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ABSTRACT

ASSESSMENT OF THE BEST AVAILABLE WASTEWATER MANAGEMENT
TECHNIQUES FOR A TEXTILE MILL:
COST AND BENEFIT ANALYSIS

Dogan, Bugce
MSc., Department of Environmental Engineering
Supervisor  : Prof. Dr. Ulkii Yetis

Co-Supervisor: Dr. Merih Kerestecioglu

September 2008, 180 pages

The Integrated Pollution Prevention and Control (IPPC) Directive from the European
Union strives to achieve a high level of environmental protection by preventing or
reducing the pollution emanating from industrial installations directly at the source.
The Directive implies that the emission limit values should be set in accordance with
each industry’s Best Available Techniques (BAT). In the present study, water
recovery and wastewater treatability alternatives developed beforehand were
evaluated towards the evaluation of BATs for the management of wastewaters from a
denim textile mill. For this purpose, an assessment that translates the key
environmental aspects into a quantitative measure of environmental performance and
also financial analysis were performed for each of the alternatives. The alternatives
considered for water recovery from dyeing wastewaters were nanofiltration (NF)
with coagulation and/or microfiltration (MF) pretreatment, ozonation or peroxone
and Fenton oxidation. On the other hand, for the end-of-pipe treatment of the mill’s

mixed wastewater; ozonation, Fenton oxidation, membrane bioreactor (MBR) and

111



activated sludge process followed by membrane filtration technologies were
evaluated. The results have indicated that membrane filtration process providing 70
% water recovery with the least environmental impacts is the BAT for water
recovery. On the other side, MBR technology has appeared as the BAT for the end-
of-pipe treatment of the mill’s mixed wastewater. A technical and financial
comparison of these two BAT alternatives revealed that water recovery via
membrane filtration from dyeing wastewaters is selected as the BAT for the water

and wastewater management in the mill.

Keywords: BAT, Cross-media Effects, Cost-Benefit Analysis, IPPC Directive,
Textile Industry.
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0z

TEKSTIL ENDUSTRISI ICIN MEVCUT EN iY1 ATIKSU YONETIM
TEKNIKLERININ DEGERLENDIRILMESI:
FAYDA VE MALIYET ANALIZI

Dogan, Bugge
Yiiksek Lisans, Cevre Mithendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Ulkii Yetis
Ortak Tez Yoneticisi : Dr. Merih Kerestecioglu

Eyliil 2008, 180 sayfa

Avrupa Birligi IPPC (Entegre Kirlilik Onleme ve Kontrolii) Direktifi, endiistri
tesislerinden kaynaklanan kirliligi, kaynaginda azaltarak ya da onleyerek, ¢evrenin
yiiksek seviyede korunmasini amag¢ edinmistir. Direktif, tesisler i¢in mevcut en iyi
teknikler sayesinde emisyon limit degerlerini belirlemeyi gerektirmektedir. Mevcut
calismada denim tireten bir tekstil fabrikasinda olusan atiksular i¢in mevcut en iyi
teknikleri belirlemek adina su geri kazanimi ve atiksu aritilabilirlik alternatifleri
gelistirilmistir. Bu amagla, her bir alternative i¢in nicel bir g¢evresel performans
degerlendirmesi ve alternatiflerin finansal analizleri yapilmistir. Su geri kazanimi
icin dislinlilmiis olan alternatifler boyama atiksular1 icin koagiilasyon ya da
mikrofiltrasyon (MF) 6n aritimiyla nanofiltrasyon (NF), ozonlama ve Fenton
oksidasyonu iken; tesisin karigik atiksuyunun nihai bertarafi i¢in uygulanmis olan
alternatifler ozonlama, Fenton oksidasyonu, membran biyoreaktorii (MBR) ve aktif
camur sonrasinda membran filtrasyon prosesleridir. Sonuglar, su geri kazanimi

calismalari i¢cin % 70 su geri kazanimi saglamis olan en az gevresel etkisi olan



membran filtrasyon prosesini mevcut en iyi teknik olarak gdstermektedir. Diger
taraftan membran biyoreaktdr prosesi tesisteki karisik atiksuyun aritilmasi igin
mevcut en iyi teknik olarak goriilmektedir. Belirlenmis olan alternatiflerin teknik ve
ekonomik degerlendirilmesi sonucunda, membran filtrasyon prosesi ile boyama
atiksularindan su geri kazanimi, tesisin su ve atiksu yonetimi agisindan mevcut en iyi

alternatif olarak sec¢ilmistir.

Anahtar Kelimeler: BAT, Capraz-ortam Etkileri, Fayda-Maliyet Analizi, [PPC
Direktifi, Tekstil Endiistrisi.
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CHAPTER 1

INTRODUCTION

1.1. General

The European Union (EU) has a set of common rules specified in the Integrated
Pollution Prevention and Control (IPPC) Directive (96/61/EC), published in 1996,
for permitting industrial installations being found in the EU Member States. The aim
of this Directive is to develop an integrated approach in order to improve the
management and control of industrial facilities so as to achieve a high level of
environmental protection taking into account the emissions in air, water and soil as a

whole.

According to Article 3 of the Directive, “Member States shall take the necessary
measures to provide that the competent authorities ensure that installations are
operated in such a way that all the appropriate preventive measures are taken against
pollution, in particular through application of the Best Available Techniques (BAT)”
[1]. In this context, within the definition of “available”, the Directive states that
“techniques shall mean those developed on a scale which allows implementation in
the relevant industrial sector, under economically and technically viable conditions,
taking into consideration the costs and advantages” [1]. Moreover, there is a
requirement that in the determination of BAT, the technical characteristics of the
installation concerned, its geographical location and the local environmental

conditions should be taken into account.



Under the framework of the IPPC Directive, a Reference Document called as
“Economics and Cross-Media Effects” has been developed in order to reinforce the
determination of BAT by setting methodologies. In this Reference Document, while
determining the BAT for the installation concerned, first step that should be taken
into consideration is the environmental effects of the options, namely “Cross-Media
Effects”. The purpose of the cross-media methodology is to provide guidance for
how to choose the best alternative [2]. Secondly, costing methodology is mentioned
in order to determine the cost for each option considered. After the establishments of
cross-media effects and costs of the options, their comparison is needed in order to
determine which of the alternative can be selected to be BAT. According to the
abovementioned definition of “available” stated in the Directive, alternatives that are
designated to be BAT should be ones that are technically and economically viable for
the implementation in the relevant industrial installations. Therefore, at the end of the
cost-benefit analysis, economic viability in the sector needs to be considered taking

into account industrial structure, market structure, and resilience of the sector.

Textile industry is one of activities listed in the Annex 1 of the IPPC Directive. The
Directive covers only “plants for pretreatment (operations such as washing,
bleaching, and mercerization) or dyeing of fibres or textiles where the treatment
capacity exceeds 10 tones per day”, not the entire textile processes. According to the
Directive-Specific Plan for the IPPC Directive, published by the Ministry of
Environment and Forestry of Turkey in 2005, there exist approximately 240 — 300
textile companies that should be considered within the IPPC Directive. In this report,
costs for implementation of environmental management systems in the textile
industry were forecasted on average 15,000 EUR - 20,000 EUR per installations. In
addition, total costs for the implementation of such systems in the textile industries

operating whole through Turkey were estimated as 3.6 — 6.0 million EUR [3].



1.2. Objective and Scope of the Study

The major aim of this thesis is to select the best water and wastewater management
scheme under economically and technically viable conditions taking into
consideration the costs and advantages for a selected textile mill in Turkey. The
study is a part of the TUBITAK financed project entitled as “Adaptation of IPPC
Directive to a Textile Mill in Turkey” which is conducted by the Department of
Environmental Engineering at the Middle East Technical University (METU) in co-

operation with the Ministry of Environment and Forestry of Turkey.

A denim producing mill had been chosen for the adaption of IPPC Directive. Many
water and wastewater management alternatives such as water recovery techniques
and wastewater treatability technologies were studied and technically discussed for
the purpose of the project. In the present study, initially, environmental impacts of
each management alternative were determined within the framework of cross-media
guidelines specified in the Reference Document on “Economics and Cross-Media
Effects”. Then, financial analysis including investment and operational costs of the
alternative water and wastewater management techniques identified in the previous
phases of the project was performed according to the costing methodology indicated
in the abovementioned Reference Document. In addition, sensitivity analysis was

performed for the critical variations that affect the financial analysis.

As a result of the assessments mentioned above, whether the alternatives studied for
water management and the ones for wastewater management are BAT or not was
determined in this thesis study by means of cost-benefit analysis. Consequently, the
best economically and technically viable alternative for water and wastewater

management was selected as the BAT for the whole system.



1.3. Thesis Overview

This thesis includes seven chapters. Chapter 1 (Introduction) presents mainly the
objective and the scope of the study. In Chapter 2 (Literature Review), investment
and operating cost data for the alternative technologies were introduced. Chapter 3
(Legislation Background) reviews the fundamentals of the IPPC Directive and the
“Reference Document on Economics and Cross-Media Effects”. In Chapter 4
(Selected Mill), the studies having done throughout this project are detailed. Also
presented in this chapter is the screening of the alternatives for the cost-benefit
analysis. Chapter 5 (Cost-Benefit Analysis) describes the cost-benefit analysis for the
selected water and wastewater management alternatives including environmental
impact analysis and financial analysis. In addition, it also includes sensitivity and
risk analysis. Chapter 6 (Discussion and Conclusions) evaluates the assessment of
BAT Finally, Chapter 7 (Recommendations) gives the recommendations for this

study.



CHAPTER 2

LITERATURE REVIEW

In this chapter, a brief literature review of the cost data for the different options used
in the treatment of textile wastewater, are provided along with recent published
studies. Alternative options taken into considerations are the ones that are used in

this project.

2.1. Investment and Operating Costs for Alternative Technologies

The alternatives considered are activated sludge process, ozonation, membrane
filtration process, membrane bioreactor process, and Fenton oxidation. These
processes are evaluated in terms of their investment and operating costs with respect

to the previous studies published in the literature.

2.1.1. Activated Sludge Process Costs

In textile sector, activated sludge process is one of the most preferential conventional
methods for the treatment of wastewater generated [4]. The main reason for this
preference is due to its low investment and operating costs compared to the other
treatment methods such as physical and chemical treatments. Therefore, it can be
concluded that biological treatment is the most economical wastewater treatment

option in the textile industry [5].



In Turkey, there are many activated sludge implementations in textile mills in order
to treat textile effluents. For instance, there exists a textile mill producing cotton
fabrics in Usak which has an activated sludge treatment plant with a flow rate of 200
m’ per day. In this plant, the daily treated amount of COD is approximately 300
kilograms. Investment cost and annual operating cost for this plant are reported to be
38,000 YTL and 20,000 YTL, respectively. Corresponding, unit investment cost for
one meter cube of wastewater is 190 YTL, whereas operating cost is about 0.28 YTL

[6]. In these cost figures, sludge disposal cost is neglected.

Another textile mill located in Kahramanmaras has an activated sludge treatment
plant with a flowrate of 1,100 m’/day. Annual production capacity is 2,250 tones of
cotton textile. Additionally, influent COD concentration of wastewater before
entering the extended aeration is approximately 1,200 mg/L. For this system,
investment cost comes about 177,500 YTL, and annual operating cost is nearly
195,700 YTL. Compared to the cost data for the wastewater treatment plant of the
previously mentioned textile mill located in Usak; unit investment cost for this plant
is lower, namely 160 YTL. However, for this wastewater treatment plant operating
cost per meter cubes of treated textile wastewater is 0.50 YTL, which is more than
the previous one. Moreover, cost for the removal of one kilogram of COD becomes

150 YTL for this situation [6].

To the knowledge of the author of this thesis, there also exist two more textile mills
established in Kahramanmarag, having their own wastewater treatment plants
consisting of an activated sludge systems which both have capacities of 2,000 m’® per
day. Besides, they annually produce approximately 4,000 — 5,000 tones of cotton
fabric. Similarly, investment and annual operating cost for these wastewater
treatment plants are 360,000 YTL and 280,000 YTL, respectively. Consequently, for
these wastewater treatment plants, the operating cost is 0.40 YTL per m’ of

wastewater treated [6].



Investment costs of the treatment plants for the textile industries mentioned above
are composed of construction cost, equipment cost, and installation expenditure. As
can be seen from the mentioned textile wastewater treatment examples, activated
sludge systems in Turkey are installed with an investment cost in the range of 160
YTL to 200 YTL per meter cube of wastewater generated. This wide range is due to
the difference in wastewater flowrate. This relative change in the investment cost

with respect to the wastewater flowrate is illustrated in the graph given in Figure 2.1

[6].
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Figure 2.1. Unit investment cost versus wastewater flowrate for activated sludge

systems existing in some of the textile mills located in Turkey

Unit investment cost per removed COD from the system is another important
parameter. For the pre-mentioned examples of textile wastewater treatment plants in
Turkey, this parameter is in the range of 125 YTL to 140 YTL. In Figure 2.2, change

in unit investment cost according to COD removal is graphically presented [6].
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Figure 2.2. Relationship between unit investment cost and COD removed from

activated sludge processes existing in some textile mills of Turkey

Energy, chemical, labour, fixed operating and maintenance costs are the major
operating cost items taken into account. Operating cost per unit meter cube of treated
wastewater for some textile mills located in Turkey is estimated at between 0.25

YTL and 0.50 YTL [6].
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Figure 2.3. Relationship between unit operating cost and wastewater flowrate for

activated sludge processes existing in some textile mills of Turkey



Istanbul Technical University, Turkish Economy Bank and TML Construction Inc.
performed a technical and an economical feasibility study of in-plant control for
wool finishing textile industry in order to reduce water consumption and enhance
water recovery on the basis of a survey conducted on a textile mill located in Istanbul
[7]. In this survey, three different wastewater samples having different characteristics
were analyzed by Erdogan et al. [7]. First wastewater (Wastewater A) is the raw
wastewater before in-plant control applications. Secondly, after applications of water
minimization in-plant, generated wastewater was called as Wastewater B. Third and
final one is Wastewater C, the remaining wastewater obtained after water
conservation and also application of recycling. Flowrate and characterization of these

different types of wastewaters likely to be generated from the mill are summarized in

Table 2.1 [7].

Table 2.1. Flowrate and COD concentrations of wastewater A, B, and C from a

textile mill in Turkey [7]

Wastewaters
Parameter
A B C
Flowrate (m3/day) 444 294 194
COD (mg/L) 687 1,038 1,460

In the same survey mentioned above, it was found out that each wastewater was
biologically treated by conventional activated sludge process and discharged to a
receiving environment. Erdogan et al. [7] performed a feasibility analysis regarding
the investment and operating costs of the treatment processes for three different
wastewater types. Investment cost consisting of construction, electro-mechanic, and

other costs for Wastewater A was approximately calculated as 127,602 USD. On the



other hand, they reported investment costs for Wastewater B and Wastewater C as
115,242 USD and 111,331 USD, respectively. As can be seen, investment cost of

treatment decreased by the decrease in flowrate.

Erdogan et al. [7] also calculated the operating costs for each water management
options in this survey according to manpower, chemical usage and energy usage. By
means of both in-plant water minimization methods and water recovery and reuse
techniques, effluent wastewater flowrates were decreased with an increase in effluent
COD concentration. Therefore, unit investment costs showed an increase due to this
increase in COD concentrations. When the flowrate of the system was 444 m’/day,
the monthly operating cost of the system was determined as 2,668 USD. However,

this value was calculated as 2,680 USD for both Wastewater B and Wastewater C.

According to the examples given above, in textile wastewater treatment by the
process of activated sludge process, investment cost and operating costs are strongly
related with the wastewater flowrate of the plant and also with the COD removed
during the treatment. Table 2.2 summarizes the investment cost and operating cost
for an activated sludge system for different flowrate ranges for the textile industry in
Turkey. Likewise, cost ranges for different COD concentrations are given in Table

2.3.
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Table 2.2. Unit investment and operating costs for different flowrates [6]

Unit Investment  Unit Operating

Capaci
? K4 Cost Cost
(m”/day) 3 3
(YTL/m"/day) (YTL/m’/day)
1 <200 190 — 690 0.28 - 0.55
2 200 — 500 190 — 470 0.24 -0.36
3 500-1100 160 — 345 0.24 -0.50
4 1100 — 2000 160 — 190 0.40 - 0.50

Table 2.3. Unit investment and operating costs for different COD concentrations [6]

COD Unit Investment  Unit Operating
Removed Cost Cost
(kg/day) (YTL/kg/day) (YTL/kg/day)

1 <300 125 -890 0.18 - 0.61
2 300 - 1200 125150 0.18 - 0.45
3 1200 — 2500 140 - 150 0.30-0.45
4 2500 -3000 135 - 140 ~0.30

2.1.2. Advanced Oxidation Processes

In recent years, as a result of the changes and improvements in textile industry,

textile wastewaters have become very difficult to be treated by physico-chemical and

biological treatment methods due to not only its complex structure but also the
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diversity of dyes and chemicals used in the textile industry [8, 9, 10]. In most of the
cases, these wastewaters are discharged without complete treatment and therefore
they not only cause some negative effects on the environment but also cause

esthetical problems.

Because of the abovementioned reasons, there exist advanced oxidation processes
that can treat textile wastewaters from their toxic and refractory pollutants. These
processes are mainly Fenton oxidation (H,O,/Fe™), Fenton-like oxidation
(H,0,/Fe™), photo-Fenton processes (UV/H,0,/Fe™), ozonation, combination of
ozone with hydrogen peroxide, combination of ozone with UV, and hydrogen
peroxide with UV combinations [11]. All these processes have both advantages and
disadvantages. By means of advanced oxidation processes, in addition to COD and
BOD removals, high level of color removal from textile wastewaters can be
achieved, and this appears as an advantage of these processes over the conventional
ones [9]. On the other hand, one of the disadvantages is that they have high

investment costs [11].

In this part of the thesis, ozonation, Fenton oxidation and ozone with hydrogen
peroxide combination are discussed in terms of investment costs and operation and

maintenance costs according to the information reported in the literature.

2.1.2.1. Ozonation Costs

Ozone is a very powerful oxidant for both water and wastewater treatment [12].
After dissolving in water, ozone undergoes chemical reactions in two ways which are
direct oxidation as molecular ozone, and indirect oxidation with the formation of
secondary oxidants (e.g. hydroxyl radical). Ozone is not only used as a strong
oxidant in the color and odor removal from wastewaters, but also as a strong

disinfectant in water treatment [13].
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Ozone is produced by ozone generators. In 1998, Brian et al. [14] performed a pilot
scale study in Raleigh on technologies for removal of a highly colored industrial
waste stream. Combination of ultraviolet light and hydrogen peroxide, carbon
adsorption, ion exchange, and ozone were assessed for their efficiency in treating the
colored wastewater with an approximate flowrate of 5,000 m’/day. Equipment cost,
namely ozone generator cost, was designated as 3,000 USD per meter cubes of ozone
produced in a day. In addition, operating cost was calculated as 24 USD per each

meter cubes of treated wastewater [14].

In another survey conducted in Uludag University in 2006, Solmaz et al. [15]
examined three different treatment techniques which are coagulation, Fenton
oxidation and ozonation for a pre-treated textile industry wastewater in order to
compare their performances. Composite wastewater samples used in this survey were
collected from the discharge point of an existing wastewater treatment plant, having
11,000 m’/day of flowrate, of a textile factory in Bursa [15]. The wastewater
treatment plant has physical (coarse screening, equalization, pumping station, rotary
screening and neutralization) and biological treatment (activated sludge process)
units, and the treatment performance is appropriate for existing discharge
regulations. Initially, influent and effluent wastewater characterizations for the
wastewater considered were evaluated. While the influent COD concentration to the
wastewater treatment plant was measured as 668 mg/L, the effluent COD

concentration was 160 mg/L corresponding to a 76 % removal.

