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Preface

Economic development, population growth, and environmental pollution evolving in
many parts of the world are placing great demands on existing resources of fresh
water. Arid and/or semi-arid regions in part icular suffer major shortage of fresh water
supplies due to the scarcity of available natural and traditional resources. Fresh water
may seem to be commonplace on earth, but it is actually scarce. Most of the world’s
water is saline where 2.5 percent only is fresh,and 97 of that freshwater is tied up in
the north and south poles, and in undergro und water. Only the remaining 0.3 percent
is renewable through the cycle of precipitation and evaporation, and even this is often
not available where and when it is needed. The demand for freshwater is doubled
every twenty years. In 1950, only 12 courtries with 20 million people faced water
shortage and this rose to 26 countries by1990 with 300 million people. By 2050, it is
projected to be as many as 65 countries wih seven billion people, or about 60 percent
of the world’s population, mainly in the de veloping countries. The Gulf Cooperating
Council Countries (GCCC) have had water shortages in the past, and they continue to
be susceptible to water shortages in the future due to their geographic location in an
arid zone.

Emerging trends indicate that a “water cris is” is now approaching in several regions -
most notably the Middle East and North Africa - where per capita water availability is
1,247 cubic meters per year, one of the lowesin the world. Thus, the main constraint
to agricultural production in these areas in the near future will be the availability of
water, not land.

In line with resolving the water crisis in re cent years, there has been an increasing
concern on the improvement and development of the water sector (resource
management) and the efficient utilization of the water resource (demand
management) for sustainable development. Above all, water purification is a vital
alternative to eliminate the water contamin ation and to close the gap between fresh
water demands and available resources. Treatment and purification approaches
include traditional approaches that have lasted for several centuries without major
changes and/or modifications. Recent modifications to treatment approaches as well as
advanced and new innovative approaches have been emerging and reflecting their
significant contribution towa rds fixing the water crisis.
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This book covers a number of water treatment issues relevant to either improving the
common traditional treatment methods or to new advanced and innovative
approaches. It has four sections titled: [1] Management and Modeling of Treatment
Systems, [2] Advanced Treatment Processes[3] Treatment of Organic-contaminated
Water, and [4] Advanced Monitoring Techni ques. The first section addresses three
topics; the first is related to Informatics, Logistics and Governance in Water Treatment
where issues like data requirements for water treatment and water supply scheme,
governance in water treatment and water supply scheme, water-energy nexus, and
intelligent systems in water process are discussed. The second topic introduces an
alternative approach to design water treatment plants that applies systems analysis
successfully and productively based on their concept and practice of the optimization
theory. The third topic reviews modeling a pproaches and mathematical formula used
in predicting the quality of wastewater treatment plants (WWTPs) effluents. Such
review has a great benefit in carrying out assessment studies of WWTPs impacts on
the receiving water bodies.

Second section has seven chapters addrgsing different advanced water treatment
processes. This includes a comprehensivereview on wastewater treatment methods,
particularly advanced oxidation proce sses, absorption, and electrochemical
technologies along with discussion of advantages and disadvantages of each method.
The section has another chapter on the usage ofatural zeolites as excellent adsorbents
for the removal or reduction of toxic cations and anions from drinking water,
wastewater, surface, underground and public municipal waters. Another chapter
evaluates the combined usage of natural coagulation/flocculation and microfiltration
in the removal of cyanobacteria from drinki ng water. Following chapter evaluates the
role of biologically activated filters in co ntaminant removal from water sources and in
selecting microbial communities in biofilms specifically adapted to targeted
contaminants for efficient metabolism. Section Il also discusses the application of
bubble flotation technique in industrial waste water treatment, particularly in heavy
metal removal. Another chapter evaluates different treatment techniques in removing
inorganic and organic contaminants from produced water generated during oil and
gas extraction from subsurface formations. Finally this section has a chapter evaluating
different treatment techniques in removing major contaminants in groundwater in
Denmark with focus on contaminants like turbidity-producing matters, arsenic,
chlorinated solvents, and pesticides.

Section Il has two chapters on removal of organic contaminants from wastewater.
While the first chapter presents a comprehensive review of the types and sources of
organic contaminants in wastewater along with their common remediation techniques,
the second focusses on the use of electrochemical technologies in separating such
organic contaminants from water.

For Section 1V, three chapters present diffaent techniques and programs of water
quality monitoring. The first presents a br ief report on the use of bioassays with
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plants, especially Allium cepa, in monito ring the quality of water. The second
evaluates different types of Algae as bioindicators used in evaluating the water quality
and treatment efficiencies. The third chapter compares the results of intensive
monitoring program applied to the polluted and heavily eutrophicated Palic Lake in
the past 20 years with its quality after being dried and restored in 2010. This is in
addition to perceive the possibility of applying ecoremediation technologies in

remediation of Palic Lake.

Dr. Walid Elshorbagy

Department of Civil and Environmental Engineering,
United Arab Emirat es University,
UAE

Dr. Rezaul Kabir Chowdhury

Department of Civil and Environmental Engineering,
United Arab Emirat es University,
UAE
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Chapter 1

Informatics, Logistics and Governance
in Water Treatment Processes

Rezaul K. Chowdhury and Walid EI-Shorbagy
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/83753

1. Introduction

Increasing demands of water for diverse uses of domestic, agricultural, and industrial
consumption, both in quantity and quality, po se tremendous pressureon the need of well-
articulated management approaches. Such g@proaches are expected to address several
challenges such as limited supplies, deteriorated quality of available and produced water,
conflicting interests of public stakeholders and groups, adverse environmental and
ecological impacts, climate charges, etc. Large number of these approaches exist and still
evolve and develop for different purpose including data management, operation and
governance, conjunctive management of water and energy, asset management, and
intelligent systems in water treatment process.

Planning and execution of water treatment pr ocesses involve a coordinated effort from
different stakeholders. This involves collection of data (water availability data, water
demand data, demographic data, water quality data, land use data etc.), identification of
appropriate authority for their sources and development of effective communication to
these authorities. Logistics involved in establishment of water treatment plants vary from
country to country and depend on the country’ s socio-political systems. For any city or
town, municipality or city council authority is generally responsible for execution of water
treatment plants, however their approval process may involve several stakeholders.
Government system of any country signific antly affects selection of water treatment
processes (desalination plant, surface watertreatment plant, groundwater treatment and
selection of alternative water sources such asstormwater, rainwater and treated greywater).
Collection of treatment plants’ performance moni toring data is essential for execution of
similar projects. Now-a-days, climate change and their impacts on freshwater availability is
a matter of great concern to water professionals. Scientific researches throughout the world
anticipate reduction of water availability . Water treatment and water supply schemes
require significant amount of energy (electri city) while water is essential for energy and



4  Water Treatment

electricity production. This paradox is widely known as “water energy nexus”. It is also
known as “climate, water and energy nexus”. Sign ificant progress has been made on uses of
intelligent systems in real time monitoring of water quality and water treatment processes.
All of these issues can generally be consideed as advanced management issues in water
treatment and management.

This chapter discusses a number of managemat approaches associated with different
aspects. First, it discusses the data reqguements for water treatment and water supply
scheme. The management approaches are mo$t tailored and oriented to achieve the
scheme of Integrated Urban Water Management (IUWM). Second, the chapter discusses the
governance in water treatment and water supply scheme. Water governance is defined as
the political, social, economic and administrative systems developed to manage water
resource and to deliver needed societal water services. Suitable water governance for some
sector depends on the societal and environmertal conditions prevailing in that sector.
Efficient governance system leads to efficiert operation of the water system and adequate
benefit of the technologies applied in this system. Different classes of water governance,
mainly public, public-private, and private syst ems, are discussed and evaluated. Third, the
chapter discusses the joined management ofwater and energy resources practiced in many
cases, known as water energy nexus. Finally,intelligent systems in water treatment process
is addressed.

