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Introduction

Relevance of the research

Water resources management has become an important operational and
environmental issue. The demand for water resources is daily increasing in the world. In
the past water was a cheap and abundant resource, the wastewater could be discharged in
surface water or to the sewer system without excessive costs and restrictions. However, the
rising costs of dependable water supplies and wastewater disposal have increased the
economic incentive for implementing technologies that are more environment-friendly,
and can ensure efficient use of natural resources. The key European Directive 61/96
“Integrated Pollution Prevention and Control” (IPPC) is going to be implemented in all
European Union countries. The implementation of the Directive will be determinant in
sustaining and encouraging water reuse and recycling application. The purpose of the
Directive is to achieve integrated prevention and control of pollution arising from a large
number of activities listed in its Annex I, leading to a high level of protection of the
environment as a whole. The Best Available Techniques (BAT) will be defined for several
industrial processes with a view to eliminate or reduce emissions. As far as the process
industries are concerned, some of the BAT are likely to implement closed-loop options for
industrial water usage. Implementation of IPPC is going to be determinant to the
sustainable and encouraging water reuse and also to recycling application in Lithuania.
The appropriate wastewater treatment and recycling is the way to break the negative
impact of human activities on the environment. With the regulation becoming more
stringent, the increase in water consumption efficiency is a relevant today’s problem not
only in Lithuania but also in EU and other countries of the world.

Lithuania, as all the other countries of the previous Soviet block, inherited
economy with very ineffective use of water and other different natural resources. To
produce one unit of GDP Lithuanian economy consumes several times more natural
resources than EU15 average. Not so long ago Lithuanian enterprises were achieving the
necessary minimal pollution level by diluting wastewater at the end of the pipe. It was the
only way to avoid huge fines imposed by environmental specialists. Today this practice is
no longer rational, and also makes huge economical damage to the interests of the
company. On the other hand, the wastewater treatment is costly, and Lithuanian enterprises
are facing a great need of starting the recycling of wastewater and introducing various
types of systems for the water reuse.

In Lithuanian strategy for sustainable development the attention is paid to elevating
the ecological effectiveness of production and services. Actually, our strategies lack clarity
and models for saving water resources in the country, and this problem raises new
challenges for Lithuanian science.

Object of investigation — technological flows of fresh water resources and wastewater in
the enterprises of process industry.

The aim of the research — to investigate and evaluate the criteria for water use and reuse,
and to develop a model for effective management of water resources in industry.



The following main tasks were raised for this work:

1. To analyze the preventive methods of saving water resources, minimizing wastewater
amount and applying the advanced wastewater regeneration technologies.

2. To investigate the possibilities of effective water resources consumption in
Lithuanian industry by performing comparative analysis of water consumption in
different branches of process industry and evaluating the potential of water resources
saving.

3. To develop the model for integrated water resources management (IWRM)
(“Integruoto vandens istekliy valdymo modelis”, IVIV, Lith.) in a company.

4. To identify the criteria for efficient water consumption using IWRM model.

5. To investigate the possibilities of water reuse and water reclamation for a closed loop
in different industrial companies.

6. To carry out an experiment of wastewater reclamation using selected technologies in
an industrial company and to evaluate the possibilities of reclaimed water recycling
and reuse for technological processes.

Scientific novelty and practical significance
The novelty of this work is IWRM model, which is designed for water resources
management in the company and provides the possibilities for process integration and
advanced wastewater reclamation technologies according to the mathematically
formulated efficient water consumption criteria based on an optimal solution
approach. The model also integrates the economical parameters such as water costs,
water treatment cost, etc.

Up to the present time the research in the field of water resources consumption in
Lithuanian companies was referred to only to the concept of cleaner production (“good
housekeeping”, process control and technological changes).

Approbation of the work

The results of this research work are published in 5 publications, 2 of them are in
the accredited publications of the Lithuanian Scientific council. In addition, the papers
were presented in 3 international conferences.

Some scientific research was performed in cooperation with the Center of
Industrial Water Management at Danish Technical University as a part of the EU 5™
Framework project “INNOWASH - Minimization of water consumption in European
textile dyeing and printing industry using innovative washing and water recycling
technologies™.

Doctorate thesis comprises: introduction, 5 chapters, basic conclusions and references.
The work consists of 124 pages, 48 pictures and 28 tables. 112 sources are presented in the
references.



1. Water resources management and environmental protection

Wastewater reclamation and reuse are an effective tool for sustainable industrial
development programs. The appropriate wastewater treatment and recycling is also the
way to eliminate the negative impact of human activities on the environment. The chapter
“International Experience and Results” gives the review with the aim to increase water
consumption efficiency using preventive technologies. The increase in water resources
consumption efficiency is understood as the decrease in water amount, which is used on
the released production (GDP) without the simultaneous decrease in the quantity of
released production but with the warrant of the environmental requirements. The basic
legal documents and strategies of international importance which regulate the water
efficiency consumption and the decrease in an environmental impact are reviewed.

In this chapter the methodologies of systematic evaluation and minimization of
water resources consumption are discussed. An attempt to evaluate the needs, possibilities
and possible effectiveness of such worldwide approach as “water pinch analysis” is also
made. Water pinch analysis is a technology providing a systematic approach for
minimizing the use of fresh water and the discharge of effluent water without losing sight
of the costs. It is a strategic tool for water management in industry. The fundamental
theoretical formulations for the application of the pinch concept to wastewater problems
were amongst others pioneered by El-Halwagi and co-workers (1992, 1995), Smith and
co-workers (19994, 1996), Wang and Smith (1994a,b, 1995), Kuo and Smith (1997, 1998),
Alva-Argdez at al. (1998a,b). The design methodologies and approaches cover a variety of
techniques ranging from the graphical based water pinch analyses (Wang and Smith,
1994; Hallale 2000), the source-sink graphical methodology (El-Halwagi, 1997) to
mathematical optimization based approaches (Keckler and Allen, 1999; Alva-Argaez et al.
2000). All these methodologies have a number of benefits and drawbacks but the major
issue encountered is the expertise required for the practicing engineer to apply these
techniques successfully (Dunn and Wenzel, 2001). The wastewater reuse potential for
industries was determined and the types of industries that could benefit from wastewater
reclamation and reuse were discussed. Various technologies for wastewater treatment and
regeneration were presented. Nowadays biological treatment and membrane technologies
are identified and recognized as the most suitable treatment for the industrial wastewater
reclamation.