In the abovementioned study, the experiments were conducted on the samples which
were taken from the effluent of the existing wastewater treatment plant of the plant.
Optimum ozone dosage was determined as 360 mg/L with 43 % of COD removal

and 97 % of color removal [15].
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Consequently, Solmaz et al. [15] assessed the operating costs of the alternatives
taken under consideration. For instance, chemical cost was estimated to be 2.42 USD
per each kilogram of ozone. Moreover, excluding labour and sludge disposal costs,

the total operating cost was found as 4.94 USD per m’ of wastewater treated.

In a study performed by Boncz [16], wastewaters from several different types of
economical activity amongst which the tanker cleaning industry were investigated by
oxidation with ozone. The aim was to provide a strategy and the necessary data
needed for the design of an oxidation process using combinations of ozone, H,O,,
and UV irradiation. The research had been focused on the processes in which ozone
is the primary oxidants. Boncz [16] stated that high cost of the oxidant is the major
disadvantage of process. Each kilogram of ozone costed 3.5 EUR. In addition to this,
it was expected that ozonation process implemented in the textile industry had an
approximate operating cost with a range of 0.11 — 0.27 EUR per each tonne. Each
oxygen supply and energy accounted for around 37 % of this cost; whereas
depreciation and maintenance accounted for the remaining 25 %. Moreover, Boncz
[16] also stated that ozonation process could cost up to 0.55 EUR per tonne for more

heavily polluted industry effluents or landfill leachate.

Furthermore, in another study, Canizares et al. [12] described the technical and
economic feasibilities of three different advanced oxidation processes which were
conductive-diamond electrochemical oxidation, ozonation and Fenton oxidation.
They compared these by assessing the three technologies with synthetic wastewaters
polluted with different types of organic compounds and also with actual wastes

generated from olive oil mills and from a fine-chemical manufacturing plant.
Canizares et al. [12] carried out ozonation experiments by continuously feeding an

ozone/oxygen gas stream into a mixed semi-batch bubble reactor (continuous for gas

and batch for liquid). The experimental setup consisted of an ozone generator of
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Model GME-10, and a jacketed cylindrical reactor (2.5 dm’) equipped with a porous

gas distribution plate and baffles to increase the capacity for the absorption of ozone.

After the experimental study by Canizares et al [12], financial analyses of the
processes were performed. The main items of equipment required in the case of
ozonation are the reactor and the ozone generator. The prices of these items as a
function of the ozone production required (sizing parameter) are shown in Figure 2.4.
Canizares et al. [12] also stated that the figure also shows the best fit of the Williams

equation indicated over Figure 2.4.
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Figure 2.4. The price of the main equipment for ozonation treatment [12]

2.1.2.2.  Fenton Oxidation Costs
In the textile industry wastewater treatment, one of the advanced oxidation

technologies applicable is the Fenton oxidation process. Fenton’s reagent which is a

mixture of peroxide and ferrous sulfate is effective in decolorizing and reducing the

15



COD content of the wastewater that contain reactive, direct, basic, and acid or
disperse dye [17]. Some of the operational parameters that affect this process are pH,

ferric sulfate and hydrogen peroxide dosages [10].

For textile wastewaters, there are many applications of this process one of which was
investigated by Solmaz et al. [15], where it is mentioned in the ozonation costs part
of this chapter. Experiments were conducted with different FeSO4 and H,O, dosages
for the wastewaters generated in a textile mill located in Bursa in order to determine
the best COD and color removal ratios. As a result of these experiments, removal

ratios for COD and Color were evaluated as 78 % and 95 %, respectively.

According to the abovementioned study, chemical costs for FeSO4.7H,O and H,O,
were estimated at 0.35 USD per kilogram and 0.51 USD per kilogram, respectively.
Moreover, operating cost for this Fenton oxidation process was determined
approximately as 0.59 USD. However, this cost figure did not include labour and

sludge disposal costs [15].

Another study available in the literature as regards, Fenton oxidation process was
discussed in North Carolina in 1998 in the “Color Reduction and Removal” Seminar
[18]. The aim of this seminar was to increase the importance of color issue among
textile companies and increase the sharing of information concerning color reduction
technologies. It was stated in this seminar that suitable color removal could be
accomplished by more powerful oxidizing methods than the biological treatment
systems. Fenton oxidation was discussed as one of these oxidizing methods. In the
seminar operating cost range for Fenton oxidation process was stated as between

0.76 USD/m’ and 1.63 USD/m’ [18].
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Another environmental study using life cycle assessment (LCA) was carried out by
Montano et al. [19]. To reach color removal by applying different type of photo-
Fenton processes was the purpose of the study. In addition to this LCA, financial
analysis was performed for each of the Fenton process alternatives. In Table 2.4,
ferric sulfate and hydrogen peroxide costs can be seen according to the financial

analysis done in this study.

Table 2.4. Ferric sulfate and hydrogen peroxide unit costs [19]

Cost

Chemical (EUR)
FeSO4 (kg) 0.25
H,0, % 50 (kg) 0.22

In another study, Ustun et al. [20] worked on the treatment of the wastewater
generated from the Bursa Organized Industrial Zone and tested three different
processes which are Fenton oxidation, chemical coagulation, and ion exchange.
Industrial zone considered consisted of 200 factories most of which are textile mills.
Consequently, the wastewater characterization from the Zone had the same
characteristics with a typical textile wastewater. The main aim of the study was COD
and color removals from a wastewater flowrate of 48,000 m’/day having a COD in
the range of 113 mg/L to 149 mg/L. In the study, chemical coagulation and ion
exchange processes were applied after pre-treatment by Fenton oxidation process to
the wastewater. It was assessed that the optimum concentrations for FeSO, and H,O,
were determined as 20 mg/L and 70 mg/L, respectively. As a result, unit operating
cost for Fenton oxidation process was estimated to be 0.124 EUR per each m’® of

wastewater treated. In addition to this, total operating cost that included all the
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treatment processes such as coagulation, ion exchange, and Fenton oxidation was
determined as 2.54 EUR per m’ of wastewater where cost of sludge disposal was

evaluated approximately 1.20 EUR per m’ [20].

Furthermore, Philippe et al. [10] stated in another study that in South Africa, there
were many plants where Fenton processes were applied. They reported that in these
textile plants color removal is achieved by Fenton process whereas COD removal is
by activated sludge process. The average operating costs for these systems were

stated as 0.4 USD per m® which did not include the sludge disposal cost.
According to the abovementioned literature review for the Fenton oxidation process,

chemical costs and operating costs for the application of this process can be

summarized as in Table 2.5.

Table 2.5. Fenton oxidation process — Typical operating costs

Chemical Costs Operating Costs
(USD) (USD/m?)
FeSO4 (kg) 0.35-0.38
H,0, % 50 (kg) 0.33-0.51

0.40-1.63

2.1.2.3. Peroxone Process Costs

To obtain better treatment efficiency in the ozonation processes in order to increase
the formation of OH radicals, H,O, is added into the systems. In other words, the
addition of both hydrogen peroxide and ozone to wastewater accelerates the

decomposition of ozone and enhances production of the hydroxyl radical [21]. As it
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was stated previously, Solmaz et al. [15] studied ozonation process on the textile
wastewater. They also investigated the performance of the peroxone process with
respect to COD and color removal efficiencies. Different dosages of H,O, (5, 10, and
25 mg/L) were applied to the wastewater in 15 minutes of contact time. The optimum
dosage was experimented on 5 mg/L with 54 % of COD removal and 99 % of color
removal. For this system, they also evaluated the operating cost as 5.02 USD per

each m’ of treated textile wastewater [15].

In a study conducted for a solid waste disposal site located in Tunis in Tunisia by
Tizaoui et al. [22], the treatment of leachate was investigated. In the study, the
influent COD was measured as 5,230 mg/L. With the application of peroxone
process, COD and color removal ratios were found as 48 % and 94 %, respectively.
An H;0; dosage of 2,000 mg/L was experimented as the optimum dosage. In
addition, the operating cost per each kilogram of treated COD was evaluated as 2.3

USD [22].

2.1.3. Membrane Processes

The interest in the advanced treatments aimed at textile wastewater reuse has grown
sharply, especially to deal with problems of water shortages. Particularly, in some
industrial applications where water consumption is high, this wastewater reuse aspect
should be taken into account by the industrial sector. For that reason, various
treatment processes were studied and applied to investigate the possibility of textile
wastewater reuse. Within this research field, several experimental were performed
and, according to these experiences, membrane processes are the most promising

methods [23].

The main membrane filtration processes are microfiltration (MF), ultrafiltration

(UF), nanofiltration (NF), and reverse osmosis (RO). These pressure-driven
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membrane processes use the pressure difference as a driving force to transport the
solvent (usually water) through the membranes. Particles and dissolved components
are partially retained on the membrane related to their properties such as size, shape,

and charge [24].

Another application of membrane separation processes is for the separation of
biomass after biological treatment. This is the membrane bioreactor process (MBR)
which is the combination of a biological treatment (activated sludge process) and
membrane filtration processes. This technology gets a favorable ranking throughout
the industrial wastewater treatment technologies due to its performance in treated
water quality or on wastewater reuse. In addition to the high effluent quality, these
systems are much more compact systems than the conventional biological treatment

systems applying sedimentation for solids separation after biological oxidation.

In the IPPC project, MF and NF processes were applied for dyeing wastewaters and
also for the whole wastewater mixture generated from the various processes carried
out in the selected textile mill. In addition, MBR system was investigated to treat the
mixed wastewater of the mill. In this part of the thesis, a short literature review is
presented regarding the investment and operating costs for membrane processes

considered in the selected mill.

2.1.3.1. Membrane Bioreactor (MBR) Costs

The first reported application of MBR technology was in 1969, when an UF
membrane was used to separate activated sludge from the final effluent of a
biological wastewater treatment system and the sludge was recycled back into the
aeration tank [25]. Today, MBR technology is widely applied not only for municipal
wastewaters, but also for some industrial wastewaters. This technology emerged as

an effective way of treating various forms of wastewater, as it is able to transform
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even very difficult to treat wastewaters into high-quality effluent that is suitable for

reuse or for discharge into the environment.

There are many applications of MBR in textile industry one of which was performed
by Zheng et al. [26] in 2006 in China. Lab-scale MBR system was conducted to treat
the dyeing and printing wastewaters of a selected textile mill. Moreover, treatment

efficiencies and costs were determined.

The system had a flowrate of 240 m*/day. COD concentration was in the range of
128 mg/L — 321 mg/L. COD and color removal rates were experimented by Zheng et
al. [26] as 80 % and 60 %, respectively. In addition, two different membrane fluxes,
8 L/m>hr and 10 L/m>hr were applied to the system and financial analysis was

performed according to these fluxes.

In the financial analysis, membrane costs and non-membrane cost including
mechanical, electrical, civil investment costs were taken into account. On the other
hand, membrane replacement cost, labour cost, chemical, and energy costs were
assumed as the operating costs. In this analysis, non-membrane costs were
approximately assumed as the 70 % of the total investment costs. Table 2.6 shows

the investment and operating costs for the MBR system reported by Zheng et al. [26].

21



Table 2.6. MBR System Costs [26]

Membrane Flux (L/mz.hr)

8 10
Membrane Costs (USD) 18,150 14,500
Non-membrane Costs (USD) 33,850 33,850
Total Investment Costs (USD) 52,000 48,350
Operating Costs (USD/m") 0.20 0.18

In another survey, Churchouse and Wildgoose [27] stated that membrane costs were
decreased to 60 USD per each m” of membrane from 400 USD per each m” between
the years 1992 and 2004 due to three reasons. The first reason was stated as the
increase in the flux value in the design. Secondly, membrane life expectancy
increased from 2 years to nearly 8 years. The final reason was increasing competition

among membrane producing companies.
Moreover, according to this study performed by Churchouse and Wildgoose [27],

Figure 2.5 shows the operating cost change between the years 1992 and 2004 of a
MBR plant with a capacity of 2,000 m*/day.
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Figure 2.5. MBR operating cost change [27]

2.1.3.2. Membrane Filtration Costs

Membrane filtration processes are mainly used in the industrial wastewaters in order
to achieve wastewater treatment and reuse. The main industries that use membrane
filtration processes are pulp and paper industry, food industry, metal industry, and

textile industry.

For instance, in Egypt, Hafez et al. [28] performed a techno-economic study on food
industry by applying membrane separation technologies. They applied NF and RO
for a plant with 1,200 m*/day capacity. For this system, total investment cost was
evaluated as 254,000 USD whereas operating cost was 0.23 USD per m’ of

wastewater treated.

In 2005, European Union Association (EWA) [29] performed wastewater treatability
and wastewater reuse studies on textile wastewaters. NF and UF membranes were

used and evaluated in these studies. In terms of NF application for such systems,
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treatment cost was determined in the range of 0.57 EUR per m® and 0.63 EUR per
m’. However, this range was increased to the range between 0.67 EUR per m’ and

1.04 EUR per m’ in the case of UF application before NF [29].

Another NF process applied for textile wastewaters was conducted by Florio et al.
[30]. In this pilot-scale study, lifetime of mechanical equipment was assumed as 10
years whereas membrane lifetime was assumed as 3 years. For this system, operating

cost was evaluated as 0.60 EUR per m’ of wastewater.

MF was applied before NF in the study performed by Marcucci et al. [31]. The study
was applied on the biologically treated textile wastewater in order to reuse
wastewater in the production process. In the study, sand filtration, MF, and NF were
applied respectively to the wastewater with a flowrate of 1,500 m’/day. Depreciation
period was assumed as 3 years. As a result, unit operating cost for the application of

these three processes was estimated at 0.34 EUR per m3 of wastewater treated.

In a recent study by Guiziou et al. [32], the industrial use of soda cleaning-in-place
solution coupled with membrane regeneration was investigated and it has been
indicated that running and investment costs for MF, UF, and NF, systems are as
indicated in Table 2.7. As their target was to clean caustic solution to the critical
suspended solids concentration of less than 3 g/L, they reported that NF seems to be

the more appropriate operation.
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Table 2.7. Investment and running costs for MF, UF, and NF [32]

Investment Costs ~ Running Costs

(EUR) (EUR/year)
MF 71,530 9,856
UF 76,790 11,878
NF 108,380 15,754

In another survey, Gorenflo et al. [33] carried out NF application for conventionally
pretreated groundwater with elevated hardness and content of natural organic matter
in a German water treatment plant of the public works of Mainz. NF200B type of NF
membrane was used in the experiments. Cost calculations were also performed in the
scope of the study. For a wastewater capacity of 20,000 m*/day, the operating cost of
the NF plant was estimated at about 0.23 EUR per m3 of wastewater treated.

Bruggen et al. [34] performed a study on the application of NF for the removal of
pesticides, nitrate, and hardness form groundwater. In the first part of this study, the
removal of four pesticides, the removal of hardness and the removal of nitrates with
the membranes NF70, NF45, UTC-20 and UTC-60 were experimentally studied.
Then, in the second part, economic evaluations of the selected membranes were
indicated. Bruggen et al. [34] used the equations mentioned in Table 2.8 in order to

estimate the investment costs.
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Table 2.8. Investment cost formulas for membrane filtration processes [34]

Cost component Formula

Civil investments Con = BEIXFGH+LII%xR (1)

Mechanical investments Coeer, =3608X @ +908 X (2)

Membrane investments Cmemirane = ¢ OO0 X 1 3)

Additional investments 2 % ef the total investmant cost

Q: flowrate (m’/h) n: number of modules

In addition to the abovementioned investment cost equations, Bruggen et al. [34]
assumed some of the operating cost components which were maintenance costs,
quality control costs, and operation of the installation as 2 % of the total investment
costs. In addition to this, chemical costs were stated in the range between 0.020 EUR

to 0.025 EUR per m’ of filtrate.

26



CHAPTER 33

LEGISLATION BACKGROUND

3.1. Integrated Pollution Prevention and Control Directive

In the last decades, environmental problems increased substantially with the
intensification of urbanization and industrialization throughout the world. Therefore,
in order to protect the environment extensively and effectively, there arose a need for
a strategy targeting to an integrated prevention and control of pollution such as air
emissions, wastewater discharges, and solid wastes caused by industrial activities.
Within this respect, pollution prevention and control became one of the cornerstones
of the sustainable development [35]. For that reason, in the EU Member States, the
pollution generated from the industrial facilities is under management with an

integrated pollution management approach.

In the European Community’s Fifth Environmental Action Programme, adopted in
1993, it was stated that priority should be given to the integrated pollution control,
which would not only advance the resources and regenerative capacity of the nature
but also improve a more sustainable balance between human activity and socio-
economic development. As a result of this purpose, the IPPC Directive (96/61/EC)
was published in 1996, and has been implemented in all of the Member States since
October 2007 [1]. The reason why the Directive is implemented 10 years later than
the publication is to ensure that all other existing installations in the Member States

fully comply with the Directive in this transition period.

27



The IPPC Directive is based on four main principles, which are namely:

* An integrated approach,

» Best available techniques,
* Flexibility,

* Public participation.

The integrated approach means that the whole environmental performance of the
plant must be taken into account, covering such as emissions to air, water and land,
generation of waste, use of raw materials, energy efficiency, noise, prevention of

accidents, and restoration of the site upon closure [36].

At this point, the main objective of the IPPC Directive is “to prevent emissions into
air, water or soil wherever this is practicable, taking into account waste management,
and, where it is not, to minimize them in order to achieve a high level of protection
for the environment as a whole concerning an integrated approach” [1]. In order to
achieve this purpose, according to the Directive, Member States should take some

necessary precautions for the installations. These precautions are mainly;

= Application of best available techniques for prevention of pollution;

= (Causing no significant pollution;

= No waste production in accordance with Council Directive 75/442/EEC of 15
July 1975 on waste; where waste is produced, it is recovered or, where that is
technically and economically impossible, it is disposed of while avoiding or
reducing any impact on the environment;

= Efficient usage of energy;

= Prevention of accidents and limiting their consequences; and

= Definitive cessation of activities.
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If the installations comply with the abovementioned precautions, a permit is given to
the Member States by the competent authorities. Moreover, the IPPC permit is
classified into two by the Directive as permits for new installations and permits for
the existing ones. Both types of permits should include details of the integrated

environmental protection arrangements as stated in the Directive [1].

One of the most important requirements that the Directive indicates is the use of
“best available techniques” (BAT) for the integrated prevention and control of
environmental pollution. In the Directive, the BAT is defined as “the most effective
and advanced stage in the development of activities and their methods of operation
which indicate the practical suitability of particular techniques for providing in
principle the basis for emission limit values designed to prevent and, where that is
not practicable, generally to reduce emissions and the impact on the environment as a
whole”. The Directive also presents the explanation of “available techniques” as the
technically and economically implementable techniques for the relevant industrial

sector taking into account the costs and advantages [1].

The IPPC Directive also contains elements of flexibility by allowing the licensing

authorities, in determining permit conditions, to take into account:

= the technical characteristics of the installation,
* its geographical location and,

= the local environmental conditions [36].

Furthermore, public participation is another important part of the Directive. Before
the competent authorities make their final decision for submission of permits, the
public should be informed on the new installation or the existing one, and the
measures taken in these installations. Therefore the public can comment on those

issues [1].
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There are six main categories of industrial activities which are power plants,
production and processing of metals, mineral industry, chemical industry, waste
management and other activities mentioned in Section 6.2 of Annex 1 of the IPPC
Directive. For each of these activities, the IPPC Directive has Reference Documents
called as Best available Reference Documents (BREF) developed by technical
working groups providing supplementary information about the best available

techniques to be used in the relevant industrial activities.