2. Data requirements

Because of rapidly increasing population, tremendous pressure on water quantity and
quality is generally observed across all aspects of urban water cycle. Urban water cycle
includes water supply, wastewater, stormw ater, groundwater and aquatic ecosystems
(Fletcher et al., 2008). Water treatment and waer supply cannot be considered as an
individual component of urban water cycle, ra ther this is connected to other components.
For example collection, storage, treatment and distribution of stormwater for non-potable
domestic consumptions (toilet flushing, gardening) may affect groundwater recharge and
water quantity and quality in the downstream of streams. Therefore it is important to
manage these interactions between different urban water cycle components. The term
Integrated Urban Water Management (IUWM) indicates management of individual water
cycle component in an integrated way. Availability of appropriate database is the
prerequisite for reliable integrated management of individual water cycle components
(water treatment, stormwater, wastewater etc.). Monitoring is a fundamental part for water
treatment processes and monitoring data is also important for adaptive management of
water projects.

Water treatment process is a component of water supply scheme. Components of water
supply scheme are collection of raw water, conveyance of raw (untreated) water, supply
reservoir, treatment plant, transportation of treated water, distribution system and finally
water consumers. Water treatment process islinked with other components of water supply
scheme. Water supply scheme is intrinsically related with other components of IUWM.
Wastewater may enter into the water supply scheme through leakage on water reticulation
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Figure 1. Data requirements guidelines for water treatment processes as a component of integrated
urban water management (based on Fletcher et al., 2008)

pipes. More uses of treated water generatemore greywater and wastewater. Monitoring of
water quality data is an intrinsic property of water supply scheme. Different agencies may
collect and store data on various individual components of IUWM. Therefore data exchange
between agencies is significantly important for promoting the IUWM concepts. A guideline
for data requirements for an integrated urban water scheme is shown in Figure 1 (Fletcher et
al., 2008).

Uncertainty is generally involved in monitoring programs. An ideal monitoring program
should consists of monitoring data, results and/or predictions from these data analyses and
analysis of uncertainty involve in data and pr edicted results. Uncertainty arises from two
sources, bias errors such as systematic ernofrom erroneous sensor calibration and random
error from natural processes and equipment measurement variations. When uncertainty
level is more than allowable limit, the monitoring programs need to be redesigned.

3. Governance in water

As of now, water sector is driven by investments in technological innovations and
development of infrastructures. The goal of such investments is to allow access of large
number of people to water supply. However, there are many cases wlere infrastructures are
not operated in an effective manner. In such cases, benefits from appropriate technologies
are not fully utilized. This is because of lack of good governance in water management.
According to Global Water Partnership (2003), governance can be defined as the range of
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political, social, economic and administrative systems that are in place to develop and

manage water resources, and to deliver water services to different levels of society. There
are two main values on which good governance rests, inclusiveness (ensures that all
members of the group receive equal treatment) and accountability (ensures that those in

authority answer to the group they serve if th ings go wrong and are credited when things

go well) (Tropp, 2007).

There are four competing approaches on how water in different processes should be
governed; these are [1] Water (drainage, saniation, recycling, and reuse) seen as an
economic good or commodity, with IWRM focu s, [2] Water (and sanitation) seen as a
human right and a social good and can be complementary to other approaches, [3] water
(drainage and ecological sanitation seen as a socio-ecological good, also can be seen as a h,
and human right as well as the right of other living beings and ecosystems, [4] water (and
sometimes sanitation) seen as a sector. It is irportant to realize that for water governance of
a city how the territorial dimension of wate r governance is dealt with and from which
perspective. In particular, thre groups here should be distinguished; [1] those mainly
looking at water from outside th e cities, [2] those mainly looking at water from within the
cities, and [3] those mainly looking at water from a multi-scalar perspective combining the
global and regional scale with the city, its terr itory, and the neighborh oods within the cities
and vice-versa (Miranda et al., 2011) .

Governance processes determine decision making about selection of water source, water
storage, regulation of extraction from aquifers, regulation of discharges, and allocation
between competing end users including allocations for environmental flow . For example,
choice between a desalination plant and a large dam is an issue of water governance.Good
water governance is significantly linked to strong policy, legal, and regulatory frameworks;
effective implementing organizations; community involvement to improve water
governance; and appropriate investments. Good governance ensures appropriate linkages
and processes between and within organizations and social groups involved in decision-
making, both horizontally across sectors and between urban and rural ar eas, and vertically
from local to international (Rogers and Hall, 2003). Water gwernance includes private
sector and civil society in addition to the go vernment. The differences between conventional
and emerging concept of water governance is given in Table 1. Many decision-makers and
water managers are currently not prepared enough to deal with new forms of governance
issues. The new concept of water governance involves conflict mediation, mobilization of
communities, partnership format ion, managing processes of stakeholder dialogue and
participation. Generation of knowledge and capacity building in water governance is
therefore necessary.

There are mainly three forms of governance arrangements. These are public, public-private
and private governance. In public governance system, government takes on all of the
responsibilities and challenges of water and wastewater services. Throughout the world,
about 85% of drinking water supply provision lies under the public governance. Municipal
authority or City Corporation is generally responsible for water supply and wastewater
schemes. Another form of public management involves cooperatives and user associations.
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Conventional form of governance

Emerging form of governance

Emphasizes the government and
bureaucracy

Emphasizes to civil society and markets. The
government and bureaucracy are still important
entities but with reduced authority

Political power monopoly

Co-steering

Steering

Steering diversity of actors and power diffusion

Hierarchical control

Horizontally shared control

Enforcement of rules and
regulations

Inter-organizational relations and coordination

Control

Formal and informal institutions

Top-down management

Co-governi ng (distributed governance);
Decentralization/bottom-up management

Formal institutions

Network governance

Inter-governmental relations

Process orientation; expansion of voluntary

exchange; self-governanceand market mechanisms;
dialogue and partnershi p; participation and
negotiation

Multidisciplinary knowledge based

Disciplinary knowledge based

Table 1. Differences between conventional and emerging forms of water Governance (based on Tropp,
2007)

In this system, customers have decision-making power through participation in elections for
different water authorities. The system is externally audited annually.

A public-private governance mechanism in water sector involves transferring asset
management or operations of a public water system into private sectors. Several public-
private arrangements are service contracts, management contracts, leases, concessions and
build-own-transfer programs. In this governance system, ownership of water systems can be
distributed between public and private shar eholders in a corporate utility. Majority
ownership is usually kept within the public se ctor. In service contract, a private company is
responsible for a specific task, such as meterinstallation, distribution pipe maintenance or
collection of bills. Under management contracts, government transfers certain operation and
maintenance activities to a private company. Under the concession and Build Operate
Transfer (BOT) models, capital investment, commercial risk, operations and management of
the project are undertaken by the private sector. Concessionsare usually long-term to allow
the private company to recover its investments. At the end of the contract, assets are either
transferred back to the public sector or another concession is granted. In the BOT model, the
role of government is predominately regulatory. BOT models are usually used for water and
wastewater treatment plants.

In the private governance system, government transfers the water business to the private
sector through sale of shares or water rights of the public entity. In this system,
infrastructure, capital investment, commercial risk, and operations and management
become the responsibility of the private prov ider. This model is not generally adopted.
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4. Water energy nexus

The close connection between energy and wateris generally known as water energy nexus.
Significant amount of water is required to create energy. For example,water is used for fuel
extraction, refining and produc tion; hydropower generation; an d in cooling steam electric
power plants fueled by coal, oil, natural gas and nuclear power. In the United States of
America, besides agricultural consumption, energy production and power generation
systems are major users of freshwater resouces (Younos et al., 2009). On the other hand,
huge amount of power (energy) is required for water supply schemes — from untreated
water collection to treated water distribution. Power is used to operate pumps in water
supply scheme and in operating water treatment pl ants. Irrigation of wa ter requires power.
Collection, treatment and disposal of wastewater require power. Uses of alternative water
resources need power to operate dual reticulation system. For domestic water heating and
cooling purposes, power is required. Shortage of any one or both of water and energy will
reduce them. Because of climate change, it isanticipated that available water resources will
be reduced in some parts of the world— which will then affect energy production. The
impact of climate change on water energy nexus is sometimes called “climate, water and
energy nexus”. Interrelationships between wa ter and energy are shown in Figure 2.