Several industrial branches having been analysed, the basic water consumption
indicators in different Lithuanian industrial companies are compared with those in foreign
countries practice. For example, water consumption in different companies of yarn
industry (see Fig. No.l) is much higher compared to water consumption using Best
Available Techniques (BAT).
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Figure 1. Water consumption in yarn producing companies

The costs increase for water consumption and wastewater treatment (see Fig.
No.2), compelled Lithuanian companies to look for new ways of economic effectiveness.
Compared to the companies and enterprises of developed European countries, the
tendencies for water consumption and the problems of the effective use of wastewater are
common for most of the industries in the country (food, chemistry, electronics, etc.).
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Figure 2. Costs for water supply and wastewater sewerage in the period 1993-1999.

After analysing the world practice and various means of pollution prevention,
cleaner production and environmental management projects implemented in Lithuanian
companies, the following conclusions used for further investigations have been made:

1) There is a huge potential for water reuse, water recycling and closed water cycles in
most of the companies of different industrial branches.

2) Textile, pulp and paper, chemical, food and metal processing, power generation
industries have the greatest possibilities of minimizing water consumption and
wastewater.

3) Compared to water usage known in foreign practice, many Lithuanian companies
exceed water consumption several times, in some cases even more than ten times.



The problem of ineffective water treatment in industrial companies served as a
basis for choosing the subject matter for this scientific research work.

2. Methodology
The research work on saving water resources in various industrial companies has been
done consequently in several stages:

1) Theoretical analysis of the research performed in situ. At the beginning of the
research, the effectiveness of water consumption in different Lithuanian companies
has been analyzed and compared to good practice examples from the EU developed
countries and worldwide.

2) The water saving potential in process industry companies has been determined.

3) The detailed analysis of “Water Pinch” method and the experiment of process
integration in a company have been carried out.

4) The experiments of membrane filtration have been made and the possibilities of
reclaimed water reuse have been evaluated.

5) The IWRM model methodology for estimating economical benefits has been applied
in a company.

2.1. Process integration methodologies for water network optimization

Process integration represents an important branch of process engineering. It refers
to the system-oriented, thermodynamics-based, integrated approaches to the analysis,
synthesis and retrofit of a process plant. The main goals of process integration (PI) are to
integrate the use of materials and to minimize the generation of wastes. A recent
development in pinch technology that deals with pollution prevention, resource recovery,
and waste reduction is mass-exchange integration. In identifying water reuse and recycling
opportunities a systematic technology by means of a graphical tool for analysing water
networks called the water pinch diagram was introduced by Wang and Smith (1994). The
water pinch diagram is used to identify key design targets such as the minimum amount of
fresh water required by the studied system, the amount of water recycling and achievable
reuse, and the water quality concentration bottleneck.

In order to maximize the possibility of water reuse from processes, the highest
possible inlet concentration should be specified. The changing of the inlet concentration of
water used in a process results in a change of outlet concentration. The maximum available
effluent concentration should be determined and compared to the resulting one when
increasing the influent concentration.

The minimum flowrate when setting for the maximum inlet and outlet
concentrations is called the limiting water profile. The minimum flowrate f can be
mathematically expressed in the following way (Wang and Smith, 1994):

Am,
" mx,tot E]r:g / h) xl 03 (1)
[C™ —C™\(mg /1)

iout iin

f;lim(m3 /h) —

C'm  cim - inlet an outlet limiting concentrations;
i,in iout

Am, - total mass load of contaminant to be transferred;

i,to



In the case of full regeneration, mass load Am,,., of contaminant regeneration transferred
to freshwater stream f,,;, prior to regeneration is

Amregen = fmin Cpinch (2)

The mass load of contaminant transferred to the regenerated water stream between
regeneration-outlet concentration Cy and freshwater pinch Cpincn is

Ampinch - Amregen :ﬁnin(cpinch'c()) (3)

Thus, the total mass load of contaminant transferred prior to the freshwater pinch is the
sum of Egs. (2) and (3)

Ampinch :.fmincpinch +fmin(cpinch - C()) (4)

Rearranging Eq. (4), we find the minimum freshwater flowrate for simple full-regeneration
problems in terms of freshwater pinch Cpiy, and regeneration-outlet concentration Cy.

fmin = AmpinCh (5)
2C,  —C,

pinch —
fonin - minimum freshwater flowrate (m3/h).
2.2. Criteria of efficient water resources consumption
The main criterion for efficient water use W, is based on the necessity of
minimizing water consumption in companies.
W, — min (6)

At the same time, it is important to keep a high productivity rate and meet the
environmental requirements of EU standards.

N = const; @)
Q 2 Qmin; (8)
W,, — quantity of consumed water

N — production quantity which is required to be produced
O, Oin — production quality indicator and its minimal value, respectively.
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Two theoretical criteria were settled for further estimation:
1) the decrease in water consumption for producing a production unit;
2) minimization of water costs.