According to the Directive and the Reference Documents, BAT corresponds to the
technologies, techniques, or organizational measures when implemented to an
industrial installation, procures with minimum environmental impact and acceptable
costs [1, 37]. In other words, before the decision of BAT, not only environmental
utilities, but also its economic benefits have to be taken into account. Therefore,
there exists a need for technical feasibility, environmental benefit, and economic

feasibility analyses in order to assess the BAT for each industrial sector.

The aforementioned BREFs act as valuable tools for providing relevant information
concerning best available techniques collected from a number of different sources.
These documents are intended to be used for the determination of BAT from the
technically implementable point of view. Moreover, since the best available
techniques change over time due to change in technology, these Reference

Documents are also reviewed and updated as appropriate [38].

As mentioned in the Article 9 (1) of the Directive, “the emission limit values and the
equivalent parameters and technical measures referred to in paragraph 3 shall be
based on the best available techniques, without prescribing the use of any technique
or specific technology, but taking into account the technical characteristics of the
installation concerned, its geographical location and the local environmental

conditions”. Briefly, the aim of BAT under the IPPC Directive is to take into account
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the likely costs and benefits of measures as well as protecting the environment as a
whole to avoid creating a new or more serious problems when solving another. For
this purpose, in addition to the technical BREFs, there is another Reference
Document called as “Reference Document on Economics and Cross-Media Effects”

published in 2006 [1, 2].

Textile industry is one of the industries included in the activities mentioned in
Section 6.2 of Annex 1 of the IPPC Directive under “other activities” category. It is
indicated in the Directive that “plants for pre-treatment (operations such as washing,
bleaching, and mercerization) or dyeing of fibres or textiles where the treatment
capacity exceeds 10 tones per day” have to take permit according to the IPPC
Directive, and they have to implement best available techniques mentioned in the
Reference Documents in order to achieve a sound integrated pollution prevention and

control.

3.1.1. Reference Document on Economics and Cross-Media Effects

3.1.1.1. General Information

The scope of this Reference Document is to provide assistance to both technical
working groups preparing BREFs and industries need permits when considering
environmental and economic contradictions that can occur during the determination
of the techniques to be implemented under the frame of IPPC Directive. For the
decision of BAT, it needs to balance environmental impacts against the costs by
setting out a clear and transparent framework described in the methodologies given
in this document. On the other hand, “where there is an obvious conclusion or where
there is broad agreement as to which alternative is the preferred option for
implementation, then there will be no need to apply the methodologies set out in this

Reference Document™ [2].
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In this document, four core principles are discussed in different chapters;

= Cross-media effects — Methodology for the determination of techniques to be
implemented under IPPC Directive offering the highest level of protection for

environment as a whole.

= Costing methodology — Methodology needs to be done for the determination
of costs of techniques to be considered as BAT, since the Directive requires

technically and economically implementable techniques.

= Evaluating the alternatives — Methodology to balance the economic costs

against the environmental benefits.

= Evaluating the economic viability — Assessment of the economic viability of

the industrial sector implementing the selected techniques [2].

Consequently, this Reference Document discusses all the requirements stated in the
scope of the IPPC Directive. Within the framework of the implementation of the
IPPC Directive, the characterization of the techniques and the possible abatement
options are able to be done with regard to environmental benefits, technical
practicability and especially economic feasibility under the guidance of this

Reference Document.

3.1.1.2.  Cross-Media Guidelines

The alternative techniques determined under the IPPC Directive should be taken into
consideration in terms of their environmental effects that need to be prevented, or

where this is impossible should be minimized in order to protect the environment as

a whole. Therefore, before the decision of the BAT, the determination of the least
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environmentally damaging options should be analyzed according to some guidelines.
For this purpose, cross-media guidelines are represented in the Reference Document
on “Economics and Cross-Media Effects”. In other words, this document gives a
methodology for the choosing the best option for the environment. Furthermore, the
methodology described in this document is a truncated version of Life Cycle
Analysis, which has been adapted so that the assessment is restricted to the frame of

IPPC [2].

Mainly, four guidelines are discussed in order for the determination of the cross-
media effects of the alternative options selected for the relevant industrial

installation. These four steps of the methodology are:

Scoping and identification of the alternative options;

* Inventory of emissions;

Calculation of the cross-media effects;

» Interpretation of the cross-media conflicts.

The methodology for the cross-media effects is summarized in Figure 3.1. It is also
stated that at any of the cross-media determination step, if there is sufficient
justification to come to a conclusion, the justification of the decision should be

stopped and set out [2].
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Guideline 1
Scope and identify the alternative options

l

Guideline 2
Inventory of emissions:
pollutant releases
raw material consumption
energy consumption
waste

!

Guideline 3
Calculate the cross-media effects:

human toxicity

global warming

aquatic toxicity
acidification

eutrophication

ozone depletion

photochemical ozone creation
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Guideline 4
Interpret the cross-media conflicts

Figure 3.1. Chart for cross-media guidelines [2]

The first stage of the cross-media methodology is the identification of the
alternatives to be considered as best available techniques according to the
requirements stated in the IPPC Directive. The most important point in this stage is
that the alternative options should sufficiently be described in order to prevent any
ambiguity that can occur. Moreover, the size and capacity of the alternative proposal

should be fixed in order to compare these options under the same basis [2].
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According to the methodology stated in the Reference Document on “Economics and
Cross-Media Effects”, the next stage is the presentation of the inventory of
consumptions and emissions. In other words, significant environmental releases and
the resources of each alternative option selected to be the best available technique
should be listed and quantified. This list should include the pollutants released from
the selected alternative options, raw materials that are consumed during the processes
including water consumption. In addition, energy used and wastes generated from the

mentioned alternatives should be stated in this stage.

The third stage of the methodology is the calculation of the cross-media effects. It is
stated that in order to assess the environmental effects for each alternative technique
under consideration, different pollutants generated from the selected alternatives

should be compared with respect to seven environmental themes. The themes are:

* Human toxicity,

* Global warming,
= Aquatic toxicity,
= Acidification,

= Eutrophication,

* Ozone depletion,

» Photochemical ozone creation potential.

Based on each abovementioned theme, the effects of alternative options need to be
taken into account. Moreover, there may be effects in one medium such as only air or
water, or more than one medium such as water and air together. During the
assessment, in order to compare the effects, an equivalent reference substance

representing the pollution level should be chosen [2].
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The final stage is the interpretation of the cross-media conflicts. According to the
results of the evaluations outlined in the cross-media methodology, comparisons of
the alternative options should be done as transparent as possible. Consequently, this
Reference Document gives a comprehensive methodology. However, it is not so
much exclusive for some of the individual cases concerned under IPPC Directive.
Since the Directive requires the consideration of some environmental issues, such as
noise, odour, vibration, and etc., there may be some additional factors that should be

taken into account in the assessment [2].

3.1.1.3.  Costing Methodology

The IPPC Directive indicates that while determining the best available technique, not
only the option that has the lowest impact on the environment as a whole is decided
as BAT, but also the most economic option should be selected. As a result of this,
there exists a need for comparison of the costs of the alternative options in addition
to the cross-media assessment. The Reference Document on “Economics and Cross-

Media Effects” sets a framework for costing methodology.

As in the cross-media methodology, the first step to be done is scoping and
identifying the alternative options considered under the IPPC Directive. After the
identification stage, the cost data for each option need to be gathered and then
validated. In order to make the assessment as transparent as possible, the cost
components should be defined like investment costs, operating and maintenance
costs, revenues, benefits and avoided costs. In addition to these cost components, for
each alternative option considered, interest rates, discount rates, the economic
lifetime of the equipment and any scrap value that equipment might have should be
presented and processed. Consequently, the calculated costs by means of guidelines
stated above should be attributed to environmental protection. The abovementioned

steps of the costing methodology are given as a flow chart in Figure 3.2 below [2].
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Guideline 5
Scope and identify the alternative options

}

Guideline 6
Gather and validate the cost data
)
Guideline 7
Define the cost components:
investment costs
operating and maintenance costs
revenues, benefits and avoided costs

|

Guideline 8
Process and present the cost information:
exchange rates
inflation
establishing prices in the base year
discount and interest rates
calculating annual costs

!

Guideline 9
Attributing costs to environmental protection
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Figure 3.2. Chart for costing methodology [2]

It is seen from Figure 3.1 and Figure 3.2 that first steps of both the cross-media
methodology and the costing methodology are the same. However, more information
such as the technical specifications of the alternative options should be included in
the Guideline 5 in addition to Guideline 1. For instance, these technical
specifications can established as the expected technical and economic lifetime of the
equipment, operational data such as energy use, maintenance, water consumption,
and use of reagents. In this step, the performances or the efficiencies of the

alternative options considered should be indicated [2].
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The aim of the second stage of the costing methodology is to gather the cost data
from different sources. These sources can be industries, technology suppliers,
authorities, consultants, research groups, published information, and etc. The data
should be stated clearly with introducing the source and year that is gathered from. In
the Reference Document, it is also stated that in order to describe the validity of the
data, quantitative ranges should be provided. If it is not possible, qualitative
indication can be used instead of quantitative ranges. Moreover, it is preferable to use

recent cost data.

Defining the cost components is another important stage in the methodology. Each
potential BAT that can be applied at a typical industrial installation is connected in
the economic assessment with a set of indicators reflecting the expected economic
costs and benefits from its introduction [39]. The Reference Document sets these
indicators as investment costs, operating and maintenance costs, benefits and
revenues, etc. Investment costs are mainly all the expenses due to civil, electrical,
and mechanical works of the BAT. In other words, expenditures for the purchase and
assembly of necessary BAT equipment are the main investment cost components.
Operating and maintenance costs, on the other hand, include the costs of annual
quantities of fuels, electricity, raw and auxiliary materials. In addition, costs of
consumables such as replacement parts necessary for BAT maintenance,
management and disposal of wastes caused by BAT, salaries of the personnel
responsible for the proper operation and maintenance of BAT are under the frame of
operating and maintenance cost aspects [2, 39]. The Reference Document states that
revenues, avoided costs and benefits should also be discussed separately from
investment expenditures or operating and maintenance costs in the costing
methodology for each potential BAT considered. Revenues may be the sales of
generated energy, heat, and treated effluent for irrigation, produced by-products by
applying the BAT, and are the residual value of equipment. On the other hand,

avoided costs are related to the recovery and reuse of materials as a result of potential

38



BAT application [39]. Furthermore, savings on energy, labour, maintenance, capital

due to more effective use of plant, and disposal costs are adopted as avoided costs

2].

According to the Reference Document, in the costing methodology, some cost
components such as taxes, and subsidies should be identified separately. Besides,
indirect costs, for instance, changes in demand in the market, knock-on effects, and

external costs should be set separately in the analysis [2].

In order to calculate the costs of the alternative options considered as BAT for an
installation, the Reference Document serves a method, namely ““scale exponent
method”. This method is used for calculating the costs of a plant to a different scale
to the original quotation. If costs of one size of a plant are known, by using this
method, the costs of another plant can be estimated. The formula and the definitions
of the components are given in Table 3.1 below. The below mentioned rough
approximation factor, e, changes with respect to the plant or equipment capacity. On
average, this value can be taken as 0.6. For larger plants, it is appropriate to accept

this value between 0.8 and 1.0.
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Table 3.1. The Scale Exponent Method [2]

Formula €, =€, E]E
OF cost of plant y
Cx cost of plant x
Definitions y  scale of plant y (size or throughput)
x  scale of plant x (size or throughput)
e rough approximation factor

After gathering the cost components and validating them, the cost information should
be processed and presented. The original cost data should be expressed in the price
level of a common year. Discount rate is the rate at which future values are
discounted to present [40]. In other words, it can be considered as the opportunity
cost of capital [41]. During the costing of the alternatives, discount and interest rates
should be clearly stated with referencing and underlying all the assumptions made.
Moreover, the cost data should be calculated and presented as annual basis.
However, the costs for the industrial pollution control systems can be assessed by
calculating the cost per unit of product and the cost per unit pollutant reduced or
avoided. As a result, the affordability of the alternatives used can be compared with
the prices of the goods produced, and the cost-effectiveness of the techniques used

can easily be analyzed [2].

The last step of the costing methodology is the attributing the costs to environmental
protection. It should be clearly stated that the purpose of the alternative options to be
implemented is either for the reduction or prevention of the environmental pollution
or for other reasons such as investment expenditure in energy conservation or waste

minimization. Therefore, the differentiation should be done between those costs that
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are offset by mentioned commercial benefits and those that can be attributed to

environmental protection [2].

3.1.1.4. Evaluation of the Alternatives

In accordance with the Reference Document on “Economics and Cross-media
Effects”, after the estimation of both the environmental effects and economic costs
for alternative techniques each of which is a potential for BAT, the comparison of
these alternatives should be done to determine which meet the BAT criteria.
Therefore, cost effectiveness of each alternative, apportionment of costs between
alternative, and balance between costs and environmental benefits should be assessed
[2]. The methodologies discussed previously are put together with the methodologies

about the evaluation of the alternative, and given in Figure 3.3.

Cost effectiveness analysis is a type of cost-benefit analysis which is more simplified
one as environmental benefits are quantified rather than valued. Cost effectiveness of
an alternative technique is defined typically as annual cost of the technique per
annual reduction of emissions due to application of that [2]. In the cost-benefit
analysis, on the other hand, the objective is to identify and monetize all the possible

impacts of the alternatives in order to determine the costs and benefits [41].

In addition to cost effectiveness analysis, while evaluating the alternatives, the
determined costs should be apportioned between pollutants. By implementing an
alternative, there may be a range of pollutants that will be reduced. Therefore,
apportioning of the costs between these pollutants will be essential. In order to do
this, IPPC Directive prefers a method of apportionment that the costs of the
alternative technique can be attributed in full to the pollution problem for which the

measure was originally intended [2].
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Figure 3.3. Chart for evaluating the alternatives [2]

The third step in the evaluation of the alternatives is the balancing costs and
environmental benefits. The Reference Document sets methodologies on how to
assess cost effectiveness. In some of the Member States, i.e. Denmark, United
Kingdom, Sweden, Belgium, and etc., reference prices are used for the decision of
the BAT. Reference prices are useful for determining whether the alternative option
invested represents value of money, or not. If this value is known with attributing to
an environmental effect, then it can be used in accordance with the processes

mentioned in Figure 3.4 below.
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Furthermore, assessment of the cost effectiveness can also be done by comparing the
costs of the alternatives against the social cost of environmental impact that is

avoided by implementing those alternatives.
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Figure 3.4. Decision making process for evaluating cost effectiveness [2]

In the first methodology, namely cross-media methodology, the alternatives are
assessed according to their environmental impacts, and all the environmental issues
are set. Secondly, costs of each alternative under consideration are estimated by
means of the guidelines given in the costing methodology. The last evaluation is

done by integrating these two guidelines, so that balance has been introduced

43



between the environmental benefits and the costs of the alternatives. In addition to
this, once the cost effectiveness of each alternative technique is determined and
ranked, it allows to make an objective justification for setting the best available

alternative.

3.1.1.5. Economic Viability in the Sector

As it is stated, the IPPC Directive concerns not only the technically applicable
alternative as BAT, but also the selected option should be economically viable for
the relevant industrial sector. Therefore, after having done cross-media analysis and
financial analysis for the alternative options that are potential of BAT, economic
viability in the sector should be assessed. For this purpose, a framework is provided

in the Reference Document mentioned as “Economic and Cross-Media Effects”.

According the Reference Document, the evaluation of the economical viability is
schematically assisted in Figure 3.5. Most important issues to be considered while

assessing the economic viability are:

* Industry structure,
=  Market structure,
= Resilience,

= Speed of implementation [2].
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Figure 3.5. Evaluation of economic viability in the sector [2]

The socio-economic characteristics of the sector and technical characteristics of the
installations in the sector can be described as industry structure. Before the
determination of the BAT, if there are any constraints for implementing considered
techniques, by understanding the industry structure, these constraints can be abated.
For this purpose, size and number of the plants in the sector to be considered,
technical characteristics of the installations, and equipment lifetimes of the plants
should be evaluated. For instance, since investment costs of equipment for the
implementation of BAT are generally high in value, it may be difficult for small
installation to handle it. In addition to this, the type of BAT will also affect the
infrastructure existing in the installation such that adopting BAT will impose

additional operating costs [2].
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Market structure is the other issue to be considered for the economic viability in the
sector. Firstly, extent of the market is involved in the market structure assessment.
There exist local, regional, and global markets for commodities. It is important to
understand the market structure, as the power that the customer has over the price of
the commodity can be determined. Price elasticity, which it used for describing how
sensitive customers can change in price, is also significant such that if the prices are
elastic, it can be difficult to pass the prices on the customer, so any increase in costs
will affect the producer. Furthermore, competition between products is another factor

that should be taken into account in the market structure [2].

Another issue is the resilience which describes the ability of the sector to absorb the
increase in costs of implementing BAT, as viability remains constant. Some financial
indicators such as liquidity, solvency, and profitability are provided for this analysis.
Liquidity is the short-term measure that describes the ability of the company to pay-
off its immediate liabilities. On the other hand, solvency is the ability of the company
to fulfill its obligations in long term. Lastly, a measure of the profit margins that a

company enjoys can be described by the term profitability [2].

The Reference Document states that the speed of implementation of the BAT is one
of the most critical issues since the IPPC Directive sets time-scale for implementing
the BAT standards. Therefore, short-term, medium-term, and long-term time scales

should be considered in order to determine the speed of implementation.
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CHAPTER 4

SELECTED MILL

The selected textile mill in this study is one of the largest companies in the World in
terms of denim production. The factory was established in 1953, in Kayseri, in the
Middle Anatolia Region of Turkey. It is an integrated establishment having yarn
production, dyeing, and finishing processes with an annual capacity of 20,000 tones
of cotton fiber, and 45 million meters of denim production. Yarns are produced from
cotton, and then undergo dyeing and sizing processes. After sizing process, weaving
process takes place in the production line. The final step is the finishing process that
serves to impart to the textile the desired end-use properties [22]. Through all these
wet processes in the mill, water is supplied from the wells with a daily consumption
of 5,000-7,000 tones per day. Water flow in the textile mill considered is as given in
Figure 4.1. Less than half of the abstracted water (2,000 — 2,800 tones per day) is
used in the production processes without any treatment. The rest (3,000 — 4,200 tones
per day) goes to softening by ion exchange process. The softened water from the ion
exchangers is diverted to the production processes. Moreover, approximately 40 % of
the softened water from ion exchangers is transferred to the reverse osmosis system
where water is deionised. Then, the deionised water is utilized in the cogeneration
plant for steam generation. Softened water for the ion exchange process is mostly

used in dyeing, sizing and finishing processes which are accepted as wet processes.

In the mill, there exists a wastewater treatment plant applying an activated sludge

process. Wastewater generated from the sizing, dyeing, and finishing processes and
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also from all the facilities in the factory are treated and then discharged into the
sewage system of the Kayseri Water and Sewage Authority (KASKI) with the

compliance of the discharge standards.