Table 3 shows average water consumption for different energy production and power
generation techniques. The data presented in Table 3 are predominantly for the United
States of America and were compiled by Younos et al. (2009). Natural gas production is
found to be the most water efficient. Corn-based and soy-based biofuel production

Figure 2. Interrelationships between water and energy (U.S. Department of Energy, 2006)
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Fuel source Water efficiency Water consumptions
(Gallons/MBTU ~)
Coal 41 - 164 Coal mining operation, transport and

storage, refining process; lubricate
drilling equipment, post-mining
activities such as land reclamation
and revegetation

Natural gas 3 Drilling operation and gas
purification, water exerted during
drilling operation are reinjected to
aquifer

Petroleum/Oil 1200 - 2420 Drilling operation, refining process,
water exerted during drilling
operation are reinjected to aquifer

Corn-Ethanol 2510 - 29100 Irrigation water demand for corn
production

Soy-Biodiesel 14000 - 75000 Irrigation for Soya bean

Hydroelectric power 20 Evaporation water loss

generation

Fossil fuel thermoelectric 1100 - 2200 Steam turbine operation, cooling of

power generation turbine exhaust, condenser and
reactor cooling

Nuclear power 2400 - 5800 Uranium mining and processing,
nuclear reactor

Geothermal power 130 Steam turbine, evaporation loss

Solar thermoelectric power | 230 - 270 Steam generation, coolant and

cleaning purposes

('MBTU is million British thermal unit)

Table 2. Water consumptions for energy production and power generation
(based on Younos et al., 2009)

technologies are the most water intensive. Biofuels are also water intensive because
significant amounts of water are required du ring crop growth. In terms of technology,
hydroelectric power generation technique is th e most water efficient technology. This is
because used water is returned to the source.

Water supply and wastewater treatment systems are energy intensive. About 35% of total
energy used by municipalities is used for op eration of water and wastewater treatment
plants. In the United States of America, about 1.4% of their total energy is consumed for
water and wastewater treatment processes (Elliot, 2005). Water demand reduction can
decrease energy uses in pumping and treating water. Reduction of volume of wastewater to
wastewater treatment plant can also reduce the energy requirements. Adoption of energy
efficient technologies can reduce water consunption, and ultimately energy use. Use of
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alternative sources of energy in water supply and wastewater schemes will reduce
greenhouse gas emissions. For eample, uses of solar and wind energy to pump water and
to heat household hot water tanks can reduce energy consumption (Thrilwell et al., 2007).

5. Intelligent systems

Water treatment processes are governed by a seof complex non-linear relationships between
physical, chemical, biological and operational parameters. Traditionally these process
relationships are fitted with mathematical mode Is using bench-scale data. These models often
perform poorly when two or more key process parameters change simultaneously and in the
application of real world treatment plants (Baxter et al., 2001). Plant operators require
appropriate tools so that appropriate plant operation conditions are maintained in order to
achieve desired effluent quality based on instantaneous monitoring of influent water quality.
Coagulation, flocculation and sedimentatio n processes in water treatment are a prime
example. The Jar test is conventionally applied for determination of optimal single coagulant
dose. Optimization of multiple treatment chemic als for removal of both particulate matters
and organics is a challenging task, particularly if influent water quality changes significantly.
Plant operators are generally depending on deterioration of effluent wa ter quality instead of
pro-active optimization of treatment chemic als subject to influent water quality.

Artificial Intelligence (Al) is the technique th at can control plant operations in a pro-active
way. Recent significant development in comp uting methods opens the door for application
of artificial intelligence techniques in wate r treatment process controls and optimization.

Figure 3. A schematic diagram of SCADA system in water treatment process
(based on Baxter et al., 2001)
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Application of Artificial Neural Network (ANN) in water treatment problems is an example
of artificial intelligence.

The Supervisory Control and Data Acquisition (SCADA) system is the basic infrastructure
for process control of water treatment plants (Grady et al., 1999).The SCADA system is
capable of monitoring treatment process, real time collection of process data and works as a
communication network between treatment pl ant and other utilities (Baxter et al., 2001).
Typical components of a SCADA water treatm ent system are (1) communication networks
(2) computers (3) Programmable Logic Controllers — PLCs and (4) online instruments.
Conceptually the SCADA system has three layers namely hardware layer, network layers
and application layer. Figure 3 shows a typical water treatment SCADA structure.

As an example, the EPCOR’s E.L. Smith wé&er treatment plant in Alberta, Canada
(http://lwww.  corp.epcor.com/w atersolutions/operations/edm onton/Pages/el-smith-water-
treatment-plant.aspx) applied neural network ra w water quality classifier to monitor real
time raw water quality. The online quality analyzer sends raw water quality data to the
central process control computer through the SCADA system where the data are analyzed
by raw water quality classifiers before entering to central database system. If any new data
or error is detected, an alarm system is activated which requires a plant operator’s
investigation of sensors. Because of wireless SCADA system, plant operators can monitor
the water treatment process operation from a remote computer.

6. Conclusion

Four management aspects were discussed in thischapter; these are (1) data management for
water treatment and water supply scheme, (2) governance in water treatment and water
supply scheme, (3) water energy nexus, and (4)intelligent systems in water treatment process.

For data management, the chapter discussed guidelines required in water treatment
processes as a component of IUWM. The guidelires include [1] local guidelines originated
from municipalities, water authorities, and environmental agencies, [2] monitoring database
with different hydraulic, quality, and ecological records, [3] guidelines for water cycle

component with relevant standards and operat ional and environmental data, and [4] data
representation techniques. Monitoring programs and uncert ainties involved in these
programs were also discussed.

For water governance, it is found that lack of good governance in water management results
in infrastructures not operated in an effective manner and hence benefits from appropriate
technologies can't be fully utilized. The public governance, even though may not be the best
choice in managing and operating some water sectors, it is found to be the most common
system applied worldwide (about 85% applied in drinking water systems). Pure private
governance system is not generally adopted.

Discussion of water energy nexus and data related to USA indicates that natural gas
production is the most water efficient while corn-based and soy-based biofuel production
technologies are the most water intensive. Hydr oelectric power generation is also found the
most water efficient technology from technolo gy point of view where the used water is
returned to the source.
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As of Artificial Intelligence and its applications in managing water systems, an example of
the EPCOR'’s E.L. Smith water treatment plant in Alberta, Canada, applied neural network
and SCADA system to monitor and control real time raw water quality. Recent
advancements in computing methods reflects the growing and significant contribution of

applying artificial intelligence techniques in better management and control of water
treatment process.
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1. Introduction

The design of a water treatment system represents a decision about how limited resources
should be used to achieve specific objective, and the final design is selected from various
proposals that would accomplish the same objectives [1].

A design must satisfy a number of technical considerations thus of a good design for a water
requires technical competence in the related area. While engineers may take this fact to be
self-evident, it often needs to be stressed to irdustrial or political leaders motivated by their
hopes for what a proposed water treatment system might accomplish, rather than what is
possible with the resources available [2]. Moreover economics and other values must also be
taken into account in the choice of a desgn,which cannot be determined by technical
considerations alone. Moreover, these non-technical issues tendto dominate the final choice
of a design for a water treatment system.

The traditional approach to designing water treatment systems usesthe average (mode or
median) of water quality data.

However the operation of such water treatment plants may lead to a number of significant
dangers [3], as the input water quality is usually not at a constant level. This leads to
uncertainties that can only be addressed using a stochastic optimal design model. In the
stochastic model [4], a small probability ( 9 leads to lower risk and higher reliability, with
the =value being chose by a decision maker.

The objective of this paper is to demonstrate how to apply systems analysis to the design of
a water treatment system based on the conept and practice of optimization theory.

Models for solving environmental system pr oblems are generally nonlinear, including
objective functions and constraints. Such the madels should thus be solved using nonlinear
methods, although NLP problems are more difficult to solve, as they have been studied by
researchers for more than 20 years, nddeal solutions have yet been found.
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This is mainly because many certain factors cau® the solution to stop at a non-optimal point.

The rest of this paper is organized as follows. Section 2 examines the mathematical theory
underlying the concept of flexible tolerance, which forms the basis for all that follows.
Section 3 applies the model a case study of arexisting water treatment plant, while Section 4
describes the system optimization procedure. Section 5 gives the results of a sensitivity
analysis, an essential part of any practicd optimization approach, since mathematical
descriptions of reality are inherently in exact. Finally, Section 6 presents the suggestions for
academics and practitioners, and the conclusions of this work.