The decrease in water consumption for producing a production unit

In the process industry expenditure of water resources (E,,) for a unit of product is the
main criterion (indicator) of efficient water consumption

E,= —* ©

This criterion has to be followed by every enterprise, which uses water in its technological
processes and seeks to minimize water consumption

E,, — min, (10)
Minimizing water costs

This criterion can be followed in every enterprise calculations of water resources
and wastewater treatment expenditures, regardless the type of industry or technological
process used in the company

K= Z tWW + rWWW + Wother (1 ])
K — costs of water consumption in the company
W,, — the amount of water consumed
Ww — amount of discharged wastewater
W mer — Other costs related with water resources
t— tariff of water resources
r — tariff of discharged wastewater

In this case the objective to be achieved is the decrease in costs of water resources

consumption, under conditions (7) and (8)
K — min, 12)

11



2.3. Wastewater regeneration by membrane technologies

The membrane filtration experiments on rinsing water after reactive dyeing of cotton
were made at a textile company in Germany. Experiments were performed with a DDS 20
pilot scale membrane filtration equipment (Fig. 3). This system operates over the pressure
range of 1-70 bars and a maximum of 0.7 m* of total membrane area. The process
performance was controlled by measuring the permeate flow and the pressure at the inlet
and outlet of the module during experiments.

Figure 3. Pilot scale membrane filtration equipment DDS 20

The permeate samples were examined after the membrane tests were collected for
water quality analyses and washing test. Colour was measured by a VIS/UV
spectrophotometer (PERKIN ELMER Lambda 7). COD was estimated by WTW
Photometer MPM 3000, pH was measured with an ion analyzer Merck QpH 70, and WTW
LF318/SET instrument was used to measure conductivity. Washing out tests were done on
AHIBA Texomat equipment. For wet rubbing fastness evaluation ATLAS-Textile Testing
Products, CM-5, AATCC Crockmeter was used.

12



3. Integrated water resources management (IWRM) model

process industry is presented (Fig. 4).

Setting goals for

In chapter 3 the model for Integrated Water Resources Management (/WRM) in

use of IWRM
model
Static analysis
Water resource flow diagram
 — = — =P oftechnological process
1
Designing the Flow : Water balance
Chart of the whole T Input-Output diagram
enterprise 1
1 Water costs flow diagram of
L — — — = technological process
.E — | Specification of water costs
2
o
=%
g . .
S Dynamic analysis
Process integration using
r —‘ — =P ,WaterPinch“analysis -
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] Optimizing and modelling
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mmT--ooos = - - 7
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Figure 4. The structure of a model for Integrated Water Resources Management (IWRM) in industry.
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The model is a useful tool for investigating complex water used in production
systems. The model enables researchers to analyse the process water system in a static
domain, given by a certain time frame, and in a dynamic domain, where time dependant
changes can be monitored. The step-by-step procedure and the consistent relationships
between the input-output diagram types allow the straightforward set-up execution of a
water saving project.

The Static diagram types reveal the structure of the system i.e. flows and processes.
A system optimisation is possible based on both water and costs which are calculated and
balanced by water resources and wastewater in order to point out possible savings. The
diagrams are hierarchally structured in several levels of details allowing an in-depth
analysis of complex systems with numerous sub-systems. The Dynamic analysis involves a
water analyses technology called “WaterPinch” for analyzing water networks, which
provides a systematic approach for minimizing the use of fresh water and the discharging of
effluent water without losing sight of the costs. The detailed water network analysis enables
researchers to find out the best water recycling solutions using wastewater regeneration
technologies. Membrane technology was chosen as an example of the regeneration
experiments of process water for reuse. Membrane technology is now consistently proving
to be a commercially viable alternative to discharge off effluents directly to drain. It is not a
panacea for effluent treatment problems and it is still important to seek for an expert advice,
and carry out extensive trials, in order to ensure that the technology will be compatible with
the application.

Application of IWRM model. There are two main areas for applying IWRM model: 1)
technological process in appropriate equipment, which uses water resources (a simple
object) and 2) technological chain consisting of several technological processes or
equipment consuming water (a complex object).

Usually, technological processes are affected by various factors (variables), such as:

a) Input variables x;, x,,..x, - which are described by quantitative and
qualitative parameters of water consumption. This can be water resources
from different sources of water supply — supply agent, own bores, and also
the information on the water resources: amount, concentration of separate
components, temperature, etc.

b) Output variables y;, y,,...y, — these are waste water flows from different
technological processes and pollution concentration as well as temperature.
These values determine the process mode and describe the state of a
technological process.

c) Disturbances t;, t,,...t, — effects regarding the changes of water quality,
resources limits, changes of legislative requirements.

d) Control parameters u;, u,,...u, — changing regimes of technological
processes and the compensation of existing interferences.

Assessment of technological object relations between these parameters is stipulated.
This process can be viewed as demonstrated in Fig.5.

14
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Principle of IWRM model operation

The IWRM model operation is based on the optimal solution approach. The optimum
control is a feedback strategy using a combination of the costs of control and system
costs as an objective function, and using the system model as a linear constraint. An
objective function is understood as water resources usage rates per production unit £,
or minimization of wastewater treatment costs K.

The IWRM model is employed for optimisation of the objective function with regard
to quality and environmental requirements (Fig. 6). This model makes it possible to
keep the system in balance foreseeing the preventive measures for waste minimisation.
When applying the model in a selected enterprise, all possible ways of water should be
systematically assessed, i.e.:

a. Implementation of the direct water recycle;
b.  Water collection and reuse in technological processes;
c. Application of regenerative technologies for wastewater treatment;

d. Development of closed water cycles for separate production lines or for
different technological processes;

The IWRM model (see a detailed scheme in section 3) consists of two separate parts:

1)  Static analysis — diagrams for separate production processes, water flows and
costs balances;

15



2) Dynamic analysis for development of sustainable water use scenarios in an
enterprise — for evaluation and assessment of pollution quantities in different
technological processes; for systematic measurement of water recycles, and
creation of water reuse and closed water cycles; for modelling of water flows
integration and optimization with regard to the production programme
(depending on time, e.g. week or month).