As indicated in Chapter 1, in the project entitled as “Adaptation of IPPC Directive to
a Textile Mill in Turkey”, water recovery studies for the dyeing wastewaters and
wastewater treatability studies for the wastewater generated from all of the processes
of the mill were conducted. In the proceeding section, a short summary of the studies
conducted to investigate the possible alternatives to recover water from wastewater
discharges is presented. All of these treatability studies targeting at both water
recovery and wastewater treatment are summarized in the following sections of this
chapter indicating the water quality achieved in comparison to the discharged

standard or water reuse quality criteria.
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Figure 4.1. Water flow in the selected mill (as of 2005)
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4.1. Water Recovery Studies

In water recovery studies, different alternatives were developed to treat the
wastewater generated in the dyeing unit of the selected mill, targeting at water
recovery. The reason why dyeing unit was selected for the water recovery studies is
the high wastewater flowrate. For this purpose, coagulation, membrane filtration,
ozonation, and Fenton oxidation processes were applied to the dyeing wastewaters.
These processes were investigated either as pre-treatment or treatment with the target
of water reuse. Sustainable consumption of natural resources is in accordance with

the main principles of the IPPC Directive.

In the proceeding sections, these process alternatives are discussed as regards their

performance in achieving the desired water quality.

4.1.1. Coagulation as a Pre-treatment for Dyeing Wastewaters

Coagulation process was evaluated as pre-treatment alternative for dyeing rinsing
wastewaters before the application of NF process in order to obtain reusable water.
This process was applied to the rinsing wastewaters of the most-widely used dyeing
recipes, individually and also to the mixed wastewater from the application of these
recipes. Table 4.1 presents the characteristics of the abovementioned wastewaters. As
shown, dyeing wastewater belonging to all recipes and consequently their mixture
are very high in color and COD. In the coagulation experiments run for these
wastewaters, the effluent quality presented in Table 4.2 was obtained. In these
experiments, alum (Alx(SO4);.18H,0) and ferric chloride (FeCl;.6H,0) were used as
coagulants at about 1,000 mg/L of dosages.
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Table 4.1. General characteristics for wastewaters of the most-widely used recipes

and their mixture

Parameters Recipe 1 Recipe 2 Recipe 3 Mixture
COD (mg/L)  841-1,096 1,571-1,787 348-1,178 929-1,263
Color (Pt-Co)  5,593-6,460  8,600-10,660 1,255-5,070 5,120-6,850

Table 4.2. Coagulation experiments results

Effluent COD COD Removal

Coagulant Type
(mg/L) (%)
) Alum 370-429 49-56
Recipe 1
Ferric chloride 328-362 57-61
_ Alum 1,447-1,465 18-19
Recipe 2
Ferric chloride 1,197-1,233 31-33
. Alum 198-202 42-43
Recipe 3
Ferric chloride 198-205 41-43
Alum 520-539 42-44
Mixture
Ferric chloride 465-483 48-50

As presented in Table 4.2, in coagulation experiments, it was seen that color and
COD removal were achieved at high coagulant dosages. Therefore, operating costs of
the process will be high due to chemical requirement and also the sludge problem
that can be occur as a consequence of the chemical usage. As a result, coagulation

process as pre-treatment alternative was found to be not an efficient and effective

51



method. In other words, it comes to be not a proper and economical alternative for

dyeing wastewaters.

4.1.2. Membrane Filtration for Dyeing Wastewaters

The other process applied to dyeing wastewaters in order to satisfy water recovery
was the membrane filtration processes. MF, UF, and NF processes were applied to

dyeing wastewaters prior to NF as coagulation.

In these studies, treatability and recovery of the wastewaters from the first post-
rinsing stage, composite wastewaters from all post-rinsing stages, wastewaters of the
most-widely used recipes and the wastewater generated from the mixture of these
recipes by membrane filtration processes were investigated. All these wastewaters
had different characteristics. Table 4.1 shows the characterization of the wastewaters
of the most-widely used recipes and their mixture. Moreover, COD (mg/L) and color
(Pt-Co) values for the wastewaters from the first post-rinsing stage and composite

wastewaters from all post-rinsing stages of dyeing are presented in Table 4.3.

Table 4.3. General characteristics for wastewaters from the first post-rinsing stage

and composite wastewaters from all post-rinsing stage

First Composite from all
Parameters
post-rinsing stage post-rinsing stage
COD (mg/L) 1,547-1,635 853-870
Color (Pt-Co) 4,824-4,950 2,980-3,100
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From the experiments, it was determined that MF should be chosen as pre-treatment
process before NF. NF was applied as the main treatment process. According to the
results of these sequential applications of MF and NF, COD and color removal are as
presented in Table 4.4. These removal efficiencies were achieved with an

approximate permeate flux of 40 L/m?/hr.

Table 4.4. COD and color removal from the first post-rinsing stage and composite

wastewaters from all post-rinsing stage, and the most-widely used recipes

Composite from

First
all Most-widely
post-rinsing
Parameters post-rinsing used recipes
stage
stage (%)
(Y0)
(%)
COD 92 93 95-97
Color 93 98 98-99

4.1.3. Ozonation for Dyeing Wastewaters

Wastewaters generated from the mixture of the most-widely used recipes were
subjected to ozonation process. As in the previous studies, wastewater
characterization experiments were initially performed. The results of these

characterization studies are given in Table 4.5.
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Table 4.5. General characteristics for wastewaters subjected to ozonation process

Parameters Wastewater
COD (mg/L) 4,560-6,120
Color (Pt-Co) 715-942

During the ozonation tests, optimum ozone dosage and contact time needed for the
maximum removals of COD and color were determined. At the end, it was
determined that in order to reduce each gram of COD, ozone requirement is 1.67
grams. This dose was the optimum dose that provides the best removal of COD and
color. In Table 4.6, the COD and color removals achieved as a result of the ozonation
process are presented. Although COD and color removals achieved were proper
enough, conductivity of the treated wastewater remained constant at a value of 7,000
uS/cm, which is not satisfactory for reuse. Therefore, ozonation was found to be not

a suitable alternative for water recovery from dyeing wastewaters.

Table 4.6. COD and color removal from wastewaters subjected to ozonation process

Removal Ratios Effluent Quality
Parameters
(Yo0)
COD 60 1,824-2,448 (mg/L)
Color 95 35.8-47.1 (Pt-Co)
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4.1.4. Fenton Oxidation for Dyeing Wastewaters

Fenton oxidation process was the last treatment alternative applied to the dyeing
wastewaters in order to satisfy water recovery. Ferric sulfate and hydrogen peroxide
were dosed to the samples in different ranges of concentrations. Wastewater

characteristics of the samples used in these experiments are illustrated in Table 4.7.

Table 4.7. General characteristics for wastewaters subjected to Fenton oxidation

process
Parameters Wastewater
COD (mg/L) 2,453
Color (Pt-Co) 15,670

Fenton oxidation process provided a partially effective treatment and, COD and color
removals of 87 % and 98 %, respectively, were achieved. However, the
corresponding effluent quality was not satisfactory in meeting the wastewater reuse
standards (Appendix A). In addition to this, the usage of ferric sulfate caused high
amount of sludge production due to precipitation. Moreover, it was investigated that
COD and color removal ratios would change due to the change in the wastewater
characterization. Therefore, Fenton oxidation process found technically unacceptable

for dyeing wastewaters for the purpose of water recovery.
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4.2. Prioritization of Applicable Water Recovery Alternatives

The abovementioned water recovery studies are summarized in the Table 4.8 as
regards their COD and color removal efficiencies and also water recovery

performance, sludge generation and clogging problem if there exists.

Table 4.8. Summary for water recovery studies

Fenton
Criteria Coagulation MF + NF Ozonation
oxidation
COD At high coagulant _
95 % 60 % Not flexible
removal dosage
Color At high coagulant
98 % 95 % 98 %
removal dosage
Water
None 70 % None None
recovery
Sludge ‘ _
High Low Low High
problem
Clogging
None High None None
problem

As stated in Table 4.8, the highest COD removal was achieved by the application of
membrane filtration processes. On the other side, all of the alternatives had color
removals at high percentages. However, water recovery was satisfied only through
the membrane filtration process. Moreover, in coagulation and Fenton oxidation

processes, there exists sludge problem due to chemical usage. The other problem
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occurred was the clogging problem which is the main problem in membrane

filtration processes.

The alternatives were evaluated with respect to the five screening criteria. The
following screening approach has been used to select the water recovery alternative
to be further assessed during the cost-benefit analysis. In this screening evaluation,
each of the screening criteria was weighted depending on its assessed importance.
For instance, since COD and color removal have the prior importance for the
meeting the emission limits, they have the highest weights, namely 40 and 30,
respectively. Water recovery which is the main purpose of these studies followed the
COD and color removals with a weight of 20. Finally, clogging problem and sludge
problem had been given a weight of 5, since they have the least importance.
Moreover, each of the defined recovery alternatives was given a score between 1 and
5 depending on the assessment of the technology. In this assessment, score 5 was
given to the highest and score 1 was given to the least. Then, the weights and scores
have been multiplied and added in order to calculate the total score and select the
most applicable alternatives. Screening of the water recovery alternatives is given in

Table 4.9.
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Table 4.9. Prioritization of water recovery alternatives — Estimated scores

MF + Fenton
Criteria Weight Coagulation Ozonation
oxidation
COD
40 1 5 3 2
removal
Color
30 1 5 5 5
removal
Water
20 0 5 0 0
recovery
No
sludge 5 0 5 5 0
problem
No
clogging 5 5 1 5 5
problem
TOTAL
(weight x 100 0.95 4.80 3.20 2.55
score)

As presented in Table 4.9, as a result of the prioritization study or scoring, membrane
filtration which is composed of MF plus NF and ozonation processes appeared to be
the most applicable alternative technologies pertinent for water recovery from dyeing
effluents. These two alternatives should be assessed further in the cost-benefit

analysis for the selection of BAT.
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4.3. Wastewater Treatability Studies

In the project, wastewater treatability studies were conducted for the wastewaters
coming from all the units of the textile mill. In these studies, eight different treatment
options were considered in both lab-scale and pilot-scale. These treatment

alternatives are;

» Biological Treatment followed by MF and NF

* Membrane Bioreactor

» (Ozonation

» (Ozonation with Hydrogen Peroxide

» Biological Treatment followed by Ozonation

* Fenton Oxidation

* Biological Treatment followed by Fenton Oxidation

* Biological Treatment followed by Fenton Oxidation and then MF.

In this part of this thesis, outputs of the abovementioned processes are described one

by one.

4.3.1. Biological Treatment Followed by MF and NF for Mixed Wastewaters

As it was mentioned before, the factory has its own wastewater treatment plant
consisting of an activated sludge system in order to treat the mixed wastewaters from
all processes. The treatment plant had been designed with a capacity of 3,600 m*/day
of flowrate. The design criteria of this wastewater treatment plant are given in

Appendix B.

Treated effluent from the activated sludge unit is discharged into the sewerage

system of the Kayseri Water and Sewage Authority (KASKI) according to the
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discharge standards (Table 4.10). The selected textile mill satisfies the discharge

standards. These standards are given in Table 4.10.

Table 4.10. Discharge standards of KASKI

Parameters Design Criteria

COD (mg/L) 800

BOD (mg/L) 250

TSS (mg/L) 350
Total nitrogen (mg/L) 40
Total phosphorus (mg/L) 10

Oil and grease (mg/L) 100
Sulphide (mg/L) 2
Phenol (mg/L) 10

pH 6-10

As can be seen from the Table 4.10, color is not a parameter that is taken into
account during discharges. However, it is the one of the most important parameters
in the water reuse standards (Appendix A). Therefore, NF was applied to the
wastewater generated in the textile mill considered with a pre-treatment of MF in
lab-scale. Wastewater taken from the entrance of the wastewater treatment was

initially characterized. The characteristics are presented in Table 4.11.
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Table 4.11. General characteristics for wastewaters subjected to biological treatment

followed by MF and NF
Parameters Wastewater
COD (mg/L) 2,580-2,780
Color (Pt-Co) 2,605-2,855

It was investigated from this study that biological treatment followed by membrane
filtration processes can meet the reuse criteria. According to the aforementioned
study, COD and color removal were achieved as approximately 90 % and 100 %,
respectively with a flux value of 37 L/m*/hr. Consequently, reuse potential for such

treated wastewaters is very high.

4.3.2. Membrane Bioreactor for Mixed Wastewaters

In this project entitled as “Adaptation of IPPC Directive to a Textile Mill in Turkey”,
the performance of a pilot-scale MBR system for the treatment of the mixed
wastewater from the wet processes (dyeing, finishing, and sizing) of the mill was
investigated [42] The MBR system, containing a submerged hollow fibre membrane
module in the aeration tank, was operated aerobically for about three months on-site
at a continuous mode. The system was operated with a typical permeate flux of 15

L/m’/hr.
During the entire MBR operation, the characteristics of influent wastewater was

quite variable due to the variations in the textile production program and break offs

during weekends for cleanings, etc. [42] (Table 4.12).
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Table 4.12. General characteristics of the influent wastewater to the pilot-scale MBR

system
Parameters Wastewater
COD (mg/L) 1,411
Color (Pt-Co) 2,447
BOD (mg/L) 455

As presented in Table 4.12, despite the high and variable BOD and COD
concentrations in the influent, very high organic removals were obtained (Table
4.13). Moreover, MBR system has provided very high color removals. Throughout
the entire operation, the average effluent color level was 53 Pt-Co which is well

above the level achievable by activated sludge process.

Table 4.13. The performance of the MBR system

Removal Ratios Permeate Quality
Parameters
(%)
COD 97 37 (mg/L)
Color 98 53 (Pt-Co)
BOD 97 15 (mg/L)
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4.3.3. Ozonation for Mixed Wastewater

Ozonation process was applied to the textile wastewaters in three different ways.
Firstly, ozonation was considered as pre-treatment technique before activated sludge
process and practiced for the mixed wastewater or for the wastewater generated from
all of the stages of the textile mill. Secondly, hydrogen peroxide assisted ozonation
process namely peroxone process was evaluated experimentally before the activated
sludge system again. The purpose of these two applications was to increase the
biodegradability of the mixed wastewater before activated sludge system and or to
decrease toxicity. The final alternative was the post-ozonation alternative where

ozonation was experimented after the biological treatment.

First series of ozonation and peroxone experiments were applied to the wastewater
samples having the same characteristics in order to be able to assess the benefit of
additional hydrogen peroxide application. The characteristics of the wastewater used

in these experiments are presented in Table 4.14.

Table 4.14. General characteristics for the wastewaters subjected to ozonation and

peroxone tests

Parameters Wastewater
COD (mg/L) 2,680-2,840
Color (Pt-Co) 3,920-4,200

Optimum ozone dosage was evaluated as 2.33 grams per each gram of COD
removed. On the other hand, optimum hydrogen peroxide dosage was determined as

1,500 mg/L. However, during the experiments, no significant effect of hydrogen
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peroxide was investigated. Average removal percentages were presented in the
following table. Due to high conductivity values of the effluent, the reuse of

wastewater was not expected.

Table 4.15. COD and color removal from wastewaters subjected to ozonation and

peroxonc processes

Removal Ratios Effluent Quality

Parameters
(%)
COD 47 1,420-1,505 (mg/L)
Color 86 549-588 (Pt-Co)

When ozonation was applied to the mixed wastewater with the composition indicated
in Table 4.16 as post treatment after activated sludge system, the effluent quality
presented in Table 4.17 was attained. In these experiments, the optimum ozone
dosage was evaluated as 0.44 grams of ozone per each gram of COD removed from
the wastewater with a COD and color removal efficiencies of approximately 50 %

and 98 %, respectively.

Table 4.16. General characteristics for wastewaters subjected to post-ozonation

Parameters Wastewater
COD (mg/L) 743-865
Color (Pt-Co) 3,300-4,100
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Table 4.17. COD and color removal from wastewaters subjected to post ozonation

Removal Ratios Effluent Quality

Parameters
(%)
COD 50 372-433 (mg/L)
Color 98 66-82 (Pt-Co)

4.3.4. Fenton Oxidation for Mixed Wastewater

In this part of the wastewater treatability studies, Fenton oxidation processes were
experimented in lab-scale. Similar to the ozonation processes, there were three
different treatment alternatives of Fenton oxidation processes applied. These were
Fenton oxidation for the wastewaters of the textile mill considered, Fenton oxidation
after the activated sludge system, and Fenton oxidation followed by MF after
activated sludge system. In all of these experiments, Fenton oxidation processes were

found impractical due to high amount of sludge generated from the system.

4.4. Prioritization of Applicable Wastewater Treatability

Alternatives

In this part of the thesis, the abovementioned wastewater treatability alternatives are

summarized in the Table 4.18.
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Table 4.18. Summary for wastewater treatability alternatives

AS AS AS + AS + Fenton
Ozonation Ozonation + Fenton
Criteria + MF MBR + Fenton oxidation +
+ AS H,0, + AS oxidation
+ NF Ozonation oxidation MF
COD
90 % 97 % 47 % 47 % 50 %
removal
Color
100 % 98 % 86 % 86 % 98 %
removal
Water Not applicable due to high sludge
High High None None None )
recovery production
Sludge
Low Low Low Low Low
problem
Clogging
Medium Medium None None None

problem




The same screening methodology was not performed for the wastewater treatability
alternatives since similar results were found for each of the alternatives excluding
Fenton processes. Therefore, the first five alternatives were assessed in the cost-

benefit analysis.
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CHAPTER §

COST AND BENEFIT ANALYSIS

In this chapter, under the framework of the Reference Document on “Economics and
Cross-Media Effects”, both water recovery alternatives and wastewater treatability
alternatives are analyzed in terms of their environmental performances or cross-

media effects and financial values.

As water recovery alternatives, NF with MF pretreatment and ozonation processes
will be evaluated since these options are selected as the technically applicable ones.
On the other hand, as for the treatment of the mixed wastewater; activated sludge
process, MBR technology, ozonation and peroxone processes ozonation after
activated sludge process, and finally MF + NF after activated sludge process will be

evaluated.

5.1. Assumptions

Textile wastewater is one of the industrial wastewaters that are very difficult to treat
satisfactorily, due to various raw chemicals (such as dyestuffs, auxiliaries and
inorganic salts) employed in textile manufacturing. These wastewaters are generally
with intense color, high concentration of organic compounds, the large variations in
composition [43]. As it was mentioned in the previous chapter, wastewater from the
mill at which the present study was conducted was highly variable in composition in

agreement with the expected characteristics.
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As it is mentioned in Chapter 3, according to the BREF, in order to compare the
alternatives under the same basis, sizes and capacities of the selected alternatives
should be fixed [2]. For this purpose, wastewater characterizations for dyeing
wastewaters, wastewaters before and after the activated sludge system are assumed
as it is stated in the Table 5.1. The assumptions are made according to the average

COD and color levels determined in the previous phases of the Project.

Table 5.1. General characteristics of the wastewaters used during the cost-benefit

analysis
Wastewaters Wastewaters
Dyeing
Parameters before Activated after Activated
Wastewaters

Sludge System Sludge System
COD (mg/L) 1,200 1,800 800
Color (Pt-Co) 5,000 3,800 2,100

Another major assumption is made for the water recovery percentage. In the Project,
one of the tasks undertaken was the determination of the wastewater distribution
among the various process streams. Waste streams’ flowrates were evaluated before
and after the in-plant control activities which were the water recovery from dyeing
wastewaters and caustic recovery from finishing wastewaters. The evaluated
wastewater distributions are given in Table 5.2 [44]. While determining the

following distributions, it was assumed that water recovery was achieved.
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Table 5.2. Wastewater distribution among the process streams

Before After
Process stream in-plant control  in-plant control
(“o) (%o)
Dyeing wastewaters 35 24
Finishing wastewaters 45 31
Other wastewaters 20 45

According to the abovementioned wastewater distributions before and after the in-
plant control studies, if it is assumed that the percentage of the other wastewaters
such as sizing wastewaters was not changed, then it can be calculated that the water
recovery from dyeing wastewater is approximately 70 %. For this reason, during the
cost-benefit analysis for water recovery studies and wastewater treatability studies,
water reuse percentage was taken as 70 %. In other words, in all the treatment
alternatives by which water reuse is satisfied, permeate was assumed as 70 % of the

influent wastewater, whereas retentate was about 30 % of the influent.
In this project, all the alternatives were performed in lab-scale or pilot scale.