2. Flexible tolerance concept
2.1. Concept of tolerance

While using the concept of tolerance in a flexible simplex method to slove NLP problems is
theoretically feasible, when the number of variables exceeds seven or eight, the simplex
deteriorates and becomes much less efficient [5 6]. Therefore, methods based on the concept
of flexible tolerance have not beenproposed in the literature on NLP.

2.2. The concept of flexible tolerance

Kao et al. proposed the concept of flexible tolerance, in which the tolerance is gradually
reduced in the process of calculations, and gproaches zero when the optimal solution is
reached. Using this method, many pull-in operat ions are not needed [7], and thus intuitively
this is a feasible approach.

2.3. The multiplier method with flexible tolerance

This study uses the following four methods: th e feasible directions method, flexible simplex
method, quadratic approximation method, and multipliers method, which are all implemented

to cope with the concept of flexible tolerance. A computer program is developed in this work
that makes use of these approaches based on faots such as convergence, rate of convergence,
accuracy, core memory needed, and the ease of use. Of all four methods, the multipliers
approach has been shownto have the best performance with regard to all these factors [7].

Due to space limitations, this paper only presents the basic theory of the multipliers method
and the procedure used to apply it, based on concept of flexible tolerance, in order to solve
NLP problems.

There are two types of difficulty that arise when solving NLP problems. First, in the process
of calculation, the constraints are often difficult to satisfy in order to reach the optimal

solution. Next, even if the optimal solution is obtained, many pull-in operations are required

to meet all the constraints at all times. Therefore, the concept of flexible tolerance is
proposed in this work to allow a tolerance for each constraint. In the process of calculation,
the tolerance is gradually reached. And then approaches zero when the optimal solution is

obtained. The problem is as follows:
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min. X X,
st. X2 xZ 4 0,
X, t0
X,t0

1)

As shown in Fig. 1, the feasible region is an arc. If the initial point is  %(2, 0), then it
needs to move throughthearc F € F § F § E v Land finally converges at the optimal
point UL :#a®k; The point moves along the line and travels a very short way at
first and must enter the feasible region. In the next step, the point moves forward in a
straight line direction and repeats the same pull-in operations. However, this process
wastes much computational time, because the convergence rate is too slow. Therefore, a
new concept of tolerance basa& on the work of Paviani and Himmeblau is proposed in

this study [7,8].

Figure 1. Model solution when the constraint is curved.

At the beginning of the solving procedure, a tole rance range is introduced for every constraint,
and the constraint is assumed tobe satisfied within this. There are three cases to be considered:

1. h(x)=0, then it is feasible.
2. FPQ S QbabRiplerance, itis near feasible.
3. S§ PP ‘":§ O Fibsinfeasible.

Where h(x) is the constraint.

In each step, the tolerance is gradually reducedso that it can finally approach zero when the
optimal solution is reached. Figure 2 shows the geometry of the concept of tolerance. When
the problem has more than one constraint, as stown by Equation (2), all the constraints can
be combined to consider their overall tolerance, which is presented as follows:

min. f(X)
st.g x Ojit 1,2, | } 2
h x 0j 12, J }

Suppose that Ui is aHeaviside operator,
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9, if g(x)to0

. 3
8 it gx) O ®)
T(X), which is always positive, is defined as follows:
| J
T(X) U igiz(x) : hjz(x) : 4)
i1l j1
which means that all constraints should be satisfied. When ::; L ,rall constraints are
satisfied, and : is a feasible solution. When r Q : : ;X @@ #&most feasible; when ::; PDH

X is infeasible so it should move toward the feasible region.

Figure 2. Geometry of the tolerance concept.

When the problem is presented in the form of equation (1) with B L s ,UFig. 3 represents the
near feasible region. The two semicircles are the tolerancefor 5 R and ¢ R.r

Figure 3. The quasi-feasible region obtained by combining all the constraints.

2.4. Hestenes’ multiplier method

One of the ways to solve an NLP problems is the use of a combined technique, which the
objective function and constraints are combined by using a special algorithm to become an
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unconstrained NLP. While the solution remains the same as for the original problem, the
unconstrained NLP is much easier to solve than the constrained one. Therefore, this method
of functional conversion is favored by most researchers, and many methods have been
proposed to convert functions, using the interi or penalty value, exterior penalty value, and
multipliers, with this last one be ing considered the best [9,10].

For the NLP problem, as in Eq. (2), the objecive function and constraints are combined into
Eq. (5):

a) J o
minpx fx R « UgX®! hA»» ! (5)
K1 i1 Y,
where
Ui: Heaviside operator
. Q, if gx)to0 ©)
'L if g(x) 0

R: penalty value

When R approaches?, then the optimal solution X* for Equation (5) is the X* for Equation
2).

With regard to the concept of flexible tole rance, the tolerance isdefined as follows:

T UgK) !
1

’ h, %) : (1)
j 1

J

The minimum value of F(X, I, m, R)is calculated for each stage.

Assuming
J J 5
FX, ORP T HOP R H(9 :
i1 i1
! ) 8)
£, (x) P g (¥ :
il i1
where
| &:1agrange multiplier
R: penalty value, a constantduring the solution process
on1;- Gy 2RH(¥) O o)

® N
“n1 Pni 2RG(XNP

n
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The difference between two functions (F) in two consecutive stages should be equal to or
greater than zero, or

F(X, 10, R A(X, ,, ,, R)t0 O P (10)

This is the basis of the convergence for tte multipliers method. Based on the research
conducted by Equation (2) can be transformed as follows:

| J
FX, W R) f(0 R [ g W 2 2 R I(h(3 p? ;7 (11)
i1 i1

Where

< >: means that if the value inside the < > is greter than zero, then < >=0; if it is smaller than
zero (e.g., a), then < >=a (a<0).

And

°

n 1 gi(x) an ! ; i 1,2,..1 14

. 12
°®n 1j h]-(X) VKJ ; ] 1,2,.0 W (12)

The minimum value for Equation (11) can be found in every step. Meanwhile, the values of
land IWan be modified based on Equation (12).

When R.s L P4 R L Rthen the convergence is in the optimal solution.

If T :'4RRA; L,rand R.s L P4 R L Rthen Xn is the Kuhn-Tucker stationary
point for Equation (2).

The Hessian matrix included in Equati on (11) is expressed as follows:

FX) 0 2RI g® ¥ g(® g

| ; 2 (13)
2RIINGY 1 2h(® (8]
If gi (x) and hj(x) are linear constraints, then Equation (13) can be simplified to
’F(X)  ?f(x) 2R | g% 2R ’ h?(%) ' )
i1 i1

16 :& s independent of either Por Rand thus the convergence wil not be influenced by
the shape of function F. Figure 4 shows a flow chart of the multipliers method using the
concept of tolerance.

3. Case study

Figure 5 is a Flowchart of the existing water treatment facilities in Taiwan.
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Figure 4. Flowchart of the multiplier method with the concept of tolerance.

Figure 5. Flowchart of the existing water treatment facilities in Taiwan.

Where;
i Vector of water quality parameters into unit “J”; 1:

Prechlorination; 2: Alum feeders; 3: Rapid mixing basin; 4: Flocculation basin; 5: Tube-settler
sedimentation; 6: Modified greenleaf type filter; 7: Postchlorination.

Figure 5 shows a flow chart of the existing water treatm ent facilities in Taiwan.
The variables for various unit operat ions or processes are as follows:

5. Feedrate of prechlorination (kgs/h)

& Feedrate of alum feeder (kgs/h)

+ Volume of the rapid mixing basin (%)

¢ Volume of the flocculation basin (7

¢ Surface area of the tube-settler sedimentation ( 9
. Surface area of the modified-greenleaf filter ( ©)
.. Feedrate of postchlorination (kgs/h)

3.1. The objective function

Cost functions for water treatment plants have been proposed by Clark [11] and Wiesner
[12]. Most of the cost functions used in the United States and Taiwan are given as power
functions. The costs associated with water treatment plants include: (1) initial capital

19
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(construction) cost; (2) maintenance and operaton cost; and (3) inflation adjustment factor
(real discount rate). In Taiwan, the cost function of a typical treatment plant is normally
given as a quadratic function, as in Lee and Wu [13].