Special software for modelling the scenarios for sustainable resource management and
the criteria for effectiveness of water resource savings proposed for enterprises are
described in detail in section 2.2.

fmmmm———— R fmmm—m———— R
' Input ' Output Estimation
! variables | ! variables |
> ] —
i I i ! I
' N System ¢ | i
r—=—=====°- ': r—=—=—====°7 ':
i Disturba | Side —
1 1
e : | effects : Objective function
i ! i ! -E,, K,
i e > |

Fig. 6. Principal operational scheme of IWRM model.

The model allows systematic evaluation of the possible scenarios for minimization
of water resource expenditures and for their effectiveness. If the calculated values are not
in line with the nominated ones, then it is possible to revise the input and output variables
and to re- evaluate the incidental impacts in order to correct the production technology
management.

The presented IWRM model complies with all basic stages of the enterprise
management — planning, assessment, performance analysis, implementation, monitoring
and improvement. One of the most important elements of this model is a continuous
improvement. The single analysis of the possibility to save water resources and minimize
wastewater can also be economically effective, but it does not provide any guarantee that
of the success of such measures. Only continuous monitoring of primary water source
balance and continuous updating of the data from water flows, water and wastewater costs
fixation, and the analysis of financial accounting indicators are the only conditions
guaranteeing the minimization of costs concerning the enterprise water usage.

4. Application of the IWRM model

Chapter 4 presents the application of theory to practice, the use of the /WRM model
for saving water resources and minimizing wastewater in different industrial companies.
The majority of experiments on saving water resources by using the /WRM model have
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been performed in different industrial companies. They have been mostly made in textile
companies. Why have the textile companies been chosen for the experimental work? The
textile industry wastewater is a significant source of pollution containing high
concentrations of inorganic and organic chemicals and is strongly coloured by the residual
dyestuffs. Thus, generated effluents contain a wide range of contaminants, such as salts,
dyes, surfactants, oil and grease, oxidizing and reducing agents. In environmental terms
these contaminants are suspended solids, COD, BOD, as well as high pH and very strong
colour. The goods are usually washed too long and too intensively and in order to achieve
the best rubbing and wash fastness wastewater is drained directly into the waste water
treatment plant without any recycling or cleaning.
To apply the IWRM model the following steps have been used:
identification of the machine groups with the largest annual water consumption;
. investigation of machine groups with regard to possible direct water reuse,
theoretically and in practically;
evaluation of direct water reuse solutions;
estimation of the value of direct water reuse initiatives;
. selection of relevant technology able to work in the process water from rinsing after
cotton dyeing;
. estimation of the reduction in polluting substances in the reclaimed process water
after membrane filtration;
. determination of the applicability of this permeate for reuse as rinsing water in the
dyehouse;
. evaluation of economic efficiency of water reclamation by membrane filtration and
reuse in processes.

In this chapter the data on water resources are used for more detailed analyses.
First, the water consumption analysis is conducted. Then, the theoretical water reuse target
has been estimated. The water consumption analysis has confirmed that the washing and
rinsing are two of the most common operations in the textile industry and optimisation of
washing efficiency can conserve significant amounts of water. In overflow rinsing, clean
water is fed into the machine and drained through an overflow weir usually set near the
normal running level. This technique is useful for removing the surface scum resulting
from poor quality water or chemicals or from inefficient pre-treatment. In terms of water
consumption, it is inefficient especially with a high liquor ratio. Furthermore, the analysis
has clearly shown that the washing machines are also consuming a lot of water resources.

Chapter 4 says that determination of a well founded estimate of the possible
maximum reuse of water at textile, leather companies assuming that the available sources of
water could be combined with the available sinks in the absolute optimal way while
ignoring any practical obstacles is one of the goals of this work.

Wastewater regeneration by membrane technologies

Biological treatment, chemical precipitation, membrane technology, activated carbon
adsorption and evaporation are the common wastewater treatment techniques of textile
industry effluents. Low salinity rinse water can be treated with all four techniques.
However, membrane filtration is technically advantageous compared to other techniques.
Process water membrane filtration in the textile industry has been reported as a favourable
answer on water reuse requests. The hot rinsing water reclaimed by membrane filtration
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has been tested on a number of recipes and successfully used for rinsing. The hot water
reuse speeds up the rinsing process compared to the traditional recipes, thus saving 50% of
the time consumption for rinsing, and thereby increasing the equipment production
capacity. However, several comprehensive case studies should be accomplished for
different textiles, recipes and machines used in different dyehouses.

Membrane filtration experiments have been done in cooperation with scientists
from Danish technical university and a textile company. Six from the 14 membranes used
for the task have been received at textile company and have been selected by laboratory
experiments at [PU for the further pilot tests of this project. Nanofiltration membranes
have been supplied by Osmonics (Desal DK and Desal DL) and by DSS (NFT 50).
Reverse osmosis membranes have been supplied by Film Tec (BW30), by DSS (HR98), by
Osmonics (Desal SG).

Characteristics of permeate and washing results

Nanofiltration and reverse osmosis membranes at a dyehouse have been evaluated
for their ability to separate colour, COD and conductivity of the process water coming
from the washing machine. As an example, the results of the permeate quality at different
concentration degrees (CD) are presented (Fig. 7). The permeate from the NF membranes
is not colourless at CDS5, while permeate from the RO membranes are always colourless or
nearly colourless. Almost complete colour removal has been achieved with the reverse
osmosis membrane filtration.

