropolitan Municipality, Regional Environmental Center (REC)
Turkey, Ankara, Turkey, September 2018 link (in TR)

v/ Sayman R. U. and Odabas G., The Role of the Cities in the Fight Against the
Climate Change, Turkish Healthy Cities Association, 2018, link (in TR)

v/ Sayman, R. U., Bas, D., Odabas, G., Akpulat, O., Turkish Business Leaders’
Response to Climate Change: CEO Survey Research Report, Regional
Environmental Center (REC) Turkey, Ankara, Turkey, December 2016 link (in
TR)

v/ Sayman, R. U., Akpulat, O., Packaging, and Packaging Waste Directive
Implementation Guideline for Municipalities, Regional Environmental Center
(REC) Turkey, Ankara, Turkey, 2016 (Contributor) link (in TR)

v Sayman R. U., Akpulat O., Saki M. O., Waste Batteries Directive
Implementation Guideline for Municipalities, Regional Environmental Center
(REC) Turkey, Ankara, Turkey, 2016 (Contributor) link (in TR)

Additional projects and outputs

v" Economic and Environmental Analysis of Renewable Energy Usage in
Wastewater Processes in Turkey (Master Thesis under the academic advisory
of Assoc. Prof. Dr. Merih Aydinalp Kéksal) (06/2018-09/2019)— Hacettepe
University, Renewable Energies Department: An Online survey targeting
WWTPs managements. A database of WWTPs in metropolitan municipalities
including data such as energy consumption/production, biogas production,
treated wastewater, etc. Simulation of WWTP systems via HOMER Software
to assess the economic and environmental impact of biogas and photovoltaic
system integration to the system.

v Updating the Situation of Remnant Forests in the Inner Anatolia and
Establishing Conservation Proposals (11/2016-06/2018) - RAREF: -Voluntary
Work- Socio-economic field studies (focus group surveys via interviews).
Interview Results Analysis and Reporting. Hosting at the workshop.

Selection of Events/Trainings Attended as Trainee/Speaker

v Trainee: Co-Benefits of Renewable Energy for Turkey (09/2019) — Sustainable
Power System Planning for Turkey

v' Speaker: Bursagaz Conference on Sustainable Life (11/2018)

v’ Trainee: ISES 2018 (08/2018) — International Summer School on Energy

v Trainee: Awarenergy (06/2018) — Summer School on Energy Giacomo
Ciamician
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https://rec.org.tr/wp-content/uploads/2018/09/Kocaeli_SGE_IDEP_Final.pdf
http://www.skb.gov.tr/26587-s26587k/
https://recturkey.files.wordpress.com/2017/02/iklim_degisikligi_ceo_algi_arastirmasi_sonuc_raporu_2016_vf.pdf
https://recturkey.files.wordpress.com/2016/11/ambalaj_atiklari_rehberi.pdf
https://recturkey.files.wordpress.com/2016/11/apa_rehberi.pdf

v Trainee: IMPRESSIONS Summer School (05/2018) — Exploring Climate
Change Challenges and Solutions in the Real World: from Research to
Practice

v Trainee: RAREF (10/2017): Forests Ecosystem Training

v Trainee: Venice International University — VIU (06/2017): Critical Infrastructure
Resilience Training

v Trainee: RAREF (06/2017): Dendrology Training & Steps Ecosystem Training

v Trainee: Bilkent University (06/2011): Operations Analysis and Design Project
Winner

v Trainee: ODS Egitim (04/2011): Certificate of Social Media Training

Certificates, Awards, and Scholarships

v TOEFL iBT Score (24/03/2018) — 98 (Reading: 27 / Listening: 24 / Speaking:
24 [ Writing: 23)

v' Bilkent University (06/2014 & 06/2011 & 06/2010): Honour awarded by Faculty
of Engineering

v' Bilkent University (09/2008 — 06/2014): Full scholarship

v' College Admission (0SS-08/2008): Placed 949th among 1.5 million applicants
nationwide, Turkey
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