The actual objective function for an existing plant is as follows:

min. Z 0.572X, 0.00289X7 0.042X, 0.0000429,°  0.00386,
0.000136X,”> 0.0077%,  0.00000052;  0.001449
0.000000063X,*>  0.014&,  0.000026.
0.844 X, 0.00406X

(15)

The coefficients in Equation (15) can be obtained, given a specific feed rate and plant
capacity (parameter of units design criteria), from various regression curves available in the
government water supply design manuals prod uced by the Taiwan Water Supply Company
[14].

The structural constraints are the parameters representing the input water quality, output
water quality, treatment efficiency, detention time, operating limit, and treatment
characteristics.

3.2. Stochastic constraints

The input water quality is not always at a constant level, and thus the model will generate a
probability problem. Due to space limitation, this work will only consider the chance-
constrained stochastic model.

Corrosion control relationship

32514X1 1265%2 353%?7 55 0133F,1(0) Fg'(1 D)t (16)
32314X1 1?3663’(2 353%‘37 55 0.133minf,) maxC ,) t (17

where

5 Total alkalinity of input water (mg/l)

5. Free carbon dioxide of input water (mg/l)
min( 5: The minimum value of raw water total al kalinity obtained from past records.
min( 5): The minimum value of raw water free carbon dioxide obtained from past records.
Q: Design flow rate (CMD)

g5:= L « f § £:=; Q rthe solution for =n the equation
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g -f» L ,7or the inverse of the marginal cumulati ve distribution function of input total
alkalinity (mg/l)
22:=; Lthe solution for C in the equation .5 ; L s F =
= Probability that can take value between zero and one.
1- = complementary probability of =
Equation (16) is formally identical to Equation (17) (i.e., they are deterministically
equivalent) except that the former includes the random nature of total alkalinity and the free
carbon dioxide.
The alum for coagulation can be obtained from:
X2
———=—— log[F (1t 0.281 18
0.0004%) olFi1t o) (18)
where:
s Raw water turbidity (T.U)
%2:'s F;zthe solution for tin the equation ys5—= L s F =
Output turbidity
84 28 .97
Ky o X 6x4 ?x s 14X, logF i1 D] 364 t (19)
where
x Turbidity removal rate in sedimentation basin (1/h)
Effluent coliform bacteria
O.OSSEE'X3 0.252—8X4 KBiS 0.5, Iog‘[Bi (1 D)] 433.25 (20)
Q Q Q
where
5 Coliform bacteria of input water (MPN #/100 ml)
£ Removal rate for coliform bacteria in sedimentation basin (1/day)
£2:'s F;#the solution for b in the equation (s5:,; L s F =
Total alkalinity for coagulation
@xl &9(2 35 Fa(D t (21)
Q Q

Detention times

21
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X5 00.0007Q
X, 00.021Q (22)
X5 00.012Q
Hydraulic filter breakthrough
X 00.00563Q (23)
Chlorine disinfection
10° . .
X, Fp(t ) Q 24
(24)
10° . .

X; Foa(@ ) Q o

where:

D1: Design dosage for prechlorination
D7: Design dosage for postchlorination

3.3. Stochastic constraints transformation

Equations (16) to (24) show that the stochast characteristic has been included in each
constraint so that the inverse of the marginal cumulative distribution function of the input
water quality parameters needs to be solved. In this situation, the stochastic constraints can be
transferred to certain ones. The relationship between probability and ,, is shown in Fig. 6. If
Prlgi) QBJR s and = L rasyL srr ,5°"L szrdiagram (b) can be used to convert the
constrain, which contains probability the constrai nt, into a deterministic equivalent. Since pr[.]
is greater than 0.15, the answer is in tke curve interval (mn), and the corresponding ,, is equal
to 100; the solution is g(x) RO00, which is inconsistent with the original problem statement that
gi (X) @. Diagram (c) thus explains the conversion procedure. Since pr[.] R0.15, the answer is
on the curve (mono); the corresponding ,3”Vequals 180; so the solution is g(x) Q@80. This

9
coincides with the original problem statement g i(x) @.

Equation (21) is expressed as

19(§OOX1

which is the same as Equation (24)

%&2 35 Fg(l Dt (25)

pr[A; d35 TX1
5?2v

Using the above conversion algorithm, we can obtain L 2} where K is constant, and
K>0, and hence

19200, 948
T& J o (26)
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using diagram b

D
K 39 when .
o'’ using diagram c

and s F is the complementary probability of =

19200 9480

A, K
K 35 19200, 9480
Q Q

Rearranging the terms in Equation (29), one obtains:

12200)(1 938(;(2 35 K

3.4. Deterministic equivalent for the stochastic model
Since the objective function excluded the probability item, it is not convertible.
The following Constraints are used.

The total alkalinity for coagul ation is presented as follows:

19200 9840
9 X, —X, 35 FAll(D t
that is,
19200 9480
F, (35 —— —X,) . d
AL Q X Q %
or

19200 948())(

pr{A, d35 Tx1 3 Jd L

@7)

(28)

(29)

(30)

31

32)

(33)

a(34)

Using diagram (b) in Figure 6, if the decision maker lets = L ratev s F = L yw, and

L ywrr?QHthen Equation (35) can be easily obtained:

19200 9480

=y, ——x, 485
75000 * 75000

The corrosion control relationship is presented as follows when =0.6:

(35)

23
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Figure 6. CDF transformation concept.
0.215x, 0.071x, 0.21%, 0.54 (inconsistent)  d (36)

If the value of ds increased to 1.0 (= 1L.0), Equation (37) can be obtained:
0.215x, 0.071x, 0.21%, 4.14 consistent but urdeasonable (37)

The effluent water quality of the selected existing plant should be corrosive in some
respects. If this constraint is not neglected in the structural constraints, a feasible solution for
this model is not available, and thus the sensitivity analysis is necessary to make the
conclusion significant and meaningful. The following equations are established using
= (@L25: For the alum dosage for coagulation:

X, 1109.4 (38)
For the effluent turbidity:
0.213x, x, 0.128; 7500k, 1847491t (39)
For the effluent coliform bacteria:

X, 455x, 0.05%, 16200, 13982985 (40)
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3.5. Computer solution
3.5.1. Input data

The software developed by Kao et al. [7] was tested and modified to ensure that it was
appropriate for use in this research. The datainput was carried out using the following two
methods:

1. Data such as N1(number of variables), NEQ (number of constraints containing “="),
NGE (number of constraints containing “ <" or “>"), R(penalty value), and ,
(coordinates of the beginning and ending points) are input using the READ command.

2. The objective function and constraints are input using the “SUB ROUTINE” function;
the objective function is designated as SLIBROUTINE FUN, whereas the constraints are
designated as SIBROUTINE CON.

Besides;

Initial values are “0” for P, and R so that F(X, P, R, R) is made a standard penalty
function. And the value of penalty value R is input intuitively using values of 1, 10, s15,
sr’5 sr’8 ..., and so on. It is kept a constant during the problem solving process. In the
actual scope of solution, the probability value a varies from 0.1 to 0.4 with intervals of 0.05.

3.5.2. Outputs for the converged solution

Number of iterations: 23

Tolerance T(x*) =0

Running time: 330.448secs.

Computing facility: CDC Cyber 830(in Nati onal Cheng Kung University, Taiwan)

PR

3.6. Analysis of the results

Two methods based on the concept of tolerance,the method of feasible directions and the
multipliers method, have been developed in this research, and solved using computer
software. Due to the limited leng th of this article, only the mu ltipliers method that leads to
better results is presented in this work to demonstrate the theory and application of flexible
tolerance.

The quadratic regression cost function is used to obtain the nonlinear objective function.
The computer program outlined above is used to execute the calculation based on a 10%
interest rate, 0.11017 of capital recovery factor, and 25 years design life for the water
treatment plant. The results show that when =is less than 0.25 (<0.25), the mode has no
solution, and the optimal solution can only be obtained when =equals 0.25. This indicates
that the actual operation of the water treatment plant is subject to 25% risk or 75%
reliability. Compared with the 50% reliability for a water treatment plant designed using
the traditional approach, the results obtained using the method proposed in this research
are much better.