# CD2COD, mg/| ®CD 5 COD mg/l

FEED  BW30 DK DL SG NFT50  HR98

Membrane type

Fig.7. COD retention

The feed COD value was between 920 mg/l - 966 mg/l. COD retention of the NF
membranes was around 95% for the RO membranes, the COD retention was around 97%.
In some examples the COD was lower than 10 mg/l. The rinsing (washing out) tests were
performed on an AHIBA Texomat apparatus at the laboratory at ITC in Denkendorf. Tests
were performed by rinsing of cotton textile dyed at the dyehouse. The rinsing effect of
permeates from the different membranes (Fig.8.) did not differ from that of fresh water.
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Fig.8. Rinsing test

In the future the main challenge for water professionals is to provide new
engineering solutions such as membrane technologies for better management and closing the
water cycle in both small and large industrial companies. The appropriate wastewater
treatment and recycling are the way to break negative impact of human activities on the
environment.

When carrying out the case studies, it has been found out that a IWRM model is
applicable to various types of water using production systems, especially to those
consuming large water amounts. For example, using the IWRM model in testified textile
companies 52-62% fresh water savings have been achieved, and a correctly applied
membrane filtration makes it possible to create a closed water loop for a textile rinsing
process. Integration of “WaterPinch” and wastewater regeneration technologies ensure
process optimization, they can provide financial savings, conserve natural resources and
help to meet the present and future environmental legislation requirements.
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5. Conclusions

The results of the research work performed allow to draw the following conclusions:

1.

The comparative analysis of water resources in industry has shown that the main
criteria for effective water use are an input of water resources used for
producing a unit of the production (m’/t, pes., m). Comparing these criteria
among industrial enterprises of developed countries following BAT
recommendations, Lithuanian enterprises use 3-5 (in some cases 10) times more
water for a production unit, especially in textile, pulp and paper, metal
processing, chemistry and food industries.

The model of Integrated Water Resource Management (IWRM) helps to assess
and evaluate systematically water resources and wastes in the enterprise.
Applying this model to the enterprise there is a possibility to create various
scenarios for optimal management of water resources: for the use in a total or
single technological production process.

The analysis of the IWRM model effectiveness has indicated that in a case of a
big enterprise of the textile industry, application of the IWRM model allows to
save 52% of water resources for 1t of the production and in a case of a small
textile enterprise — savings of 62% of water resources are calculated.

The experimental results of waste water regeneration using the membrane

filtration in a chosen textile enterprise allow to draw the conclusion that the

regenerated water can be used not only for water recycles or in closed cycles, but

also for other various types of technological processes.

4.1. Using membranes NF' and RO for wastewater regeneration in textile, the
effectiveness of removing the intense colour from wastewater is 95-100%.

4.2. The effectiveness of contaminant removal from wastewater according COD
and conductivity is 95% when using NF membrane, and 97% when using
RO membranes.

4.3. After introducing the closed wastewater cycle for washing in a rinsing

machine the savings of an enterprise are 86% per year.

After implementing the IWRM management model in a chosen textile enterprise
which uses 800 000 m® of water, the savings identified for costs of fresh water
resources have been minimized from 2/% to 13%.

Implementing the IWRM model under the free market conditions, industrial

company gains:

a) optimization of freshwater usage in technological processes;

b) choice of optimal production modes;

c) forecast of fresh water rates and wastewater quantities;

d) compliance of the enterprise technological process with the EU legislation
on wastewater treatment.

20



List of publications

Reviewed articles in the periodical scientific research journals:
1. Dvarioniene J., Stasiskiené, Z. Water resource saving in Lithuanian industry:
possibility analysis// Environmental research, engineering and management. ISSN
1392-1649. 2002, 1(19). Kaunas: Technologija. P 34-42.
2. Dvarioniene J., Knudsen, H.H, Stasiskiené, Z. Pilot scale membrane filtration
study on water reuse after reactive cotton dyeing// Environmental research,
engineering and management. ISSN 1392-1649. 2003, 3(25). Kaunas: Technologija.
P 3-10.

Proceedings of international conferences:
1. Dvarioniene J. Environmental performance improvement in tanneries: Lithuanian
experience// Euro Summer school — ,,Water and Resource Recovery in Industry*,
Wageningen, The Netherlands, 2001.
2. Dvarioniene J. Possibilities of water resources saving in industrial companies //
International conference for graduate students ,,Youth seeks advance 2003,
compendium of papers. ISBN 9955-9633-2-8. LZUU, Akademija, 2003. p. 246-251.
3. Dvarioniene J. Closing water cycles in textile industry// International conference
,ustainable Industrial Development: Product Oriented Strategies and Tools®.
Conference‘s Reports Material (CD). Kaunas, 2003.

Other publications:
Dvarioniene J., R. Zemaitaitiene, R. Klimaviciiite, A. Zemaitaitis. Analyses of
efficiency of chromium removal from wastewater with sodium aluminates and anionic
flocculants in leather industry// Environmental research, engineering and
management. ISSN 1392-1649. 2001, 3(17). Kaunas: Technologija. P 11-19.

Patents:
Dvarioniene J., Kalvinskas V., Zemaitaitiene R., Klimavicitite R., Zemaitaitis A. LR
patent 4868. Water composition for destabilization of dispersive systems and its
abstraction. OB biulletin. 2001. Nr.11.

Information about the author

1985-1990 Studies at the Faculty of Chemical Engineering in Kaunas Polytechnic
Institute. Graduated with the diploma of a chemical engineer.

1990-2000 Work in the Fur factory “Vilkas”Ltd in various occupations.

1998-2000 Master’s degree studies. Courses in environmental science, environmental
Engineering at the Faculty of Chemical Engineering, Kaunas University of
Technology.