Therefore, in the costing analysis, the values such as flux values, optimum dosages

found in the experiments will be used as they can be applied in full-scale.

5.2. Analysis of Water Recovery Studies

The first alternative is NF with a MF pre-treatment, and the second one is one of the
advanced oxidation processes, namely ozonation. In this part of this thesis study,

these alternatives will be compared with respect to their environmental effects and
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costs under the guidance of the Reference Document. In the analysis, dyeing

wastewater flowrate was taken as 1,140 m*/day (Figure 4.1).

5.2.1. Environmental Effect Analysis

5.2.1.1. Identification of the Alternatives

According to the Reference Document, the initial step of the analysis is the cross-
media effect determination. Cross-media effect guidelines given in the previous
chapter were adopted for each of the alternatives considered. The first stage of the
cross-media methodology is the identification of the alternatives. The alternatives
and their performances are given in Table 5.3.along with assumptions made. Influent
COD concentration and influent color concentration was assumed as the average

values gathered from the experimental studies.

Table 5.3. Identification of the water recovery alternatives

Influent  Influent COD Color Water
Alternative
COD Color Removal Removal Recovery
Options
(mg/L) (Pt-Co) (“o) (%) (%)
MF + NF 1,200 5,000 95 98 70
Ozonation 1,200 5,000 60 95 -
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5.2.1.2. Inventory of Consumptions and Emissions

The presentation of the inventory of consumptions and emissions is the next step. For
this purpose, energy consumption of each alternative was determined at first. These
determinations were made based on the literature values. The specific energy

consumption values of the alternative are presented in Table 5.4.

Table 5.4. Energy consumptions of the water recovery alternatives [45]

Energy
Specific energy
Alternatives Consumption
consumption
(kWh)
MF (kWh/m") 0.40
NF (kWh/m’) 5.30
Membrane Filtration Total 5.70 6,498
. 13.20-19.80 37,650
Ozonation (kWh/kg ozone) .
(16.5)

Specific energy consumption considered in estimations

By using the specific energy consumption figures, electricity to be used for the
alternatives were estimated. As can be depicted from Table 5.4, estimated energy
consumption figures are 6,498 kWh per day for membrane filtration (MF+NF) and
37,650 kWh per day for ozonation based on an average specific energy consumption
of 16.5 kWh/kg ozone. The difference between the energy consumptions is nearly six
times. This is primarily due to the high energy need for ozone generation. On the
other hand, membrane filtration operations need energy only for their pumping

equipments.
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The Reference Document also requires the assessment of the environmental impacts
of energy generation. In order to evaluate these impacts, in Annex 8 of the Reference
Document, multiplication factors that have been derived for the emissions of SO,
CO,, and NO; and also for the consumption of oil, gas, and coal per GJ of electricity
generation are given. According to the document, for the Europe, the average fuel

use and emissions released to generate 1 GJ of electricity are as listed in Table 5.5.

Table 5.5. Average fuel use and emissions released to create 1 GJ of electricity [2]

Type Unit Value
Primary energy Gl 2.57
Oil kg 9.01
Fuel Gas m’ 6.92
Coal kg 15.7
Brown coal kg 34.6
SO, kg 0.10
Emissions CO; kg 117
NO; kg 0.16

By using the abovementioned multiplication factors, emissions of SO,, CO; and NO;
from the alternatives considered for water recovery were calculated and the results
given in the Table 5.6 were obtained. As can be seen from the table, estimated mass
generations of SO, and NO, were negligible as compared to the mass generation of
CO,. Therefore, only the estimated mass of CO, emission was considered as the
mass of pollutant released to the air (Table 5.7). Since the energy used in the

ozonation process was higher than the energy used in membrane filtration processes,
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indirect emissions due to the application of ozonation were found to be higher than
the ones for the other processes. (In these calculations, 1 GJ was taken as 277.78

kWh).

Table 5.6. Calculated emission values released from the alternative options

Alternative options Type Unit Value
SO, kg/day 2.34

MF + NF CO, kg/day 2,737
NO, kg/day 3.74

SO, kg/day 13.54

Ozonation CO, kg/day 15,846

NO, kg/day 21.67

Table 5.7. Mass of pollutants released to air

Mass of pollutant
Alternative Options

(kg/day)
MF + NF 2,737
Ozonation 15,846

Additionally, the effluents from membrane filtration process are planned to be reused
in the dyeing stage in the textile mill. In addition to this, the rejected stream which
appeared as 30 % of the effluent from the membrane filtration process would be

treated in the existing wastewater treatment plant of the textile mill considered.
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Therefore, mass of pollutants released to aquatic environment from membrane
filtration alternative would not be directly from the membrane filtration processes, it
would be released due to the treatment of the rejected stream in the activated sludge
process. With a flowrate of 1,140 m*/day and COD of 1,200 mg/L, the mass of the
pollutant in the rejected stream was calculated as 68 kg per day after 95 % COD
removal by membrane filtration. On the other hand, ozonation effluents are also
thought to be discharged to the existing activated sludge system of the textile mill.
Therefore, similar to the membrane filtration system, mass of pollutants released to
aquatic environment due to the ozonation process would be originating from the
pollutants in the ozonated effluent going into activated sludge process. Ozonated
effluent having a flowrate of 1,140 m’/day was with a COD load of 547 kg/day after

60 % removal during ozonation.

In the Reference Document, it is stated that water consumptions and waste
productions of each alternative should be evaluated. In this part of the thesis, both
alternatives do not consume raw water. During membrane filtration processes, the

need of water for back-washing operation can be supplied from water recovered.

In the Reference Document, for the inventory of wastes generated from each of the

alternative option under consideration, waste classification given below is suggested;

= [Inert wastes,
= Non-hazardous wastes,

=  Hazardous wastes.

Thus, for each alternative, possible generation of all these waste types was
considered. It was assumed that both of the recovery options will produce neither
inert wastes nor non-hazardous wastes. In addition, the effluents of each of the

alternatives were not thought as inert wastes or non-hazardous waste since they
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would be treated further in the existing wastewater treatment plant. However,
sludges produced from these options were considered as hazardous waste. The
calculated sludge amount which would reflect hazardous waste in the cross-media
effect analysis is given in Table 5.8. These quantities were estimated based on the
values given in Table 5.3 for 1,140 m’/day of wastewater flowrate with assuming

yield coefficient as 0.5.

Table 5.8. Hazardous waste generation for the water recovery alternatives

Hazardous Waste

Alternative Options
(kg/day)
MF + NF 650
Ozonation 410

5.2.1.3. Cross-Media Effects of the Alternatives

The next step after the establishment of inventory of the emissions is the calculation
of the cross-media effects of each alternative under consideration. Six environmental

themes were assessed for the alternatives. These are;

* Human toxicity
* Global warming
* Aquatic toxicity
= Eutrophication
* Ozone depletion

* Photochemical ozone creation potential
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Alternatives considered for the water recovery studies in the selected mill have no
direct cause on the abovementioned environmental themes. However, due to indirect
effects of emissions released from the energy consumptions, cross-media effects
were assessed for both of the recovery alternatives. Appendix C includes a sample
working sheet developed by using Microsoft Excel 2007 for cross-media effect

assessments (Figure C.2).

Human toxicity is one of the indicators for comparing the alternative options in terms
of their environmental impacts. In order to evaluate human toxicity potential, mass of
toxicity causing pollutant released to air was divided to the toxicity factor of the
pollutant. Toxicity factors have been given in Annex 1 of the Reference Document
on “Economics and Cross-Media Effects”. Toxicity factors listed are only used for
estimating the general toxicity effects. Moreover, they are derived from German

occupational exposure limits, divided by the respective figure for lead [2].

Using the toxicity factors, human toxicity potentials are estimated as kilogram of
lead equivalent. The suggested toxicity factors for SO, and NO, are 13 and 95,
respectively. By dividing the calculated emission values for given in Table 5.6 into
these toxicity potentials, the human toxicity potentials for the water recovery

alternatives were evaluated and the values are given in the Table 5.9 below.

Table 5.9. Human toxicity potentials of the water recovery alternatives

Human Toxicity
Alternative Options

(kg lead equivalents)
MF + NF 0.22
Ozonation 1.27
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The second environmental theme is the global warming which is the gradual increase
in the average measured temperature of Earth due to the greenhouse gases such as
carbon dioxide (CO,). In other words, Sun’s energy is trapped in the atmosphere
because of the increasing quantity of the greenhouse gases [2]. Therefore, it is also

important to predict the global warming potentials of the alternatives.

The same as the toxicity potentials for each of the emissions, global warming
potentials for each of the emissions are indicated in the Annex 2 to the Reference
Document. These potentials are published by IPCC (Intergovernmental Panel on
Climate Change). Total global warming potentials of the alternatives considered
were evaluated by the summation of the global warming potential of each

greenhouse gas released.

For the evaluation of the water recovery alternatives, CO, is considered to be the
only greenhouse gas to be released due to energy usage for the alternatives.
According to the Reference Document, global warming potential of CO; is stated as
1. The masses of CO, emissions those were determined in the inventory study in
Table 5.6 were multiplied by 1 and illustrated as the global warming potential for
each alternative option. The units of these values were expressed as kilograms of
CO; equivalent. Table 5.10 shows the indirect global warming potentials of the water

recovery alternatives evaluated accordingly.
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Table 5.10. Global warming potentials of the water recovery alternatives

Global warming
Alternative Options

(kg CO; equivalents)
MF + NF 2,737
Ozonation 15,846

According to the Reference Document, the third environmental theme that should be
considered for the alternatives is the aquatic toxicity. As indicated before, since there
should be no effluent discharge to the aquatic environment from water recovery
alternative, aquatic toxicity would not be a consideration. For that reason, in the

cross-media effect determination, aquatic toxicity was not estimated.

Acidification is the next environmental theme that needs to be taken into account in
the cross-media effect determination. Sulfur dioxide (SO,), ammonia (NH4) and
oxides of nitrogen (NOx) are the most significant acidifying gases. The impacts of
these gases in terms of acidification include damage to forests, lakes, and
ecosystems, deterioration of fish populations and erosion of buildings and historical
monuments. Therefore, it is a significant indicator for the purpose of comparing the
alternative options. The calculation of the acidification potential is the same as the
calculation of the global warming potential. Acidification potentials for each
pollutant are given in Annex 4 of the Reference Document in sulfur dioxide
equivalents. Considering Annex 4, acidification potential of SO, is 1 whereas it is 0.5
for NO,. According to the emissions values of SO, and NO; illustrated in Table 5.6,
the calculated emission values of both were multiplied with the acidification
potentials and summed up in order to find the total acidification potential. Table 5.11
indicates the acidification potentials of the water recovery alternatives under

consideration.
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Table 5.11. Acidification potentials of the water recovery alternatives

Acidification
Alternative Options
(kg SO; equivalents)
MF + NF 4.21
Ozonation 24.38

Eutrophication and ozone depletion are the two other important issues that need to be
taken under consideration while assessing the cross-media effects. Eutrophication is
the undesired increases in biomass production in aquatic or terrestrial ecosystems
caused by high nutrient inputs which results in algal formations and subsequent
oxygen-consuming degradation processes causing the death of the aquatic
environment (Eutrophication). In this thesis, eutrophication can be neglected from
the cross-media effect assessment, since both of the water recovery alternative
processes, namely membrane filtration processes and ozonation, do not release

pollutants to the aquatic environment.

Another environmental theme that cannot be determined is the ozone depletion.
Some substances emitted by human activities lead to the breakdown of stratospheric
ozone. This in turn causes a larger fraction of the sun’s UV-B radiation to reach the
earth’s surface than in their absence. Moreover, this can have harmful effects on
human health, animal health, terrestrial and aquatic ecosystems, biochemical cycles,
as well as on materials [46]. In this study, the emissions released due to the energy

consumptions of the proposals have no potential of ozone depletion.
The final cross-media effect is the photochemical ozone creation potential. It can be

defined as the formation of reactive substances (mainly ozone), which are harmful to

human health and ecosystems, and which may damage crops. Precursors of photo-
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oxidants are mainly VOCs, CO, SO, and NOx [46]. The structure and reactivity of
these photo-oxidants affect their ozone creation potential. For that reason, UNECE
‘Protocol to Abate Acidification, eutrophication, and Ground Level Ozone’
convention proposed the concept of using photochemical ozone creation potential
[2]. In this thesis, photochemical ozone creation potential was determined for SO,
and NO, emissions released from the energy consumptions of the water recovery
alternatives. In Annex 7 of the Reference Document, photochemical ozone creation
potentials of these individual pollutants are stated as 0.048 for SO, and 3.8 for NO..
In order to evaluate the total photochemical ozone creation potential, these factors
were multiplied by the mass of the pollutants and the summation of the results of the
multiplication gave the total potential expressed as kilogram of ethylene equivalent.

Table 5.12 below shows these results.
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Table 5.12. Photochemical ozone creation potentials of the water recovery

alternatives
Photochemical
Alternative Options ozone creation

(kg ethylene equivalents)

MF + NF 14.34
Ozonation &3.00

All the cross-media effects were assessed under the framework of the Reference
Document for each of the alternative options under consideration in order to compare
them. It can be concluded from the results of the assessment that membrane filtration
processes have fewer effects on the environment than ozonation processes (Table
5.13). Therefore, membrane filtration process namely NF after the application of MF
can be accepted as the least environmentally damaging option for water recovery
from dyeing wastewaters in textile industry. All the calculated cross-media effects

are given in Table 5.13.
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Table 5.13. Cross-media effects of the water recovery alternatives

Human Global Ozone Photochemical
Acidification Eutrophication
Alternative Toxicity warming 3 Depletion  ozone creation
(kg SO, (kg POy
Options (kg lead (kg CO, (kg CFC (kg ethylene
equivalents) equivalents)
equivalents) equivalents) equivalent) equivalents)
MF + NF 0.22 2,737 4.21 - - 14.34
Ozonation 1.27 15,846 24.38 - - 83.00




5.2.2. Financial Analysis

After the assessment of the environmental performances of the alternatives, these
alternatives were evaluated in terms of economic considerations. Each step of the
costing methodology stated in the Reference Document was applied to the
alternatives under consideration for water recovery. In this part of the thesis, firstly
cost components such as investment costs and operating costs of the processes are
discussed. Then, the calculated cost figures are introduced. Furthermore, in this
thesis, cost data for the alternative options was derived from published information
such as reports, journals, websites, and conference proceedings. Firstly, investment
costs and operating costs were determined for each of the alternatives. According to
the cost information gathered, in order to manipulate them some financial concepts
were evaluated. A sample working sheet, developed by using Microsoft Excel 2007,

for financial analysis in water recovery studies is given in Appendix C (Figure C.3).

5.2.2.1. Investment Costs

Part I. Membrane Filtration Processes

As it is mentioned, the application of membrane processes to textile wastewater
treatment and reuse has been proved effective from a technical point of view in
addition to their environmental performances. However, these processes have high

investment and operating costs compared to conventional systems.

The investment costs for NF application were estimated by using the formulas stated
in Table 2.8. They can be classified as civil investments, mechanical investments,
membrane investments, and additional investments. Civil investment includes

buildings where the installation is housed. In addition, depreciation period for these
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investments is assumed as 30 years. On the other hand, mechanical investments are

composed of costs of pumps, and piping with a depreciation period of 15 years.

The other important investment cost component is the membrane costs. The
membrane lifetime was estimated at 5 years. In the lab-scale experiments, NF 270
module which has nominal active surface area of 37 m” was used in order to recover
water from the system [47]. Moreover, the estimated unit cost of this membrane
module is 780 EUR, which costs about 1,225 USD with an exchange rate of 1.57
EUR/USD [48]. Beside these, NF was applied to the dyeing textile wastewaters with
a flux of approximately 40 L/m’-hr in lab-scale experiments. For that reason, for the
full-scale implementation of NF, the flux value was assumed as the same. As a result,
the required total membrane area was determined as 1,187.5 m”. Hence, the system

needs approximately 32 modules of NF membrane.
According to the Table 2.8, Q (m3/hr) is the feed flow; n is the number of membrane

modules. The calculated investment costs for NF application are given in the Table

5.14 in EUR. The exchange rate is 1.57 EUR/USD in these calculations.

Table 5.14. Investment costs for NF process

Components Investment Costs
Civil investments 80,710
Mechanical investments 125,183
Membrane investments 39,303
Additional investments 49,039
TOTAL (EUR) 294,235
TOTAL (USD) 461,949
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As it is mentioned, the flow rate of the dyeing wastewaters for these cost analysis
was estimated at 1,140 m’ per day. Therefore, the unit investment cost for NF

application can be calculated as 405 USD per each m® of wastewater recovered.

According to the literature survey, the unit investment cost for the application of MF
before NF is estimated at 150 USD per m’ of wastewater treated. For the
determination of the MF investment costs, this value was used. It was assumed that
since MF and NF processes need to be applied sequentially, civil investment for the
MF process was neglected. As a result, the investment need for performing MF
before NF process for dyeing wastewater with a flowrate of 1,140 m’ per day was
evaluated as 171,000 USD. Consequently, the total investment cost for membrane

filtration alternative was estimated at 632,949 USD.

Part II. Ozonation Process

In the case of ozonation application, the main items of equipment required are the
reactor and the ozone generator. The investment need for such a system can be
calculated from the formula stated in Figure 2.4 which is a function of ozone

production required for treatment [12].

Price = 1,719.5 = g*08143 4
where;
q : Ozone requirement per hour,

Price : Price of the ozonation process equipment cost in EUR.
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In the lab-scale experiments, with an average COD value of 1,200 mg/L and 95 % of
COD removal where the flowrate was 1,140 m3/day, it was calculated that COD
removed was 54,150 gr/h. In addition to this, it was also observed that for each gram
of COD removal, ozone requirement of the system would be 1.67 grams in the water
recovery studies conducted for dyeing wastewaters. Therefore, the hourly ozone
requirement was calculated as 90,431 gr/h. By using the equation given above, the

price of the ozonation system equipment was evaluated as 1,905,752 EUR.

In this thesis, the civil investments for such an ozonation system was assumed to be
the same as the civil investments calculated in membrane filtration processes, since
the flowrate and the initial COD values were the same. As a result, civil investment
need was assumed as 80,710 EUR. Then, the total investment cost for ozonation
system for dyeing wastewaters was estimated at 1,986,462 EUR which corresponds

to 3,118,746 USD with and exchange rate of 1.57 EUR/USD.

Consequently, the comparison between the investment costs of the two alternatives,
namely membrane filtration processes and ozonation process is as presented in Table
5.15. As it can be concluded from the results that investment need for membrane

filtration processes are nearly five times less than the need for the ozonation process.

Table 5.15. Investment costs of the water recovery alternatives

Investment Costs

Alternative Options
(USD)
MF + NF 632,949
Ozonation 3,118,746
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5.2.2.2.  Operating Costs

After the investment cost determination, operating costs of the alternative options

were analyzed. Operating costs are composed of six components which are;

= Energy costs,

* Depreciation costs,

=  Maintenance costs,

= Quality control cost,

* Operating of installation,

= Chemical costs.