25



26 Water Treatment

Table 1 lists the original design values and those obtained in this research. The solution of the
proposed model is considered “an exact” one. The observation that the proposed model has
significant solutions only when — S #vakie exceeds 0.25 is significant, as it indicates that the
lack of appropriate equipment for adding alkali ne chemicals in the existing water treatment
plant causes corrosive, treated effluent. In the flowchart shown in Figure 5, if a new unit
operation, that is, Unit #2 ' is added between Unit #2 and Unit #3, a new variable, that is, ¢
will be included in the model to indicate the lime dosage in kgs/h. As shown in Fig. 7, these
modifications lead to the optimal solution. As shown in Table 2, the modified model can be
solved even if the walue equals 0.01, thus indicating that the reliability is raised to 99.9%.

The sensitivity analysis is usually conducted by varying the price coefficient ( .4, constants
(»¢, and coefficient constant ( fgyused in a model and changing the constraints and decision
variables. [15] Although not disc ussed in this article due to length limitations, the results of
the sensitivity analysis are more significant with regard to effluent turbidity, corrosion
control, and fecal coliform removal.

Figure 7. Adding Unit#2’ to the original treatment flowchart.

Objective| Min z 0.572x, 0.0028%° 0.0422, 0.000044F  0.00386  0.000d36 0.00775
Function | 0.00000058,°> 0.00144Q  0.000000663  0.0448  0.008¢25  8.844  0.00406
. Objective The optimal solution of decision variables
Design .
. Comparison Value L-value
period (NT$10°) X1 X2 X3 Xa Xs Xs X7
Original
design 0 45.25 1754 | 34.8| 3093.2 159 814 b o0
25yrs alues
St;i;islt'c 55.60036 3125 | 100.4| 104 39280 18do 8445 |5 D=0.25

Table 1. Solution for a case study

Table 2. Final solution obtained after the original water treatment is modified
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4. Systems optimization procedure
4.1. The problem

No single procedure can deal completely with all aspects of a system, and systems analyst,
with the responsibility to care fully investigate the entire situation, we must incorporate all
the important elements. The question thus arises, how canthis be done efficiently? This
section presents a procedure for using all the optimization elements to achieve the best
design.

4.2. Design procedure

There are four main stepsfor systems, as follows.

4.2.1. Screening

Screeningof the feasible solutions to obtain a small set of non-inferior ones, using a
screening models [16]. The screening process ireffect defines regions of optimality, and

the results are best interpreted as first-order estimates or the nature of the actual best
designs for a system.

4.2.2. Sensitivity analysis

Sensitivity analysisof these best solutions is then carriedout, to determine their performance
in realistic situations.

In the formal process, a specific sensitivity analysis should be conducted to determine
how the optimum design would change if the problem were formulated differently.
Similarity, the opportunity costs should be examined to see if the optimum design is
likely to change, given the known or anticipated changes in the parameters of the
objective function.

Overall, the sensitivity analysis general reveals many ways in which the “optimum”
solutions derived in the screening process can be improved demonstrating that some
designs perform better over a wide range of likely conditions. The analysis may also
indicate the importance of certain factors that are otherwise assumed away.

4.2.3. Dynamic analysis

Dynamic analysis is used to establish the optimal pattern of development over time, and can
be done reasonably easily after thescreening and sensitivity analysis.

Dynamic programming is typically best suited for this analysis, as it deals effectively with
nonconvex feasible regions such as those geerated by exponential growth and economies
of scale.

27
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4.2.4. Presentation

Presentation is the organization of the final results in a way that makes sense to the client, as
the client needs to see why the proposed plan ispreferable to alternative, to the appreciates,
and that the trade-offs between objectives are reasonable.

5. Sensitivity analysis
5.1. Concept

Sensitivity analysis is the process of investigating the dependence of an optimal solution to
changes in the way a problem is formulated. Doin g a sensitivity analysis is a key part of the
design process, equal in importance tothe optimization of the process itself.

The significance of sensitivity analysis stems from the fact that the mathematical problem
solved in any optimization is only an a pproximation of the real problem, and no
mathematical models will ever re present systems exactly, eachdiffering from reality in any
or all of the following ways:

x  Structurally, because the overall nature of the equations does not correspond precisely
to the actual situation.
Parametrically, as we are not able todetermine all coefficients precisely.

x  Probabilistically, in that we typically assume that the situation is deterministic when it
is generally variable. In this work, the auth or has used a stochastic model to solve the
problem of uncertainty.

This section presents the sensitivity analysis principally in the context of linear
programming. This is because the solutions to linear programming problems automatically
include most of the sensitivity information a designer needs, and thus linear programming
is the main basis for sensitivity analysis. In addition the linearity of linear programming
makes it easier to explain key concepts, whichthe reader can then extend to other forms of
optimization.

Most of this section is devoted to the two mo st important aspects of sensitivity analysis, the
concept and use of:

x shadow prices.
X opportunity costs.

5.2. Shadow prices

A shadow price is the rate of change of the objective function with respect to a particular
constraint, an essentially equivalent to the Lagrangian multiplier. The shadow price has no
necessary connection with money, despite its name, and its units are those of the objective
function divided by the constrai nt. The shadow price is expressed in dollars only when the
objective function is also expressed in dollars or profit.
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5.2.1. Use of shadow price
Shadow prices enable the designer to:

x identify which constraints might most beneficially be changed, and to initiate these
changes as fundamental waysto improve the design.

X react appropriately when external circumstance s create opportunities or threats to
change the constraints.

5.2.2. Sign of shadow prices

A key practical question with regard to shadow prices is: what is the sign of the shadow
price, and in which direction can one change a constraint to improve the design? The
relationship between the nature of the shadow prices and the changes in constraints is that:

X Relaxingthe constraints leads to improvements in the optimum design, either increasing
a maximum or decreasing a minimum.

x Changesn constraints that “raise the roof” or “lower the floor” will tend to improve
the optimum design. A constraints is relaxed if it is changed so as increase the size of
the feasible region, that is, if an upper bound is increased or a lower bound is
decreased.

It is important to note that there is no simple relationship between the sign of the change in
constraint and the sign of the shadow price. This is because an increase in the constraint can
either relax or tighten a constraint, depending on whether it is an upper or lower bound and

if the constraint is a maximizing or minimizing one.

5.2.3. Range of shadow prices

In general, the shadow price is the instantaneous change in the objective function with
respect to a specific constraint, ¥4/ ¥4 (&g(x), ,+s the r.h.s of thej-th constraint).

This rate can vary with the decision variable s and normally will wh en the constraints are
nonlinear.

The peculiarity of linear programming in this rega rd is that the shadow prices are constant
over a range, rather than varying continuously . If we really describe the problem accurately
with the appropriate nonlinear equations, the shadow prices will usually vary

instantaneously. Even though the range of constancy of the shadow prices is thus an
artificial result, the concept is very useful in practice, because it indicates how sensitive the
optimum solution is to the constraint. Indeed, if the range is narrow, this means that even
small changes in the constraint could lead to quite different shadow prices, thus that the
shadow prices may change rapidly.

The range of the shadow price is defined by the intersections of the constraints adjacent to
the one that defines the optimum solution of the linear program. In general there can be a
limit to the range of a shadow price for both increases or decreases.
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5.3. Opportunity costs
5.3.1. Definition of opportunity cost

Opportunity costs, in the context of sensitivity analysis, are related to the coefficients of the
decision variables in the objective function. In general terms they define the “cost” of using
decision variables that are not part of the optimal design.

In general, the set of optimal decision variables, U can be divided into two categories. The
two categories for the optimum set of the decision variables, Yare thus the

X optimal variableshose with nonzero values at the optimum( Um ).rThese are said to be
“in the solution”.

X non-optimal variablesthose equal to zero at the optimum( g L ) These are said to be
“not in the solution”.

With this distinction in mind, we can no w formally define opportunity costs in the
sensitivity analysis: The opportunity costis the rate of the degradation of the optimum per
unit use of a non-optimal variable in the de sign. The notion of degradation here is
important, as it refers to the worsening of an optimum solution. This may either be a
decrease, if we are trying to maximize, or an increase, if we are trying to minimize.

5.3.2. Use of opportunity costs

Opportunity costs are thus used to define the coefficient of the decision variables which
would lead to a change in design. The designer, having defined the optimum design, then
continuously monitors the situation to determin e when it has changed enough so that a new
design ought to be used.

6. Conclusion

This study was presented under the assumptions that readers have some knowledge of and
experience with the following: (1) mathemat ical models for systems optimization, (2)
engineering economics, (3) cost-benefit amlyses, and (4) water supply engineering,
especially the functional design of water treatment systems.