2000-2004 Doctorate’s studies in the environmental engineering and land management
science at the Kaunas University of Technology, Institute of Environmental
Engineering.

Since October of 2004 she works as engineer at the Institute of Environmental Engineering

of the Kaunas University of Technology.

21



Reziumeé

Darbo aktualumas

Lietuvai tapus pilnateise Europos Sajungos nare, pramonés ijmonéms tenka
didziulis uzdavinys sprendziant tarSos mazinimo bei gamtos iStekliy tausojimo klausimus.
Pasikeitus rinkos ekonomikos salygoms, sugrieztéjus aplinkosauginiams reikalavimams,
padidéjus vandens ir nuoteky kanalizavimo kaStams, vandens iStekliy tausojimas tapo
neiSvengiama bitinybe visoms pramonés imonéms. Gamtos iStekliy naudojimo
efektyvumo didinimas ir atlieky mazinimas bei ju racionalus tvarkymas ir antrinis
panaudojimas yra vienas i§ aktualiausiy ne tik Lietuvos pramonés plétros, bet ES
prioritety.

Lietuva, kaip ir kitos buvusio sovietinio bloko $alys, paveldéjo labai neefektyviai ir
neracionaliai vandens ir kitus gamtos iSteklius naudojanti ki ir, nepaisant per pastaraji
desimtmetj pasiektos pazangos, apdirbamosios pramonés imonés vis dar sunaudoja keleta
karty daugiau gamtiniy iStekliy BVP vienetui pagaminti nei vidutiniSkai ES Salyse. Todél
iy imoniy neigiamas poveikis aplinkai yra palyginti stiprus, o konkurencingumas dél
didelés gaminiy savikainos silpnas. Anks¢iau jmonés nuoteky tar$a “mazindavo” skiedimo
blidu: $variu vandeniu mazindavo terSaly koncentracijas nuotekose ir taip iSvengdavo
mokesciy uz tar$g; Siandien tai ne tik neracionalu, bet imonéms ir ekonomiskai nenaudinga
[Dvarioniené, Stasiskiené, 2001]. Tuo tarpu naujoviskas nuoteky traktavimas siejamas su
imonés papildomais istekliais; nuotekas butina ne isleisti i§ jmonés bet pakartotinai naudoti
technologiniuose procesuose, kurti pakartotinio naudojimo, reciklo ir uzdary cikly
sistemas. Sékmingo pakartotino nuoteky naudojimo, reciklo ar uzdary cikly sukiirimo
galimybes nulemia iSankstinis vandens kokybés pokyc¢iy numatymas, juy itaka nuotekoms
bei gaminamy produkty kokybei.

Vandens naudojimas yra viena i§ plaCiausiai Europos Sajungos aplinkos apsaugos
teisés aktais reguliuojamy sri¢iy. 2000 m. ES isigaliojusi Bendroji vandens politikos
direktyva (BVP, 2000/60/EC) apibrézé pagrindines subalansuoto vandens istekliy valdymo
gaires, ypatinga démesj kreipiant { tarSos Saltinius, i§ kuriy i$leidZziamas uzterstas vanduo.
Remiantis §ia direktyva, visos ES Salys privalo uztikrinti nustatytus vandens istekliy
naudojimo bei apsaugos reikalavimus. Kita ypa¢ svarbi pramonés imonéms - Integruotos
tarSos prevencijos ir kontrolés direktyva (TIPK, 96/61EEC), pagal kurios nuostatas
subalansuotam vandens istekliy valdymui uztikrinti biitina taikyti integruotas ir pazangias,
ekonomiskai veiksmingas tarSos prevencijos technologijas. Taip pat svarbus veiksnys,
skatinantis imones jau dabar ieSkoti papildomy finansiniy istekliy jmonés viduje, tai
vandens ir nuoteky kanalizavimo kasty iSaugimas netolimoje ateityje, kuomet bus
igyvendinti Miesto nuoteky valymo direktyvos (1991/271/EEB) reikalavimai — atnaujinti
nuoteky valymo jrenginiai. Manoma, kad ateityje Lietuvoje vandens tiekimo ir nuoteky
kanalizavimo kastai prilygs vidutiniams ES S$aliy kaStams, kurie Siuo metu 3-4 kartus
didesni nei Lietuvoje. Siekiant atsieti ekonominj augima nuo gamtos istekliy naudojimo ir
pasiekti, kad istekliy naudojimas ir aplinkos terSimas augty zymiai lé¢iau nei gamyba ir
paslaugos, Nacionalinéje subalansuotos plétros strategijoje ypatingas démesys skiriamas
gamybos ir paslaugy ekologinio efektyvumo didinimui.

Pagrindinis Lietuvos pramonés subalansuotos plétros siekis formuluojamas taip —
pagal ekonominio ir socialinio vystymosi bei istekliy naudojimo efektyvumo rodiklius iki
2020 mety pasiekti dabartinj Europos Sajungos vidurki, pagal aplinkos tarsos rodiklius —
nevirsyti ES leistiny normatyvy, laikytis tarptautiniy konvencijy, ribojanciy aplinkos
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terSima ir indélj i globaling klimato kaita. Todél gamtos iStekliy naudojimo efektyvumo
didinimas ir atlieky mazinimas bei jy racionalus tvarkymas bei antrinis panaudojimas yra
vienas i§ svarbiausiy Lietuvos subalansuotos plétros prioritety.

Taigi neracionalus vandens panaudojimas (ekonomine prasme) ir neefektyvus
tarSos mazinimas bei gamtiniy iStekliy vartojimas pramonés imonése (aplinkosaugine
prasme) paskatino atlikti mokslinius tyrimus vandens istekliy tausojimo ir nuoteky
mazinimo stityje. Siuo néra vandens istekliy tausojimo strategijy rengimo ir igyvendinimo
modeliy, kuriuos naudojant biity sudarytos prielaidos inovatyviai ir kryptingai pramonés
imoniy veiklos plétrai gamtiniy iStekliy tausojimo linkme.