Part I. Membrane Filtration Processes

For the estimation of the energy costs, in the cross-media effects determination part
of the thesis, specific energy consumptions were estimated for each of the alternative
option under consideration. Specific energy consumption for NF was determined as
5.30 kWh per m® of wastewater. According to the information gathered from the
selected mill, the average electricity cost is about 0.072 YTL per kWh which
corresponds to 0.058 USD per kWh with an exchange rate of 1.25 USD/YTL. The
selected textile mill generates energy with its co-generation unit and also buys
electricity from city electric network. Therefore, energy cost was calculated as 0.305

USD per m® of recovered wastewater.

Depreciation is the decreasing value of the asset to the owner [49]. In this thesis, the
simplest method was used to determine the depreciation which is the straight-line
method. This method assumes that a constant amount is depreciated each year over
the depreciable life of the asset; hence, the book value of that asset decreases linearly

with time. It is stated above that depreciation period for civil, mechanical, membrane
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investments are 30 years, 15 years, and 5 years, respectively. For that reason, the
depreciation cost of NF application was calculated as 0.071 USD per m’ of
wastewater. Furthermore, maintenance costs, quality control costs, and operating of
installation were taken as the 2 % of the total investment cost. For this reason, each
of these operating cost components was calculate as 0.022 USD per m’ of

wastewater.

The final operating cost component is the chemical cost. Chemical demand for NF
was assumed as 0.020 EUR (about 0.031 USD) per m® of wastewater treated [34].
Under the framework of the operating costs mentioned above, the summary of the

operating costs are given in Table 5.16.

Table 5.16. Operating costs for NF application

Operating Costs

Components 3
(USD/m")

Energy 0.31
Depreciation 0.07
Maintenance 0.02
Quality control 0.02
Operating of installation 0.02
Chemical 0.03
TOTAL 0.47

The same procedure was followed in order to determine the operating cost of MF

application which thought to be implemented after NF process. The specific energy
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requirement for MF was determined as 0.40 kWh per m’. Thus, the energy cost was
calculated as 0.023 USD per each m’ of wastewater treated. Moreover, the other cost

components were determined as given in Table 5.17.

Table 5.17. Operating costs for MF application

Operating Costs
Components

(USD/m*)
Energy 0.02
Depreciation 0.04
Maintenance 0.01
Quality control 0.01
Operating of installation 0.01
Chemical 0.03
TOTAL 0.12

Consequently, the overall operating cost for the membrane filtration application for
dyeing wastewater generated in the selected mill for water recovery purposes was

evaluated as 0.60 USD per each m® of wastewater recovered.

Part II. Ozonation Process

Similarly, energy cost was evaluated for ozonation process where the specific energy
consumption of the system was determined as 33 kWh per m® of wastewater. Then,

energy cost was calculated as 1.90 USD per m’® by taking the energy price as 0.058

USD per kWh. Since the equipments used in the ozonation process are mechanical
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equipments, the depreciation period was assumed as 15 years. Moreover,
maintenance, quality control cost, and operating of installation costs were again
assumed as 2 % of the total investment cost. The overall operating cost and its

components are illustrated in Table 5.18.

Table 5.18. Operating costs for ozonation application

Components Operating Sosts
(USD/m")

Energy 1.90
Depreciation 0.50
Maintenance 0.15
Quality control 0.15
Operating of installation 0.15
TOTAL 2.85

As is the same case in investment cost, ozonation is much more expensive process
than membrane filtration processes in terms of operating cost. The comparison table

regarding operating costs is given below.
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Table 5.19. Operating costs of the water recovery alternatives

Operating Costs

Alternative Options 3
(USD/m”)
MF + NF 0.60
Ozonation 2.85

5.2.2.3. Revenues and Avoided Costs

Furthermore, revenues and some costs being avoided were delivered from the
application of the alternatives under consideration. These were due to water recovery
and the reduction in the wastewater discharge. The selected mill has been paying 1
YTL for each m® of water used, and also have been paying 1 YTL for each m® of
wastewater discharged [50]. By means of membrane filtration, as it was stated
approximately 70 % of water recovery can be achieved. It was assumed that 798 m’
of water can be recovered, and also 798 m’ of water was not discharged daily.
Therefore, 1,596 m’® of water which corresponds to 1,596 YTL was avoided. With an
exchange rate of 1.25 USD/YTL, the avoided cost was determined as 466,032 USD
per year. From these cost components, cash flow was assessed for 15 years of

economic life (Table 5.20).

On the other hand, application of ozonation process has no revenues, since water
recovery was not achieved in the lab-scale studies. Cash flow was also assessed for
the ozonation process for 15 years of economic life time and illustrated in Table

5.21.
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Table 5.20. Cash flow (USD) assessment for membrane filtration alternative

YEARS 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Revenues
Water
0 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016
Recovery
Reduction in
Ww 0 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016 233,016
TOTAL
R 0 466,032 466,032 466,032 466,032 466,032 466,032 466,032 466,032 466,032 466,032 466,032 466,032 466,032 466,032
evenue
Expenditures
Investment
632,949 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cost
Operating
c 0 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772
ost
TOTAL
) 632,949 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772 200,772
Expenditure
NET CASH
-632,949 265,310 265,310 265,310 265,310 265,310 265,310 265,310 265,310 265,310 265,310 265,310 265,310 265,310 265,310

FLOW
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Table 5.21. Cash flow (USD) assessment for ozonation alternative

YEARS 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Revenues
Water

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Recovery
Reduction in

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
wWw
TOTAL

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Revenue
Expenditures
Investment
Cost 3,118,746 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Operating
Cost 0 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048
TOTAL
Expenditure 3,118,746 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048
NET CASH - - - - - - - - - - - - - - -
FLOW 3,118,746 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048 978,048




5.2.2.4. Net Present Value (NPV)

According to the abovementioned cash flow analysis, net present values (NPV) of
the alternatives considered were calculated. Simply, NPV is the sum of the present
worths of net benefits by discounting the stream of benefits and costs back to the

beginning of the year. It can be calculated from the following formula:

-G
NPV = By 2k (5)
where;
B: : The benefits in the “t” th year,
C; : The cost in the “t” th year,
r : The discount rate,
n : The economic life of the alternative.

Here, discount rate is the rate at which future cash flows are discounted to convert
them to present values [51]. While calculating the NPV for the alternatives, discount
rate was assumed to be 10 %. In addition, as it was stated in the cash flow
calculations, economic life of these alternatives under consideration was taken as 15
years. By using the abovementioned formula, NPV for each of the alternative were

evaluated as illustrated in Table 5.22.
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Table 5.22. NPV values of the water recovery alternatives

NPV
Alternative Options
(USD)
MF + NF 1,201,370
Ozonation -9,385,198

5.2.2.5. Internal Rate of Return

The rate of return on the investment that equates the present value of benefits and
costs can be defined as the internal rate of return (IRR). In other words, it is the
interest rate at which the benefits are equivalent to the costs [49]. This concept can

be presented with the following relationship:

m _ & _vm _ S
=0 (14 F.::.f Et=|} (1 F.:.f (6)
where;
B: : The benefits in the “t” th year,
C : The cost in the “t” th year,
r : The discount rate,
n : The economic life of the alternative.

If the project has high IRR value, then it can be concluded that the project would be

financially applicable. However, if the IRR value is lower than the discount rate, the
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application of that alternative would be unattractive. IRR values were calculated for

both of the alternative options under consideration. The values are given in Table

5.23.

Table 5.23. IRR values of the water recovery alternatives

IRR
Alternative Options
(%)
MF + NF 42
Ozonation NA

5.2.2.6. Annual Cost Calculations

The Reference Document states that cost data of the alternative options should be
calculated and presented as annual costs. Annual cost can be accomplished by
converting all the cash flows accruing over the economic lifetime of the alternative to
an equivalent annual cost. In other words, it is the multiplication of the present value
of the total cost stream, which consists of investment expenditure plus net operating
cost, with capital recovery factor [2]. Annual cost can be calculated by using the

formula mentioned below:

& -ir;n:}] I:m {14=)" %

Amtual cost = |: =05050% ] [irery-

where;
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Ci : The investment expenditure in the “t” th year,

B¢ : The operating cost in the “t” th year,
r : The discount rate,
n : The economic life of the alternative.

Here, second multiplier of the given formula is called as the capital recovery factor.
It converts a present value into a stream of equal annual payments over a specified
time, at a specified discount rate. According to the given equation, the annual costs

for the two water recovery alternatives were calculated and presented in Table 5.24.

Table 5.24. Annual costs of the water recovery alternatives

Alternative Capital Recovery Factor Annual Costs
Options (%) (USD)
MF + NF 13 277,621
Ozonation 13 1,357,298

5.2.3. Evaluation of the Water Recovery Alternatives

5.2.3.1.  Cost Effectiveness and Benefit Analysis

In accordance with Chapter 3, it is essential to verify the cost effectiveness of the
alternatives considered. In this part of the thesis, in order to determine the cost
effectiveness of the alternatives, the annual costs of them were divided into annual
reduction of pollutants. The calculated cost effectiveness values are given in Table

5.25.
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Table 5.25. Cost effectiveness of the water recovery alternatives

Annual Reduction Cost Effectiveness
Alternative Annual Costs

of COD (USD/kg COD
Options (USD)
(kg/year) reduced)
MF + NF 277,621 632,472 0.45
Ozonation 1,357,298 399,456 3.77

It can be seen from the table that to reduce each kilogram of COD, more money
should be paid in the ozonation process. However, cost of the membrane filtration
process is one eighth of that of ozonation process. Both of the alternatives achieved
high amounts of COD reduction. On the other hand, they cause environmental
impacts due to emissions generated from the energy usages. Therefore, in order to
compare the alternatives, these environmental damages should be evaluated.
However, these damages could not able to be evaluated since no data exist in the
literature presenting the valuation of the environmental impacts. For that reason, it
was assessed from the impacts and COD ratios that the lower the environmental

impacts, the higher the COD reduction in the water recovery alternative.
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5.3. Analysis of Wastewater Treatability Studies

As it is represented previously, five different treatment patterns were applied for the
wastewaters generated whole through the textile mill. In this part of the chapter,
these treatment alternatives are discussed with respect to their environmental and
economical considerations. In these calculations, the mixed wastewater flowrate was

assumed as 3,250 m’/day (Figure 4.1).

5.3.1. Environmental Effect Analysis

5.3.1.1.  Identification of the Alternatives

Similar to the water recovery alternatives, wastewater treatability alternatives were
also assessed in terms of their cross-media effects initially. It is important to give the
definitions of the alternatives according to their technical considerations concluded

from the lab-scale experiments. These issues are given in Table 5.26 with the

assumptions made.
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Table 5.26. Identification of the wastewater treatability alternatives

Influent Influent COD Color Water
Alternative
COD Color Removal Removal Recovery
Options
(mg/L)  (Pt-Co) (%) (%) (%)
AS + MF + NF 1,800 3,800 90 100 70
Membrane
1,800 3,800 97 98 70
Bioreactor
Ozonation + AS 1,800 3,800 47 86 -
Peroxone + AS 1,800 3,800 47 86 -
AS + Ozonation 1,800 3,800 50 98 -

5.3.1.2. Inventory of Consumptions and Emissions
Each treatment alternative was evaluated in terms of their energy consumption in

order to calculate the inventory of consumptions and emissions. Table 5.27 shows

the specific consumption values of the alternatives taken under consideration.
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Table 5.27. Specific energy consumptions of treatment alternatives [45]

Specific energy
Alternatives consumption
(kWh/m’)
Activated Sludge + MF + NF 6.20
Membrane Bioreactor 2.50
Ozonation + Activated Sludge 45.88
Peroxone + Activated Sludge 52.98
Activated Sludge + Ozonation 14.50

By using the abovementioned specific energy consumption values for each of the
alternative, electricity used in a day through the options were calculated and

illustrated in Table 5.28.

Table 5.28. Electricity usage of treatment alternatives

Electricity
Alternatives

(kWh/day)

Activated Sludge + MF + NF 20,150
Membrane Bioreactor 8,125

Ozonation + Activated Sludge 149,094
Peroxone + Activated Sludge 188,419
Activated Sludge + Ozonation 47,125
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In the water recovery studies, the average fuel use and emissions released to create
1GJ of electricity are given in Table 5.5. According to this table, SO,, CO,, and NO,
emissions were determined. In fact, the mass of pollutant released to the air from the
application of these alternatives was calculated. Table 5.29 shows the emission
values of the alternatives options, whereas Table 5.30 indicates the mass of pollutant

released to air.

Table 5.29. Calculated emission values released from the treatment alternative

options
Alternative options Type Unit Value
SO, kg/day 7.25
Activated Sludge + MF + NF CO; kg/day 8,484.18
NO, kg/day 11.61
SO, kg/day 2.93
Membrane Bioreactor CO; kg/day 3,422.25
NO, kg/day 4.61
SO, kg/day 53.67
Ozonation + Activated Sludge CO, kg/day 62,798.30
NO, kg/day 85,88
SO, kg/day 67,83
Peroxone + Activated Sludge CO, kg/day 79,362.98
NO, kg/day 108.53
SO, kg/day 16.97
Activated Sludge + Ozonation CO, kg/day 19,849.05
NO, kg/day 27.14
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Table 5.30. Mass of pollutants released to air due to treatment alternatives

Mass of pollutant

Alternative Options
(kg/day)
Activated Sludge + MF + NF 8,484.18
Membrane Bioreactor 3,422.25
Ozonation + Activated Sludge 62,798.30
Peroxone + Activated Sludge 79,362.98
Activated Sludge + Ozonation 19,849.05

It is mentioned in Table 5.26 that wastewater recovery would be achieved only by
the implementation of the first and the second alternatives which are activated sludge
followed by MF and NF, and membrane bioreactor, respectively. For that reason,
mass of pollutant released to aquatic environment assumed as the mass of the
rejected stream generated from these alternatives. According to their COD removal
ratios (Table 5.26), mass of COD discharged to the environment was assumed to be
the mass of pollutant released to aquatic environment. On the other hand, the reduced
mass of COD, which turns into sludge, was assumed to be the hazardous waste. Both
the mass of pollutant released to aquatic environment and hazardous waste amounts
are presented in Table 5.31 and Table 5.32, respectively with the COD removal
ratios of each alternative option. In the hazardous waste calculations, yield
coefficients were assumed as 0.5 and 0.05 for activated sludge processes and MBR

process respectively.
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Table 5.31. Mass of pollutants released to aquatic environment of treatability

alternatives

Alternative Options

Mass of pollutants

(kg/day)
Activated Sludge + MF + NF 585
Membrane Bioreactor 153
Ozonation + Activated Sludge 3,101
Peroxone + Activated Sludge 3,101
2,925

Activated Sludge + Ozonation

Table 5.32. Hazardous waste amounts of the treatability alternatives

Alternative Options

Hazardous Waste

(kg/day)
Activated Sludge + MF + NF 2,633
Membrane Bioreactor 285
Ozonation + Activated Sludge 1,375
Peroxone + Activated Sludge 1,375
1,463

Activated Sludge + Ozonation

5.3.1.3.

Cross-Media Effects of the Alternatives

Six environmental themes were also assessed for the wastewater treatability

alternatives similar to the water recovery alternatives. However, one additional
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concern was taken into account. In order to evaluate the alternatives in terms of color

removal efficiency, a new concept which is aesthetical pollution was adjusted.

It is again the same for wastewater treatability alternatives that they have no direct
cause on the environmental themes mentioned previously, they have indirect effects

due to energy consumption which results in releasing of emissions.

Human toxicity, global warming potential, acidification, eutrophication, ozone
depletion, photochemical ozone creation potential, and aesthetical pollution
calculations were performed and the overall results of these calculations are given as
a summary in Table 5.33. These values were calculated according to the emission
values of SO,, CO,, and NO, indicated in Table 5.29, and the factors presented in the

Reference Document.
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Table 5.33. Cross-media effects of the wastewater treatability alternatives

Human Global Photochemical
Acidification Eutrophication Aesthetical
Alternative Toxicity warming ozone creation
(kg SO, Pollution
Options (kg lead (kg CO, (kg ethylene
equivalents) equivalents) (Pt-Co)
equivalents) equivalents) equivalents) equivalents)
Activated Sludge
0.68 8,487 13.06 44.45 0.00
+ MF + NF
Membrane
_ 0.27 3,422 5.27 17.92 82.30
Bioreactor
Ozonation +
5.03 62,798 96.61 32891 532.00
Activated Sludge
Peroxone +
6.36 79,362 122.10 415.67 532.00
Activated Sludge
Activated Sludge
1.59 19,849 30.54 103.96 76.00

+ Ozonation




5.3.2. Financial Analysis

According to the costing methodology stated in the Reference Document, treatability
alternatives were evaluated economically. In this part of the thesis, investment costs
and operating and maintenance costs of each treatment alternative are introduced. In
addition to these cost components, net present values, internal rate of returns and

annual costs are determined.
5.3.2.1. Investment Costs
Part I. Activated Sludge Followed by Membrane Filtration Processes

The first alternative consists of membrane filtration processes which are MF and NF
after the activated sludge process. As it was stated, the textile mill taken under
consideration has an existing wastewater treatment plant consisting of an activated
sludge system. Therefore, there is no need for an investment for such a system where
it takes place in some of the treatment pattern in this study. However, this alternative
of treatability has the investment cost consisting of only membrane filtration costs.
The same calculation pattern with the calculations applied in the membrane filtration
processes implemented to dyeing wastewaters was used. The only differences are the
flowrate and flux values applied. In wastewater treatability studies, the flux value
that experimented was 34 L/m*-hr. For estimating the investment costs, equations
given in Table 2.8 were used similarly. The investment need for such system is given

in Table 5.34.
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Table 5.34. Investment costs for MF and NF process for treatability alternatives

Membrane Filtration Investment
Components
Costs

MF Mechanical investment 487,500
TOTAL (USD) 487,500
Civil investments 250,101
Mechanical investments 331,726
Membrane investments 131,821
NE Additional investments 142,730
TOTAL (EUR) 856,378

TOTAL (USD) 1,344,513

MF + NF OVERALL (USD) 1,832,013

Part II. Membrane Bioreactor Process

109

It can be calculated from the overall investment cost of the application of MF and NF
after activated sludge process that the unit cost of the treatment pattern would be 564
USD per m’ of textile wastewater treated where unit investment cost of MF was 150

USD per m’ and that of NF was 414 USD per m’.

The second alternative is the membrane bioreactor process. While estimating the
investment cost of the system, three items were taken into account. These are civil
investments, membrane investments, and non-membrane investments. It was
assumed that civil investment needs would be equal to the civil investment needs

calculated for the NF alternative, since the flowrate and COD values were the same



for each of the systems. In fact, it was assumed as 250,101 EUR that is equal to
392,658 USD with an exchange rate of 1.57 EUR per USD.

In order to evaluate the membrane costs, firstly, the required membrane area for the
system was determined by using 15 L/m*-hr of flux designated experimentally in lab-
scale studies. As a result, the required membrane area was calculated as 9,028 m’.
The average unit cost of membrane was found from the literature. It was assumed as
125 USD per m”> of membrane area. Consequently, membrane investment was
calculated as 1,128,472 USD. In this study, this membrane investment was assumed
to be 30 % of the total mechanical expenditure. For this purpose, Table 5.35 shows
the investment items and the total investment need of the membrane bioreactor

alternative.

Table 5.35. Investment costs for MBR process

Investment Costs

Components
(USD)
Civil investments 392,658
Membrane investments 1,128,472
Non-membrane investments 2,240,444
TOTAL 3,761,574

The unit investment cost can be calculated by dividing the total investment cost value
into flowrate. In this thesis, this value was determined as 1,157 USD per each m’® of

wastewater treated.
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Part III. Ozonation Process before Activated Sludge

As it was calculated in the water recovery studies, investment need for the ozonation
system was determined from the equation shown in Equation (4). In order to use that
equation, hourly ozone requirement should be calculated. The experimental studies
showed that 2.33 gram of ozone was needed for the reduction of each gram of COD.
COD reduction was performed as 47 % which corresponded to 114,563 grams of
COD reduced with respect to 1,800 mg/L of initial COD.