This work proposes a new method based on the concept of flexible tolerance to solve
problems involving nonlinear conditions th at unavoidably arise when mathematical
models for optimizing water treatment plan t design are implemented. The significant
contribution of this paper is that the prop osed method can be used to obtain optimal
solutions rapidly and accurately by allowing approximate solutions to approach exact
ones. Additionally, this work also proposed proactive and improved concepts for the
sensitivity analysis and systems optimization procedures, which can help that enable
readers to implement the method presented in this work and thus optimize water
treatment design by drawing in ferences about their use from the examples given in earlier
sections.
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Chapter 3

Some Details of Mathematical Modelling of
Effluents in Rivers Downstream of a WWTP

Jii —ajer
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/50423

1. Introduction

There are a number of directives to protect the environment, for example, in the EU see [1],
[2]. Implementation of guide lines in accordance with these directives is based on
environmental monitoring. Modelling based on existing data could look to reduce the
necessary costs required for environmental monitoring in the future. This chapter was
included in this book to reflect the adverse impacts of poor-treated and/or accidentally
untreated water on nearby water bodies. Figure 1 shows an idealised sketch of mixing of
pollutants in the river downstream of the outf all (0 m) of a wastewater treatment plant
(WWTP).

rrrrrrr Bacground concentration boundary

®  Orifice
y=B

e H s Nearer bank

" Zone2 Zone 3 : Zone 4 -« x3D-max

Transverse distance y [m]

«eeeex2D-max

L itudi di x [m]
[m] e F-arther bank

Figure 1. Sketch of mixing of pollutants in the river downstream of the WWTP outfall

In general four distinct zones exist downstream of the orifice. The first zone is a zone with
background concentration. The second zone isa 3D mixing zone, the third zone is a 2D
mixing zone and the fourth zone is a 1D mixing zone. In the initially three-dimensional
mixing process (until the location where complete vertical mixing takes place) the drop-off
of the maximum mass concentrationis relatively fast, Cmax ~ X%, while it occurs more
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gradually in the vertically mixed, thus two-dimensional, mixing phase, Cma ~ x%2 [3].
Mixing in rivers can be described in terms of the near-field and far-field mixing zones. The
near-field is defined as the area between thedischarge structure and the location where the
effluent is vertically mixed in the river. It encompasses buoyant jet mixing and boundary
interactions. Far-field mixing occurs after the effluent plume is vertically mixed, and
encompasses transverse and longitudinal mixing in the river due to buoyant spreading and
passive diffusion [4]. 2D mixing zone modelling will be explained using a simple model in
the MS Excel file named Czech immission test (4T), which is prepared for determination of
regulatory mixing zones located downstream of WWTPs in the Czech Republic. CIT is an
MS Excel spreadsheet model of the solution to the two-dimensional advection dispersion
equation. Therefore, it may only be applied at a far-field distance where the plume is
completely or nearly-completely vertically mixed. An environmental impact assessment
(ElIA) is an assessment of the possible positive omegative impact that a proposed project (in
our case the example WWTP) may have on thke environment. The only effective way of
monitoring changes in biological quality is to perform continuous biological monitoring
with instruments suitable for early warning purposes, for example see [5]. Due to the
random occurrence of accidental spills, the only way to quickl y detect hazardous situations
is to perform continuous moni toring of surface water quality. That's the reason why the
Daphnia Toximeter (a product of the German bbe Moldaenke company) has been installed
at the monitoring station located on the border line profile at the Odra River in the town of
Bohumin. To monitor the biological impact of su rface water quality on biota, this instrument
uses young organisms of Daphnia magnaThe organisms are exposed to the surface water in
a flow-through chamber, to which the water fr om a monitored profile is pumped. New born
daphnids aged less than 24 hours are placed into the chamberand stay there maximally for
7 days. They are then replaced by new ores. There are two reasons for this — older
organisms are less sensitive than the young ones and at the age of 9 to 11 days daphnids
start to reproduce parthenogenetically, which leads to an undesirable change to the number
of organisms in the chamber. This instrument can be checked through an Internet
connection, thus making it possible to obtain online information about the biological impact
of surface water quality in the monitored pr ofile from anywhere with Internet access.
Conversion of the daphnids’ behaviour to numeri cal parameters is computed. If there is an
accidental leakage of a toxic substance above th monitoring station, the output is a toxic
index alarm curve. The second part of this chapter describes an exampk of toxic index alarm
curve analysis.

2. Problem statement

The advective-dispersive equation for solute movement through a river forms the basis of
the mathematical algorithm used by the rive rine component. The surface-water flow is
assumed to be steady and uniform; the algorithms are developed for the limiting case of
unidirectional advective tran sport with three-dimensional (longitudinal, lateral, and
vertical) dispersion. The advective-dispersive equation for solute movement in a river can
be described by the following expression
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, where C is a dissolved instream contaminant concentration [kg m-3 or %]; U is the average
instream flow velocity [m s -1]; Ex, Ey, Ezare dispersion coefficients in the x-, y-, and z-
directions, respectively [m2 s]. If source terms ‘S’ and ‘fr" are added as shown in the
equation above, the so-called advection—diffusion reaction equation emerges. The additional
terms represent [6]:

x Discharges or ‘wasteloads’ (S): these source terms are additional inflows of water or
mass. As many source terms as required may be added to Equation (1). These could
include small rivers, discharges of industries, sewage treatment plants, small wasteload
outfalls and so on.

X Reaction terms or ‘processes’ fr). Processes can be split into physical and other
processes.

Examples of physical processes are:

x  settling of suspended particulate matter
X water movement not affecting substances, like evaporation
x  volatilisation of the substance itself at the water surface.

Examples of other processes are:

biochemical conversions like ammonia and oxygen forming nitrite
growth of algae (primary production)

predation by other animals

chemical reactions on whether the flow is laminar orturbulent.

X X X X

Dispersion is the scattering of particles or a cloud of contaminants by the combined effects
of shear and transverse diffusion. Molecular diffusion is the scattering of particles by
random molecular motions, which may be described by Fick's law and the classical
diffusion equation. Turbulent di ffusion is the random scattering of particles by turbulent
motion, considered roughly analogous to mole cular diffusion, but with eddy diffusion
coefficients (which are much larger than molecular diffusion coefficients). The diffusion
coefficients would either be molecular or tu rbulent, depending on whether the flow is
laminar or turbulent [7]. In natural rivers, a ho st of processes lead to a non-uniform velocity
field, which allows mixing to occur much faster than by molecular diffusion alone [7].
Under the assumptions of negligible momentum and buoyancy, and for a discharge near the
stream's free surface or near the bottom, compléee vertical mixing is expected to occur at
distance

1.0 L0 J¥
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, Where xspmax is the distance to complete vertical mixing [m]; U is the mean velocity
downstream of discharge outfall [m. s-1]; hiis the mean river depth downstream of discharge
[m]; E:is the vertical mixing coefficient [m 2.s1]; fis the vertical mixing coefficient constant
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[dimensionless]; Us is the shear velocity [m.s1]; g is the gravity acceleration constant [m. s4]
and Cc is the Chezy’s coefficient [m°5.s1].

The constant tcan be derived from the velocity profile (for example, see [8]), and its value is
recommended at approximately 0.07 + 50%. The distance to complete vertical mixing will be
somewhat reduced if the finite dimensions of the discharge opening are considered or if the
source location is varied within the water column, e.g. located at mid-depth. Thus, the
discharge design can play a certain role in this initial region [3].

Complete transverse mixing is expected to occur at a distance

445Al626@ApG 4450162 @YApG
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, Where xeo-maxis the distance to complete transverse mixing [m]; U is the mean velocity
downstream of discharge outfall [m. s-1; yo is the discharge distancefrom nearest shoreline
[m]; B is the river mean width downstream of discharge [m]; Ey is the transversal mixing
coefficient [m2.s1]; ..is the transversal mixing coefficient constant [dimensionless]; Us is the
shear velocity [m.s*{] and h is the mean river depth downst ream of discharge outfall [m].