Tyrimo objektas — pramonés jmoniy gamybiniai vandens ir nuoteky srautai.
Darbo tikslas — jvertinus vandens isStekliy vartojimo kriterijus, sukurti efektyvaus vandens
iStekliy integruoto valdymo pramonés jmonéje modelj ir patikrinti jo efektyvumaq.

Siam tikslui jgyvendinti iSsikelti uidaviniai:

1. I8analizuoti prevencinius vandens istekliy tausojimo ir nuoteky mazinimo metodus bei
pazangias nuoteky regeneravimo technologijas.

2. Istirti vandens iStekliy sanaudy efektyvumo didinimo galimybes Lietuvos pramonéje,
atliekant atskiry pramonés Saky imoniy vandens sanaudy lyginamaja analizg ir jvertinant
pramonés imoniy vandens iStekliy tausojimo potenciala.

3. Sukurti integruoto vandens iStekliy valdymo jmonéje model;.

4. Istirti sukurto modelio taikymo efektyvuma pramonés imonése pagal matematiSkai

suformuluotus efektyvaus vandens iStekliy vartojimo kriterijus.

. I8tirti vandens recikly ar uzdary cikly kiirimo galimybes skirtingose pramonés imonése.

6. Atlikti nuoteky regeneravimo eksperimentinius tyrimus pramonés imongje ir ivertinti
filtruoty nuoteky antrinio panaudojimo technologiniuose procesuose galimybes.

(9}

Tyrimo metodai

Darbas atliktas remiantis bendraisiais moksliniy tyrimuy metodais: sistemine
analize, lyginamqgja analize, masiy balansu. Vandens istekliy sanaudy ir nuoteky
mazinimo {vairiose Lietuvos pramonés imonése poreikio analizé atlikta naudojant
apklausos rezultatus. Apklausai atlikti buvo sudaryti specialiis klausimynai, naudojant
anketinio tyrimo metodq. Vandens iStekliy tausojimo ir nuoteky mazinimo imonése
nustatymui taikyti procesy integravimo metodai, vandens srauty analizé (,, WaterPinch“),
taip pat membraninés filtracijos tyrimo metodas. Vandens srauty analizei taikyta duomeny
apdorojimo sistema bei programiné iranga ,,WaterDesign*. Nuoteky kokybei tirti naudoti
cheminés analizés metodai.

Mokslinis naujumas

Pagrindiniu darbo mokslinio naujumo elementu laikytinas pramonés imoniy
integruoto vandens iStekliy valdymo (IVIV) modelis, numatantis procesy integravimo ir
pazangiy nuoteky regeneravimo technologijuy taikymo galimybes. Taip pat:

- vandens iStekliy tausojimo galimybéms nustatyti taikytas sisteminis pozitiris jmonés
veiklos analizei, atskiry technologiniy procesy jvertinimui, kuriy pagalba galima ne
tik uztikrinti vis grieztéjanCius aplinkos apsaugos reikalavimus, bet ir tausojant
vandens isteklius gaunama ekonominé nauda;
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- sistemiSkai jvertintos vandens sanaudy mazinimo ir nuoteky antrinio panaudojimo,
recikly ar uzdary vandens cikly kiirimo galimybés, integruojant nuoteky
regeneravimo galimybes.

Teoriné ir praktiné darbo nauda

1. Ivertinti teoriniai vandens istekliy tausojimo ir nuoteky mazinimo tyrimo metodai,
kaip pramonés imoniy subalansuoto vystymo strategijy teorinis pagrindas.

2. Numatytos procesy integravimo teorijos ir pazangiy nuoteky regeneravimo
technologijy taikymo galimybés rengiant ir igyvendinant vandens iStekliy valdymo
modelj.

3. Sukurtas integruoto vandens istekliy valdymo modelis (IVIV) pramonés jmonéms,
kuri naudodamos imonés galés ne tik sumazinti vandens istekliy sanaudas ir nuoteky
kieki, bet ir turés ekonomine nauda.

4. I8nagrinétos ir jvertintos nuoteky antrinio panaudojimo, recikly ar uzdary vandens
cikly galimybés, taikant IVIV modelj pramonés imonése.

5. Ivertinti tiesioginio vandens reciklo, nuoteky regeneravimo taikant membraning
filtracija, filtruoty nuoteky naudojimo technologiniuose procesuose scenarijai.

6. Istirtos vandens istekliy tausojimo galimybés, sietinos su Lietuvos pramonés imoniy
inovatyvia ir kryptinga plétra. [vertintos atskiry pramonés Saky galimybés
pakartotinai naudoti vandeni, kurti vandens reciklus bei uzdarus vandens ciklus

Vandens istekliy tausojimo pramonéje moksliniai tyrimai autorés buvo atlickami
eilg mety: pradedant nuo gamybinés veiklos, véliau tgsiant jvairiy Lietuvos pramonés Saky
gamybiniy nuoteky mokslinius tyrimus magistratiiroje ir doktorantiiroje. Doktorantiiros
studiju metu moksliniai tyrimai buvo atliekami bendradarbiaujant su Danijos technikos
universiteto, CEVI centro (angl. Center for Industrial Water Management) mokslininkais,
atliekanciais tyrimus vandens iStekliy tausojimo pramonéje, ES moksliniy tyrimy ir
eksperimentinés plétros projekto ,, Vandens sqnaudy mazinimas Europos tekstilés jmonése
naudojant inovatyvias plovimo ir vandens reciklo technologijas (angl. Framework 5,
“INNOWASH - Minimization of water consumption in European textile dyeing and
printing industry using innovative washing and water recycling technologies*), vykdyto
2001-2004 metais, rémuose. Vandens iStekliy tausojimo moksliniai tyrimai buvo atliekami
ivairiose Lietuvos pramonés bei Vokietijos imonése, taikant procesy integravimo metodus,
membraninés filtracijos tyrimai tekstilés imonéje, nuoteky ir filtraty kokybiné analizé
atlikta Denkendorfo tekstilés institute (,, Institut fiir Textilchemie ITC Denkendorf™)
Vokietijoje.