By using the abovementioned equation, the investment cost of the equipment needed
for ozonation process was calculated as 3,705,431 EUR. In addition to this
equipment cost, civil investments were again assumed as the same as the civil
investment costs calculated for membrane filtration alternatives. Therefore, the total
investment need for this alternative was determined as 3,955,531 EUR where this
value equaled to 6,210,184 USD due to the exchange rate assumed as 1.57 EUR per
USD.

Part IV. Peroxone Process before Activated Sludge

As it is mentioned before, in this thesis, one of the wastewater treatability alternative
evaluated in terms of economic considerations is the peroxone process applied before
the existing activated sludge system in the selected textile mill. The only difference
between this alternative and third alternative which is ozonation before the activated
sludge is the hydrogen peroxide usage in the process. The only financial effect due to
hydrogen peroxide would be in the operating costs. Therefore, it was assumed in this
thesis that the investment cost of this fourth alternative would be the same with the
ozonation application after activated sludge system which was calculated as
6,210,184 USD. Moreover, the investment need due to the pumping requirement of

hydrogen peroxide was ignored.
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Part V. Ozonation process after Activated Sludge

The last alternative considered is the post-ozonation application. In this alternative,
effluents of the activated sludge system had different wastewater characterization.
The wastewater characterization was given before as 800 mg/L of COD, and 2,100
Pt-Co of color for the wastewater entering to the ozonation process. Since COD
concentration was determined less than the initial COD concentrations mentioned for
the other ozonation processes, the alternative required less ozone for treating
wastewater. For this purpose, in the post-ozonation experiments, ozone requirement
of the process was determined as 0.44 grams per each gram of COD to be treated. It
was also conducted from the experiments that application of ozonation resulted with

50 % of COD removal.

According to these values stated above, ozone requirement was calculated as 23,833
grams per hour. Moreover, equipment cost was computed by using Equation (4) and
found to be 840,833 EUR. As a result, total investment cost was estimated at

1,711,541 USD.

Consequently, investment costs of the wastewater treatability alternatives were
mentioned above. According to these cost figures, it seems that membrane bioreactor
process has the lowest investment cost, on the other hand ozonation is the highest

one in terms of investment costs. All these investment costs were summarized in

Table 5.36.
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Table 5.36. Investment costs of treatability alternatives

Unit
Investment
Investment
Alternative Options Costs
Costs
(USD) 3
(USD/m”)
AS + MF + NF 1,832,013 564
Membrane Bioreactor 3,761,574 1,157
Ozonation + AS 6,210,184 1,911
Peroxone + AS 6,210,184 1,911
AS + Ozonation 1,711,541 527

5.3.2.2. Operating Costs

In this part of the thesis, in addition to investment cost analysis, operating costs of

the considered treatability alternatives were also estimated.

Part I. Activated Sludge Followed by Membrane Filtration Processes

Since the existing wastewater treatment is still in operation, the textile mill has an
operating cost for this system. According to the information gathered from the
selected textile mill, operating costs for the existing system are illustrated in Table
5.37. In this table, monthly expenditures of the textile mill taken under consideration
were illustrated. In addition to this table, Table 5.38 shows the unit operating cost of

the system in USD.
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Table 5.37. Operating costs for existing activated sludge system of the textile mill

Annual
Components Operating Costs
(YTL)
Energy 7,140
Depreciation 9,933
Labour 2,500
Wastewater taxes 20,756
Maintenance 40,000
Chemical 25,588
TOTAL 105,917

Table 5.38. Unit operating costs for existing activated sludge system of the textile

mill

Components Operating Sosts
(USD/m")

Energy 0.06
Depreciation 0.08
Labour 0.02
Wastewater taxes 0.17
Maintenance 0.33
Chemical 0.21
TOTAL 0.87
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In the experimental study, membrane filtration processes, namely MF and NF, were
applied to the biologically pre-treated wastewater. Therefore, for this alternative,
membrane filtration operating costs were also determined in addition to the activated
sludge operating costs. Similarly, the same procedure that used in the water recovery
alternatives was applied. While determining the energy cost, unit price of electricity
was again assumed as 0.072 YTL per kWh. The results of the calculations for the

operating costs are given in Table 5.39.

Table 5.39. Operating costs for MF + NF application

MF Operating NF Operating

TOTAL
Components Costs Costs 3
3 3 (USD/m”)

(USD/m") (USD/m")

Energy 0.02 0.31 0.34
Depreciation 0.04 0.08 0.12
Maintenance 0.01 0.02 0.03

Quality control 0.01 0.02 0.03
Operating of 0.03
P s 0.01 0.02
installation
Chemical 0.04 0.04 0.08
TOTAL 0.13 0.49 0.62

According to the abovementioned operating costs, the overall operating cost for the
alternative consisting of membrane filtration application after the activated sludge

process for the textile wastewater generated in the selected mill for wastewater
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treatability purposes was evaluated as 1.49 USD per each m’ of wastewater

recovered.

Part II. Membrane Bioreactor Process

While estimating the operating cost of the membrane bioreactor, energy, depreciation
of assets, membrane replacement, maintenance, quality control, operation of
installation, and chemical costs were taken into account. Energy cost was determined
from the specific energy consumption where each kWh of electricity was evaluated
as 0.072 YTL with respect to the data gathered from the selected mill. In
depreciation of assets, equipment year was assumed as 15 years whereas 5 years of
membrane depreciation was used. Moreover, maintenance, quality control, and
operation of the installation were calculated as 2 % of the total investment cost of
membrane bioreactor. On the other hand, 0.04 EUR per treated wastewater was
assumed to be the chemical cost. Table 5.40 shows the operating cost of the

membrane bioreactor in more detail.
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Table 5.40. Operating costs for MBR application

Components Operating (330sts
(USD/m")

Energy 0.09
Depreciation of assets 0.13
Membrane replacement 0.19
Maintenance 0.06
Quality control 0.06
Operating of installation 0.06
Chemical 0.04
TOTAL 0.64

Part III. Ozonation Process before Activated Sludge

The operating cost calculation for this alternative was executed with the same
procedure as it was applied for ozonation process in dyeing wastewaters. All the
operating items were illustrated below in Table 5.41. Moreover, working sheet for

ozonation cost assessments is given in Appendix C (Figure C.4).
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Table 5.41. Operating costs for ozonation application before activated sludge system

Components Operating (330sts
(USD/m")

Energy 2.64
Depreciation 0.35
Maintenance 0.11
Quality control 0.11
Operating of installation 0.11
TOTAL 3.31

It can be seen that due to high specific energy consumption, energy cost of this
alternative was high compared to the other components. Moreover, since ozonation is
an expensive treatment alternative in terms of investment cost, depreciation cost was
also found to be high. The total operating cost for this alternative would be the
summation of the operating cost calculated for ozonation and that for existing

activated sludge system. This was calculated as 4.17 USD per m’.

Part IV. Peroxone Process before Activated Sludge

In this alternative, in addition to ozone dosage hydrogen peroxide (H,O;) was also
added to the system. As it was considered, addition of H;O, would cause an increase
in the operating costs. From the literature, the average cost of H,O, was found as
0.50 USD per kilogram of H,O,. Furthermore, the experiments performed for this
alternative showed that for such kind of treatment alternative, approximately 1.5
kilograms of H,O, was needed in order to treat each m’ of wastewater. As a result,
operating cost caused by H,O, would be 0.75 USD per m® where it was stated as

chemical cost.
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Considering the energy requirement, it was calculated in the cross-media effect
analysis that the specific energy consumption of the peroxone alternative was 57.98
kWh per m® of wastewater. For that reason, the energy cost was estimated at 3.34

USD. The rest of the operating cost items are given in Table 5.42.

Table 5.42. Operating costs for peroxone treatment before activated sludge system

Components Operating Sosts
(USD/m")

Energy 3.34
Depreciation 0.35
Maintenance 0.11
Quality control 0.11
Operating of installation 0.11
Chemical 0.75
TOTAL 4.75

As a result of this calculations, the total operating cost of this peroxone before
activated sludge alternative would be 5.62 USD per m® where 4.75 USD of this was
due to peroxone application, the rest 0.87 USD was due to the operation of existing

activated sludge.

Part V. Ozonation Process after Activated Sludge

Ozonation was applied both before and after the activated sludge process. The same

calculation with pre-ozonation alternative was executed for this alternative in order
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to find out the operating cost. The specific energy requirement for this alternative
option was evaluated as 14.50 kWh per m’. Therefore, the energy cost was calculated
as 0.84 USD per m’. For depreciation cost assessment, the equipment life was
thought to be 15 years. Moreover, maintenance, operation of installation, and quality
control costs were assumed as 2 % of the investment costs as it was the same with
the previous operating cost calculations of the other alternatives. Table 5.43 shows

these operating cost items.

Table 5.43. Operating costs for ozonation application after activated sludge system

Operating Costs

Components 3
(USD/m")

Energy 0.84
Depreciation 0.09
Maintenance 0.03
Quality control 0.03
Operating of installation 0.03
TOTAL 1.02

Activated sludge was applied before the ozonation. Therefore, the total operating
cost was the summation of 0.87 USD and 1.02 USD which resulted as 1.89 USD per

m° of treated wastewater.

To sum up, Table 5.44 shows all the operating costs calculated for each of the

treatability alternatives mentioned in this part of the thesis.
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Table 5.44. Operating costs of the wastewater treatability alternatives

Operating Costs
Alternative Options 3
(USD/m")

Activated Sludge + MF + NF 1.49

Membrane Bioreactor 0.64
Ozonation + Activated Sludge 4.17
Peroxone + Activated Sludge 5.62
Activated Sludge + Ozonation 1.89

5.3.2.3. Revenues and Avoided Costs

Revenues and avoided costs were determined for the treatability alternatives. As it
was mentioned, lab-scale experiments showed that wastewater recovery was
achieved only from the first two alternatives which were membrane filtration
processes after activated sludge system and membrane bioreactor process. In
addition, this recovery was assumed to be 70 % of the influent wastewater.
Therefore, for each of the alternative, daily wastewater recovery can be calculated as
2,275 m’. Also, the same amount of wastewater was not discharged to the
environment. The total avoided costs for these two alternatives were calculated as

1,328,600 USD per year.
On the other hand, no avoided costs were assessed for the rest of three alternatives

since wastewater recovery was not achieved by the application of them. The

following tables show the cash flow analysis for each of the alternative considered.
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Table 5.45. Cash flow (USD) assessment for activated sludge and membrane filtration alternative

YEARS 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Revenues
Water Recovery 0 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300
Reduction in
Ww 0 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300
TOTAL
Revenue 0 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1328600 1,328,600 1,328,600 17328600 1328600 1328600 1,328,600
Expenditures
Investment Cost 1 832 013 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Operating Cost 0 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755
TOTAL
Expenditure 1,832,013 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755 1,526,755
NET CASH
FLOW 1,832,013 -198,155 -198,155 -198,155 -198,155 -198,155 -198,155 -198,155 198,155 -198,155  -198,155 -198,155 -198,155 -198,155 -198,155
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Table 5.46. Cash flow (USD) assessment for membrane bioreactor alternative

YEARS 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Revenues
Water Recovery 0 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300
Reduction in
WW 0 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300 664,300
TOTAL
Revenue 0 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600 1,328,600
Expenditures
Investment Cost 3 761,574 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Operating Cost 0 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196
TOTAL
. 3,761,574 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196 381,196
Expenditure
NET CASH
947,404 947,404 947404 947,404 947,404 947,404 947,404 947404 947404 947404 947404 947404 947,404 947,404

FLOW 3,761,574
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Table 5.47. Cash flow (USD) assessment for activated sludge with pre-ozonation alternative

YEARS 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Revenues
Water Recovery 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Reduction in
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
WWwW
TOTAL
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Revenue
Expenditures
Investment Cost 210,184 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Operating Cost 0 4,441,402 4441402 4441402 4441402 4441402 4441402 4441402 4441402 4441402 4441402 4441402 4441402 4441402 4,441,402
TOTAL
Expenditure 6,210,184 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402
NET CASH R B _ R R _ R B _ R R _ _ _ _
FLOW 6,210,184 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402 4,441,402
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Table 5.48. Cash flow (USD) assessment for activated sludge with peroxone alternative

YEARS 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Revenues
Water Recovery 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Reduction in
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
wWw
TOTAL
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Revenue
Expenditures
Investment Cost  6710,184 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Operating Cost 0 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859
TOTAL
Expenditure 6,210,184 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859
NET CASH ] . ] ] . ] ] . . ] . ] ] . ]
FLOW 6,210,184 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859 6,157,859
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Table 5.49. Cash flow (USD) assessment for ozonation after activated sludge alternative

YEARS 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Revenues
Water Recovery 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Reduction in
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
wWw
TOTAL
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Revenue
Expenditures
Investment Cost 1,711,541 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Operating Cost 0 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693
TOTAL
Expenditure 1,711,541 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693
NET CASH ] ] . ] ] . ] ] . ] ] . ] ] .
FLOW 1,711,541 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693 2,027,693




5.3.2.4. Net Present Value (NPV)

NPV calculations were done for each of the treatability alternative by using the
Equation (5) mentioned before. Discount rate was assumed as 10 % and the
economic life of the alternatives was taken as 15 years. These evaluated NPV results

are given in Table 5.50.

Table 5.50. NPV values of the wastewater treatability alternatives

NPV
Alternative Options
(USD)
Activated Sludge + MF + NF -2,992.510
Membrane Bioreactor 2,925,140
Ozonation + Activated Sludge -35,389,643
Peroxone + Activated Sludge -46,884,731
Activated Sludge + Ozonation -15,135,382

5.3.2.5. Internal Rate of Return

In addition to cash flow analysis and NPV determination, the IRR for such
investments were evaluated and presented in Table 5.51. As can be seen from this
table, the IRR of the alternatives which were ozonation peroxone after and before the
activated sludge system could not be able to be determined since they did not have
revenues in fact they did not provide any water recovery. On the other hand,
although application of membrane filtration processes after the activated sludge
system provided revenue to the selected textile mill, the IRR of this alternative was

not also be determined. The reason for this is that their revenues provided were less
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than the expenditures due to operating cost. The only calculated IRR value was for
the membrane bioreactor alternative. The Table 5.51 below shows the IRR values of

the alternatives taken under consideration for treatability studies.

Table 5.51. IRR values of the wastewater treatability alternatives

IRR
Alternative Options
(%)
Activated Sludge + MF + NF N/A
Membrane Bioreactor 24
Ozonation + Activated Sludge N/A
Peroxone + Activated Sludge N/A
Activated Sludge + Ozonation N/A

5.3.2.6. Annual Cost Calculations
By converting all the cash flows to equivalent annual cost, annual costs of each

alternative were evaluated. Equation (7) was used for the annual cost determination

and the calculated annual costs were given in Table 5.52.

128



Table 5.52. Annual costs of the wastewater treatability alternatives

Capital
Alternative Options Recovery Annual Costs
Factor (USD)
(%)
Activated Sludge + MF + NF 13 1,719,564
Membrane Bioreactor 13 863,747
Ozonation + Activated Sludge 13 5,118,091
Peroxone + Activated Sludge 13 6,780,524
Activated Sludge + Ozonation 13 2,188,896

5.3.3. Evaluation of the Wastewater Treatability Alternatives

5.3.3.1.  Cost Effectiveness and Benefit Analysis

The calculated cost effectiveness values for wastewater treatability alternatives are

given in Table 5.53. By evaluating the cost effectiveness, it can be understood which

alternatives would be preferable to reach a specific environmental target at the lowest

cost.
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Table 5.53. Cost effectiveness of the wastewater treatability alternatives

Annual Cost
Annual
Reduction Effectiveness
Alternative Options Costs
of COD (USD/kg COD
(USD)
(kg/year) reduced)
Activated Sludge + MF + NF 1,738,425 1,921,725 0.89
Membrane Bioreactor 863,747 2,079,258 0.42
Ozonation + Activated Sludge 5,737,486 1,003,568 5.10
Peroxone + Activated Sludge 7,439,956 1,003,568 6.76
Activated Sludge + Ozonation 2,255,637 1,067,625 2.05

As can be seen from Table 5.53 that fourth alternative which is peroxone with
activated sludge treatment has the highest cost effectiveness which means that fourth
alternative needs the highest amount of money in order to reach the requirements.
Therefore, it can be concluded that the second one which is MBR application could

be thought to be the best alternative in terms of cost effectiveness.
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5.4. Sensitivity Analysis

In this thesis, in addition to the cost-benefit analysis, sensitivity analysis was also
performed for each of the alternative options considered in both water recovery
studies and wastewater treatability studies. Sensitivity analysis is the method that
aims at identifying the project’s critical variables [40]. This is done by letting the
project variables vary according to a given percentage change and observing the
subsequent variations in financial indicators. In other words, it provides data in order
to make decision that shows how the economic variables would change when key

project factors vary from their estimated values [51].

There were six variables assumed as critical in the financial analysis for both of the
studies considered in this thesis. These were influent COD value of the wastewater,
influent color value of the wastewater, discount rate, unit energy cost, total operating

cost index, and exchange rate variation.

Here, total operating cost index was the percentage that would be applied in the cash
flow analysis for the operating cost value. If it was assumed as zero, then operating
costs would not change in 15 years period thus it would remain constant through
years. However, if it was assumed any percentage rather than zero, then the operating

cost would change according to this assumed percentage in years.

In this analysis, arbitrarily chosen percentage changes or values were assumed for
each of these critical variables. Sensitivity analysis was performed with respect to the
following variations. Maximum, average, and minimum values for COD and color

concentrations are illustrated in Table 5.54.

*  maximum, average, and minimum values of COD,

*  maximum, average, and minimum values of color,
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" 6%, 8 %, and 10 % of discount rate,
= 0%, 5%, and 10 % change observed in the energy costs,
= 0 %, 1%, and 2 % variations observed in total operating cost index and

exchange rate.

Table 5.54. COD and color concentrations for sensitivity analysis

Wastewaters Wastewaters

before after
Dyeing
Activated Activated
Wastewaters
Sludge Sludge
System System
Max
COD 1,600 3,200 900
Av
(mg/L) ‘g 850 350 750
Min 1,200 1,800 800
Max 7,000 5,000 4,000
Color
Av
(Pt-Co) .g 3,000 2,500 1,600
Min 5,000 3,800 2,100

By changing the critical variables’ value, the percentage change in investment costs,
operating costs, and net present values were evaluated, and plotted in a diagram
which is called as sensitivity diagram. All the sensitivity diagrams of the alternatives
considered in the water recovery and wastewater treatability studies are illustrated in
Appendix D. A sample working sheet used in the analysis is given in Appendix C
(Figure C.1).
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The slopes of the different lines represented which variable had the greatest impact
on financial results. Moreover, the greater the variation of the line, the larger the
economic impact. As can be seen from the diagrams in Appendix D, the greatest
impact on the investment costs was determined due to the variation in the exchange
rate in all of the alternative options whereas operating costs of all of the alternatives
affected mostly by energy cost change. On the other hand, discount rate only affected
the net present values of the alternatives. The calculated percentage changes for the
investment costs, operating costs, and net present values for the alternatives are also

given in Appendix E.
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5.5. Risk Evaluation

Risk evaluation is the assessment of the impact of given percentage changes in a
variable on the project’s performance indicators [40]. In cases where project results
are expected to be particularly sensitive to certain variables, it has to be assessed how
likely it is that such changes would occur. Therefore, after the sensitivity analysis,

risk evaluation was done in this thesis.

As indicated in the sensitivity analysis, for the water recovery and wastewater
treatability studies percentage changes were evaluated and given in Appendix E.
According to these percentages, it can be seen that influent COD concentration
variation would not affect the investment and operating costs for the membrane
based alternatives which were membrane filtration alternatives and membrane
bioreactor application. However, alternatives consisting of ozonation processes were
changed with respect to the change in COD concentrations. For instance, 33 %
increase in COD concentration changed the investment cost of the ozonation
alternative in the water recovery studies by 19 %. Moreover, in the wastewater
treatability alternatives, investment cost of the ozonation process applied before the
activated sludge system decreased by 59 % with the 81 % decrease in the COD
concentration. Therefore, it can be concluded that COD concentration could be
assumed as a risk element of the ozonation processes. Compared to the investment
and operating costs, NPV of the ozonation alternative was not so much affected with

the COD concentration variation.

In this thesis, it was observed that color was not a determining factor as well as it
was not a critical variable in the sensitivity analysis. Only the treatment efficiency
was affected by the color variation. However, color concentration can be thought as a

risk element in terms of aesthetic requirements.
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Furthermore, the discount rate was examined as a fundamental means of reflecting
risk in discounted cash flow evaluations. Change in discount rate affected the net
present value in all the alternatives applied for water recovery and wastewater
treatability studies. As an example, 20 % change in discount rate had an
approximately 33 % impact on the cash flow analysis in the membrane bioreactor
alternative considered in the treatability studies. In addition to discount rate, total
operating cost index was investigated as a risk element, since it affected the net

present values high in amount with only 1 % change.

If the energy costs were changed by 5 %, the operating costs would be affected
similarly. Therefore, it was assessed that change in the energy costs did not have
high impact on the operating costs. Thus it would not be thought as a risk element.
This case is the same for the exchange rate variation effect on the investment costs,

operating costs, and net present values.
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5.6. Economic Viability of the Textile Sector

As indicated in the previous chapters, according to the IPPC Directive, the selected
BAT should be technically and economically viable for the relevant sector.
Therefore, it is important to assess the economic viability of the textile sector. In the
Reference Document, in order to evaluate the economic viability, some issues are
introduced which are industry structure, market structure, resilience, and speed of the

implementation of IPPC Directive.

Textile industry takes the third place of the World market after tourism and
information sector, with an approximate total sale of 1.7 trillion USD [52]. There

exist five main factors that affect the textile industry which are:

» Industrial trend,

=  World trade,

* Trends among consumers,
= Retail market,

= Technological development [50].

The textile sector is one of the major industries for the Turkish economy. Moreover,
it has also taken an important share in the world trade. At the beginning of the 1980s,
the total value of Turkish textile exports equalled to 190 million USD. However, in

1999, this value increased sharply to 9.8 billion USD [53].

On the other hand, as a more capital intensive industry as compared to other
industries, most of the companies in this sector are mainly medium scale. The
industry has also large scale companies having integrated production facilities one of
which is the textile mill considered in this project. As indicated before, the selected

textile mill is one of the world’s leading denim producer companies [54].
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The estimated investment costs needed for the implementation of both water
recovery and wastewater treatability alternatives were generally high in value.
However, the selected textile mill would probably handle them. Moreover, some of
the alternatives indicated can offset the initial high cost of implementing process in

the long run by providing water recovery with greater efficiency.

Re-known as one of the major innovation leaders of jeans and sportswear, the
selected mill has the vision of “to be a model company internationally in the
sportswear sector in terms of business excellence". The company’s mission is “as a
preferred supplier to manufacturers of sportswear clothing, who give priority to
quality and creativity, our basic task is to be able to plan, sustain and create high
economic value” [55]. Moreover, the textile mill considered is in Turkey’s top list of
500 firms with a ranking of 99. It has a net sale of 230,152,854 YTL [56]. With this
vision and mission, the company is currently one of the leading companies in the
markets in which they offer service. However, as it is well known, the Turkish
Textile Sector is adversely affected by the China’s membership in the World Trade
Organization (WTO) in 2001. Particularly the removal of the quotas on textiles
starting from the beginning of 2005 under the WTO Agreement, has negatively

affected the textile production and exports of the developing countries [57].

Furthermore, the implementation of IPPC Directive in Turkey has not started yet.
However, the transposition of the Directive is in the priority list of the Ministry of
Environment and Forestry of Turkey (MoEF). In the Annual Report of 2007, it was
stated that all the industrial facilities would apply IPPC Directive in the year of 2023
[58].
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CHAPTER 6

SUMMARY

In this thesis, the best water and wastewater management alternatives for the selected
textile mill located in Kayseri were evaluated according to the requirements in the
IPPC Directive. For this purpose, water recovery alternatives and wastewater
treatability alternatives were studied under the project of “Adaptation of IPPC
Directive to a Textile Mill in Turkey” conducted by METU.

These alternatives were assessed in terms of their environmental benefits and
financial values according to the suggested guidelines in the Reference Document on
“Economics and Cross-Media Effect”. Initially, environmental effects were
determined for each of the alternatives. Then, the considered alternatives were
financially evaluated. Moreover, sensitivity analysis was carried out with the

assessment of the risks.

As indicated previously, according to the IPPC Directive, BAT should be the
technique that can be applied under technically and economically viable conditions
by achieving high level of environmental protection. For this purpose, in this thesis,
while determining the BAT for both of the studies, namely water recovery studies
and wastewater treatability studies, technically applicable alternatives which were
thought to be BAT were assessed in terms of environmental benefits and economic

feasibility according to the methodologies stated in the Reference Document.
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In the water recovery studies, two technically applicable alternatives were evaluated.
It was seen that the lower the environmental effect of the alternative, the lower the
investment and operating costs were determined. In other words, membrane filtration
processes used in the water recovery studies had lower effects on the environment
rather than the ozonation process. In addition to this, both the investment and
operating costs of the ozonation process were estimated at higher values than the
costs for the membrane filtration processes. Then, among the water recovery
alternatives, membrane filtration process chain composed of MF and NF appeared to

be the BAT for reusing of dyeing wastewaters.

Similarly, the same analysis was performed in order to assess the BAT for end-of-
pipe treatment of the mixed wastewater from the mill. The membrane bioreactor
application was determined as BAT among the wastewater treatment alternatives.
The environmental effects of the membrane bioreactor alternative were lower than
those for the other alternatives. On the other hand, the investment and operating costs

calculated for this alternative was the lowest among the other options.

As regards the adaptation of the IPPC Directive, it is necessary to set effluent criteria
in the permit that would be given on the bases of BAT application. Therefore, it is
needed to determine a single set of BATs for the mill. In the present study, the two
alternatives investigated were compared in this respect. Table 6.1 and 6.2 present the

summaries of this comparison.
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Table 6.1. Summary of cross-media effects for the selected BATs

Cross-Media Effects

Photochemical
Human Global Oxygen
. . Volume
Alternative Options Toxicity warming Acidification Creation
Treated
3 (kg lead (kg CO, (kg SO;eq.) Potential
(m’”/day)
eq.) eq.) (kg ethylene
eq.)
Water Recovery from Dyeing MF + NF 1,140 0.22 2,737 4.21 14.34
wastewaters AS 2,452 0.04 516 0.79 2.70
TOTAL 3,592 0.26 3,253 5.00 17.04
Treatment of the mixed wastewater
MBR 3,250 0.27 3,422 5.27 17.92

by MBR




84!

Table 6.2. Summary of financial analysis for the selected BATs

Financial Analysis

Cost
Net Internal
. . Investment Operating Annual effectiveness
Alternative Options present Rate of
Cost Cost Cost (USD/kg
value Return
(USD) (USD/m’) (USD) COD
(USD) (%)
removed)
MF + NF 632,950 0.60 1,201,370 42 277,621 0.59
Water Recovery from - - o . o
) AS 0.87
Dyeing wastewaters .
TOTAL 632,950 0.78 558,566 26 370,584 0.27
Treatment of the mixed
wastewater MBR 3,761,574 0.64 2,925,140 24 863,747 0.42
by MBR

" Calculations are given in Appendix F.

“Since the activated sludge plant exists, the values were not calculated.



As can be depicted from the tables; membrane filtration application for water
recovery from dyeing wastewater is superior to MBR application for the mixed
wastewater with respect to both cross-media effects and financial analysis performed.
It can be seen from Table 6.1 that the environmental effects of both the application of
membrane filtration processes to dyeing wastewaters and the treatment of the other
wastewater streams with the existing activated sludge system are less than those for
MBR alternative applied for the mill’s mixed wastewater. Moreover, as can be
concluded from Table 6.2, membrane filtration alternative for dyeing process is more

economically viable alternative.

According to the sensitivity analysis, for both of the BATs, investment costs were
mainly sensitive to exchange rate variations. On the other hand, operating cost could
change due to the variation in energy costs. Moreover, net present values of the
BATs were sensitive to the change in discount rate. For instance, Figure 6.1 and
Figure 6.2 show the investment cost sensitivity diagrams for membrane filtration

alternative and MBR alternative, respectively.
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CHAPTER 7

CONCLUSIONS

Based on the results obtained in the previous chapters, the following conclusions can

be done from this thesis

= Among two water recovery alternatives which were membrane filtration and
ozonation considered in the cost-benefit analysis, membrane filtration process
chain composed of MF proceeded by NF, was determined as the best water
management alternative due to its low cost and low adverse environmental

effects. This alternative provided a water recovery of 70 %.

= MBR process was found to be the best treatment alternative for the mixed
wastewater. The other alternatives considered were activated sludge followed
by membrane filtration, activated sludge followed by ozonation, ozonation
and peroxone followed by activated sludge. MBR selected as the BAT not

only due its high cost-benefit ratio but also water recovery potential.
* Finally, among membrane filtration for water recovery and MBR treatment of
the mixed wastewater, the former was selected as the BAT applicable for the

mill in consideration.

= Since for both of the options, the selected BATs were based on membrane

technology, membrane technology appeared to be the most promising
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alternative in terms of recovery and treatability. In addition, this technology is

also economically applicable.

Economic viability of the sector was also investigated in this thesis. Most of
the textile mills in Turkey are in medium scale. However, the selected mill in
this study is one of the world’s leading denim producers. Therefore, it was
thought that the selected mill would afford the investment need for the
selected BAT which is 632,950 USD. In addition, by applying this
alternative, the mill could get some revenues originated for the water

recovery.

According to the sensitivity analysis conducted in order to quantify the level
of risk in the study, influent COD concentration, influent color value,
discount rate, energy cost, total operating cost index, and exchange rate
variation were thought as the critical variations in the studies. Among these
critical variations, it was investigated from the sensitivity diagrams that
investment costs were mainly affected by the exchange rate variations. On the
other hand, the greatest impact on operating cost was due to the variation in
energy costs. Moreover, net present values of the alternatives were sensitive

to the change in discount rate.

Some of the considered critical values were thought as the risk elements such
as initial COD concentration, discount rate, and total operating cost index.
Little change in these values affected the investment costs, operating costs,
and net present values. On the other hand, variations in the influent color
value, energy costs, and exchange rate changes did not have significant

influences on these financial indicators.
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CHAPTER 8

RECOMMENDATIONS

In addition to the abovementioned conclusions, all the analyses performed in this
thesis were mainly based on assumptions. The reason for this is that the alternatives
considered both in the water recovery and wastewater treatability studies are very
new technologies started to be applied not only in the textile industry, but also in the
other treatment fields. Therefore, more realistic cost figures can be found for those
alternatives in the future studies. In addition, by increasing in the implementation of
these ones in the future, the costs would decrease which would result in more water

recovery.

Moreover, as can be concluded from this thesis that saving water is a very important
issue for textile installations since water consumption is very high in amount in their
sector. By means of water recovery, textile mills not only save water, but also they
save money. From this point of view, textile industry should be made conscious of

water recovery management techniques.
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APPENDIX A

WASTEWATER REUSE STANDARDS

Table A.1. Wastewater reuse criteria [54]

Parameters Design Criteria

COD (mg/L) 80
TSS (mg/L) 5

TDS (mg/L) 500
Hardness (mg/L as CaCOs) 60

Conductivity (uS/cm) 1,000

Alkalinity (mg/L as CaCOs) -
Color (Pt-Co) 20
Turbidity (NTU) 1

pH 6-8
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APPENDIX B

DESIGN CRITERIA OF THE EXISTING WASTEWATER
TREATMENT PLANT

Table B.1. Design criteria of the existing wastewater treatment plant in the textile

mill

Parameters Design Criteria
Flowrate (m’/day) 3,600
COD (mg/L) 2,800
BOD (mg/L) 1,100
TSS (mg/L) 430
NH4-N (mg/L) 3.2
Free-Cl (mg/L) <0.3
Total Cr (mg/L) <0.5
Sulphide (mg/L) <2
Sulphite (mg/L) <1
Phenol (mg/L) <1
pH 11-12
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APPENDIX C

SAMPLE WORKING SHEETS

These working sheets were derived from Microsoft Excel 2007.
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Figure C.1. Input page for sensitivity analysis
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Figure C.2. Working sheet of cross-media effect assessment for water recovery
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Figure C.3. Working sheet of financial analysis for water recovery studies
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Figure C.4. Working sheet for ozonation cost calculations
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APPENDIX D

SENSITIVITY DIAGRAMS

This appendix provides the sensitivity diagrams for each of the water recovery and

wastewater treatability alternatives.
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APPENDIX E

SENSITIVITY ANALYSIS RESULTS

In the following tables, the variations of the investment costs, operating costs, and
NPV values according to the change in the critical variables are given as a result of
sensitivity analyses performed both for water recovery studies and wastewater

treatability studies.
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Table E.1. Changes in costs when critical variables change for water recovery

alternatives
Alternative Critical  Change in Investment Operating NPV
. . . cost
options Variable  variables cost change  Change
change
33% 0% 0% 0%
COD 0% 0% 0% 0%
-29% 0% 0% 0%
40% 0% 0% 0%
Color 0% 0% 0% 0%
-40% 0% 0% 0%
Discount -40% 0% 0% 44%
rate -20% 0% 0% 20%
MF + NF 0% 0% 0% 0%
Ener 0% 0% 0% 0%
> 5% 0% 2% ~4%
€08 10% 0% 5% 8%
Overatin 0% 0% 0% 0%
coI;t indei 1% 0% 0% ~6%
2% 0% 0% -12%
Exchange 0% 0% 0% 0%
rate 1% 1% 0% -3%
variation 2% 2% 0% -5%
33% 19% 6% -8%
COD 0% 0% 0% 0%
-29% -18% -6% 8%
40% 0% 0% 0%
Color 0% 0% 0% 0%
-40% 0% 0% 0%
Discount -40% 0% 0% -23%
rate -20% 0% 0% -10%
0 . 0% 0% 0% 0%
zonation
Energy 10% 0% 7% -6%
cost 5% 0% 4% -3%
0% 0% 0% 0%
Operating 2% 0% 0% -7%
cost index 1% 0% 0% ~4%
0% 0% 0% 0%
Exchange 0% 0% 0% 0%
rate 1% 1% 0% 0%
variation 2% 2% -1% 0%
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Table E.2. Changes in costs when critical variables change for wastewater treatability

alternatives
Alternative Critical Change in Invecsotsrilent Operating NPV
options Variable variables cost change Change
change
78% 0% 0% 0%
COD 0% 0% 0% 0%
-81% 0% 0% 0%
32% 0% 0% 0%
Color 0% 0% 0% 0%
-34% 0% 0% 0%
- 0 0 0 '7 0
AS + MF + rate 0% 0% 0% 0%
NF 0% 0% 2% 9%
Elclgg’fy 5% 0% 1% 4%
10% 0% 0% 0%
Operating 0% 0% 0% -37%
cost index 1% 0% 0% -18%
2% 0% 0% 0%
Exchange 0% 0% 0% 0%
rate 1% 1% -1% -1%
variation 2% 2% -1% -2%
78% 0% 0% 0%
COD 0% 0% 0% 0%
-81% 0% 0% 0%
32% 0% 0% 0%
Color 0% 0% 0% 0%
-34% 0% 0% 0%
Discount -40% 0% 0% 73%
rate -20% 0% 0% 33%
MBR 0% 0% 0% 0%
Energy 10% 0% 1% -3%
cost 5% 0% 0% -2%
0% 0% 0% 0%
Operating 0% 0% 0% -12%
cost index 1% 0% 0% 6%
2% 0% 0% 0%
Exchange 0% 0% 0% 0%
rate 1% 0% 0% -4%
variation 2% 0% 0% -7%
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Table E.2. (Continued)

Investment

Operating

Alternative Critical Change in cost cost NPV
options Variable variables Change
change change
78% 40% 6% -9%
COD 0% 0% 0% 0%
-81% -59% -9% 14%
32% 0% 0% 0%
Color 0% 0% 0% 0%
-34% 0% 0% 0%
Di ¢ -40% 0% 0% -27%
e 220% 0% 0% “12%
Ozonation + 0% 0% 0% 0%
AS Ener 0% 0% 6% -6%
e 5% 0% 3% 3%
10% 0% 0% 0%
Overati 0% 0% 0% -9%
2% 0% 0% 0%
Exchange 0% 0% 0% 0%
rate 1% 1% 0% 1%
variation 2% 2% -1% 1%
78% 40% 5% -7%
COD 0% 0% 0% 0%
-81% -59% -7% 10%
32% 0% 0% 0%
Color 0% 0% 0% 0%
-34% 0% 0% 0%
Di ¢ -40% 0% 0% -28%
RO 20% 0% 0% 13%
Ozonation + 0% 0% 0% 0%
H,O, + AS Energy 10% 0% 6% -6%
cost 5% 0% 3% -3%
0% 0% 0% 0%
Overati 0% 0% 0% -9%
2% 0% 0% 0%
Exchange 0% 0% 0% 0%
rate 1% 1% -1% 1%
variation 2% 2% -1% 1%
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Table E.2. (Continued)

Investment

Operating

Alternative Critical Ch.a nge NPV
. . in cost cost
options Variable variables change change Change
78% 6% 1% -1%
COD 0% 0% 0% 0%
-81% -3% -1% 0%
32% 0% 0% 0%
Color 0% 0% 0% 0%
-34% 0% 0% 0%
Discount -40% 0% 0% -28%
rate -20% 0% 0% -13%
AS + 0% 0% 0% 0%
Ozonation Energy 0% 0% 4% 4%
cost 5% 0% 2% -2%
10% 0% 0% 0%
Operating 0% 0% 0% -10%
cost index 1% 0% 0% -5%
2% 0% 0% 0%
Exchange 0% 0% 0% 0%
rate 1% 1% -1% 1%
variation 2% 2% 2% 1%
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APPENDIX F

CALCULATIONS FOR SUMMARY TABLES

Total flowrate = 3,250 m’/day

Dyeing wastewater flowrate = 1,140 m’/day

By applying membrane filtration to the textile mill for water recovery, the whole

system would be;

Dyeing wastewater flowrate = 1,140 m*/day (70 % water recovery achieved)
Rejected stream sent to AS = 342 m*/day
Flowrate treated by AS =(3,250 — 1,140) + 342 = 2,452 m3/day

Operating cost for;
Membrane filtration = 0.60 USD/m’
Activated sludge =0.87 USD/m’

(1,140 X 0.60) + (2452 X 0.87)
(1,140 + 2,452)

Opsratlng cost = = (.78 USD/m®

The calculated cross-media effects of the existing activated sludge system in the mill

are given in Figure F.1 below.
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Figure F.1. Cross-media effects of the existing activated sludge system in the mill
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