Mokslinio darbo rezultaty paskelbimas. Mokslinio darbo rezultatai paskelbti 5
publikacijose, i$ kuriy 2 straipsniai spausdinti recenzuojamuose zurnaluose, 3 straipsniai -
tarptautiniy moksliniy konferencijy medziagoje.

Disertacija sudaro ivadas, 5 skyriai - tyrimy apzvalga, darbo metodologija, tyrimy

rezultatai, i§vados, literatiiros sarasas (112 pavadinimy) ir priedai. Pagrindiné medziaga
iSdéstyta 124 puslapiuose, iskaitant 28 lenteles ir 48 paveikslus.
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I§vados

Atlikti tyrimai leidZia daryti Sias bendrasias iSvadas:

1. Atliekant pramonés imoniy vandens iStekliy sanaudy lyginamaja analiz¢ nustatyta, kad
pagrindinis efektyvaus vandens istekliy sanaudy kriterijus — vandens iStekliy sanaudos
tenkangios produkcijos vienetui pagaminti (m*/t, vnt., m). Lyginant su isivys¢iusiy $aliy
pramonés imonémis ir GPGB rekomendacijomis, Lietuvos pramonés imonése produkcijos
vienetui pagaminti sunaudojama 3-5 k. (kartais 10 k.) daugiau vandens istekliy. Nustatyta,
kad didziausia potenciala vandens iStekliy sanaudy mazinimui turi tekstilés, popieriaus ir
kartono, metaly apdirbimo, chemijos ir maisto pramonés jmonés.

2. Sukurtas integruoto vandens istekliy valdymo modelis (IV1V) padeda sistemiSkai
vertinti imonés vandens iStekliy sanaudas ir nuotekas. Naudojant §i modeli imonése
galima kurti subalansuoto vandens iStekliuy (farp jy ir nuoteky) valdymo scenarijus: visai
imonei ar atskiriems technologiniams procesams. Priklausomai nuo jmonés pobidzio ir
vidiniy tiksly, atlickamas vandens srauty modeliavimas ir optimizavimas, atsizvelgiant {
gamybos programa per tam tikra laika (savaite, ménesj) ir atsizvelgiant { efektyvaus
vandens iStekliy vartojimo kriterijus.

3. Atlikus IVIV modelio taikymo tyrimus nustatyta, kad istekliy valdymo efektyvumas
priklauso nuo: gaminamos produkcijos apiméiy, technologiniy procesy specifikos, vandens
tieckimo ir nuoteky kanalizavimo kasty, teisiniy reikalavimy, nuoteky regeneravimo ir
atlieky tvarkymo kasty. Nustatyta, kad taikant IVIV modeli dideléje tekstilés imonéje,
vandens istekliy sanaudos /¢ produkcijos pagaminti bty sumazintos 52% - nuo 280 m’/t
iki 134 m’/t. Mazoje tekstilés jmonéje vandens istekliy sanaudos /¢ produkcijos pagaminti
biity sumazintos 62% - nuo 113 m’/t iki 39 m’/1.

4. Nuoteky regeneravimo taikant membraning filtracija tyrimai pasirinktoje tekstilés
imonéje leidzia daryti iSvada, kad regeneruotos nuotekos gali biiti naudojamos ne tik
vandens reciklui ar uzdaram ciklui kurti, bet ir kituose technologiniuose procesuose, t.y.:

o taikant membraning filtracija (nanofiltracijq, reversini osmosq) tekstilés nuoteky
regeneravimui, intensyvios nuoteky spalvos pasalinimo efektyvumas yra 95-100%;

o nuoteky terSaly pasalinimo efektyvumas pagal ChDS ir savitaji laidj yra 95%, taikant
NF ir 97%, taikant RO membranas;

e imoné, idiegusi plovimo nuoteky uzdara cikla per metus sutaupyty 86% vandens
sa§naudq bendrujy kasty tolydinéje plovimo linijoje arba nuo 35 m’/f sumazinty iki 3,/
m/t.

5. Taikant IVIV modelj nustatyta, kad po modelio pritaikymo tiriamoje tekstilés jmonéje
vandens kas$tai sumazéjo nuo 27/% iki 13%. Ivertinus tai, kad imoné per metus sunaudoja
apie 800 000 m® vandens iStekliy, pasicktas 8% eckonominis efektas yra pakankamai
zenklus jmonei.

6. Nustatyta, kad taikant integruota vandens iStekliy valdymo (7VIV) modeli, sudaromos
prielaidos inovatyviam ir kryptingam pramonés imoniy veiklos vystymui gamtiniy iStekliy
tausojimo linkme bei didinamas imoniy ekonominis efektyvumas. Rinkos salygomis
pritaikius modeli imong¢je bty galima uztikrinti $iuos svarbius aspektus:

a) vandens sanaudy optimizavima technologiniuose procesuose;

b) optimaliy gamybos rezimy parinkima;

¢) vandens sanaudy ir nuoteky kiekiy prognozavima;

d) suvandens iStekliy vartojimu susijusiy kasty prognozavima;

e) sunuoteky tvarkymu susijusiy aplinkos apsaugos reikalavimy atitiktj.
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