The constant ..is high in meandering and curved channels due to the presence of secondary
currents. A value of 0.6 is recommended for most natural channels. Fischer [8] reports that
this constant can range from 0.1 to 0.2 for stréght artificial channels . Curves and sidewall
irregularities increase the constant ..such that in natural streams it is rarely less than 0.4. If
the stream is slowly meandering and the sidewall irregularities are moderate, then the
constant ...is usually in the range of 0.4 to 0.8. Therefore, a value of 0.6 is usually
recommended in natural channels. Uncertainty in this constant is usually at least + 50 %.

In most practical problems we can start by assuming that the effluent is uniformly
distributed over the vertical, or in the othe r words, we can analyse the two-dimensional
spread from a uniform line source [8]. The longitudinal mixing term has very little influence
on transverse mixing under the above condition and can be dropped. If the channel has the

width B the effect of the boundaries,:—:/" = 0 aty=0 and y=B, can be accounted by the method
of superposition described in [8]. Volume fricti on of effluent in a sample at some sampling
point in the effluent plume is independent on the ambient background concentration. The
above facts were used to construct the Czech inmission Test (CIT) model. This CIT model is
based on the following equation

Ser%zAg@ JpR17768%05 88T E RI2764>1 + ser 2 4)

, where VFe is the volume friction of effluent in a sample at some sampling point in the
effluent plume [dimensionless]; Qeis the effluent discharge flow rate [m3.s1; U is the mean
velocity downstream of discharge outfall [m. s -1]; B is the river mean width downstream of

discharge [m]; h is the mean river depth downst ream of discharge outfall [m]; x" is defined
by setting x’= xE/UB? [dimensionless]; y is defined as y/B [dimensionless] and yo" is defined
asydB [dimensionless].
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Dilution factor DF is reciprocal of the VFe.

The concentration of a pollutant of concern (or a dye tracer) at any sampling point is given
by

Yo? 4
%l

% E A°RL: 8% F HE AP (5)

, Where Ce. is the solute concentration in the effluent [kg.m-? or %]; C- is the background
concentration in the receiving water [kg.m -2 or %]; DF is the dilution factor [dimensionless];
VFe is the volume friction of effluent in a sa mple at some sampling point in the effluent
plume; Kkis the first order reaction coefficient [s1] and t is the time [s].

The closeness of the approach of model véues to measured values is given by:

Y ()
AKG ? Gyi;0
, Where A@ is the coefficient of determination; C: is the field value; Cm is the model value
and Cawt is the mean of the field values. The perfect fit is indicated by 4% L sand values
decrease as the fit becomes poorer [9].

The unsteady solutions of the 1D advective dispersion equation (ADE) may be obtained
using methods of Fourier transform, of Laplace transform and the Fourier method. Using
the methods of calculus, analytical solutions are developed that provide the predicted solute
concentration as a function of time and space. Analytical solutions are derived for
conservative substance, constantvelocity, constant discharge, constant cross-sectional area
and constant dispersion coefficient. Point sources such as accidental spills may be viewed as
instantaneous sources [10]. For a spill, the stution to ADE can be obtained using the
method of Fourier transform. For a continuous rectangular input the solution can be
obtained using the method of Laplace transform described by [8]. This solution is useable
only for the duration of the continuous input. The principle of superposition may be used to
develop the solution for all time periods after the termination of the continuous input [10].
Results of Fourier transform have greater error then results from Laplace transform [11]. The
analytical solution of Laplace transform give s results comparable to the more time and
calculation consuming Fourier method [11].

Sometimes the concentrations in the 1D zone ae too low. The International System of Units
(SI) doesn’t include ppb as a unit. Therefore it is convenient to compute with ratio Rc:

Ya
4yl ™

, where C is the concentration at the station at time t [kg.m-3] and Cw is the input solute
concentration after mixing over the cross-section of the stream computed specially for every
monitoring station (effect of dead zones is included) [kg.m=3]. Every sampling point has its
own Cin computed using Equation (8):

el ot ®



38 Water Treatment

where ms is the mass of substance preent in the accidental leakage cloud as it passed the
sampling point [kg]; Amis the model cross-section area [m]; Ur is the retarded velocity (dead

zones included) [m.s]; ~is the duration of the continuous input [s]; x is the distance between
source and monitoring station [m] and tp is the time to pick value [s].
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, Where x is the distance between source and monitoring station [m]; t is the time [s]; Ur is
the retarded velocity [m.s-Y]; ~ is the duration of the continuous input [s]; Ex is the
longitudinal dispersion coefficient [m 2.s1]; erfcis the complimentary error function and K is
coefficient [dimensionless]. It was convenient to define dimensionless coefficient K for
computation as follows: if t< " then K = 0; if t> 7 then K = 1. Numerous studies on
longitudinal dispersion have been conducted ov er the past few decades. Fick's second law
predicts how diffusion causes the concentration to change with time. In actuality, immobile-
flow zones (dead zones) may invalidate Fick’s law. Chatwin [12] developed a method for
determining longitudinal dispersion intend ed to address the problem of non-Fickian
behaviour. Technically, the Chatwin’s method is only really valid for impulse releases, but it
does provide a reasonable approximation for longitudinal dispersion for pulse and
continuous releases [13]. Chatwin’s valuesb can be computed by equation

> Bp 49 (10)
Vg

, where bis the Chatwin’s value [s°9; tp is the time to pick value [s]; Cp is the pick value [% or
kg.m-2 or any other unit]; t is time [s] and C is value at value [% or kg.m-3 or any other unit].

Longitudinal dispersion is given by Equation (11)

s L —6@@,0? (11)

where b*is the vertical axis (att = 0 s) intercept of the straight-line fit to the early-time values
b[s%9 and x is distance [m].

3. Some existing models used in water modelling and model choosing

There are some predictive models for examning the mixing from point sources and
showing compliance with EQS-values:

X General water quality models may be required in more complex situations. Different
methods for the far-field modeling exist, rang ing from water quality models in estuary-
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type flows (e.g. model QUAL-2 of the U.S. EPA), to Eulerian coastal circulation and
transport models (e.g. Delft3d of Delft Hydr aulics) to Lagrangian particle tracking

models. For rivers, the model AVG of the German ATV-DVWK, the model QUAL-2 of

the U.S. EPA, and the model RWQM1 of the International Water Association are all
examples of general water quality models. Such models also form the basis of
management procedures for attaining a good quality status in the case of multiple

sources, i.e. by following the principle of a distributed waste load allocation for

individual water users [3]. Danish Hydraulic Institute MIKE Software is the result of

years of experience and dedicated development. DHI Software models the world of

water - from mountain streams to the ocean and from drinking water to sewage [14].

MIKE 11 is synonymous with top quality ri ver modelling covering more application

areas than any other river modelling package.

Choosing of an initial dilution model - five models are described in [15]:

Three are theoretical (UM, UDKHDEN, and VSW), and two are empirical (RSB and
CORMIX). UM is the current version of the earlier models UOUTPLM and UMERGE. It
acts as a two-dimensional model for single ports, though a pseudo-three-dimensional
version is employed when there is a multipor t diffuser with potential merging. It uses
the 3/2 power profile to calculate the ratio and determine the centerline concentration as
a function of the top hat concentration that it predicts. The ratio changes continuously
with each integration step along the trajectory. Merging is simulated with the reflection
technique. The CORMIX model has three modules: CORMIX1 for submerged single-
point discharges, CORMIX2 for submerged multi-port diffuser discharges, and
CORMIXS3 for buoyant surface discharges.

Choosing a farfield model described in [15]:

There are two farfield models which are presently recommended for use. They are code
named FARFIELD and RIVPLUMS5. The appropriate farfield model to use in a
particular mixing zone anal ysis depends on the combination of conditions involved:

The receiving water is sufficiently deep such that a plume will form and pass through
the initial dilution phase without "Froude nu mber less than 1", "overlap", or "boundary
constraint” problems. Use FARFIELD as the algorithm (i.e., the version in 3PLUMES
interface).

The receiving water is shallow and unidirec tional; the effluent is thoroughly mixed
surface to depth (i.e., no defined plume); and the discharge is a single port or short
diffuser. Use RIVPLUMS.

There is/are bank constraint(s). Use RIVPLUM5, provided the conditions in 2. Above
are also met.

Other shallow receiving waters (with no bank constraints) which occur with all other
combinations of effluent plumes and disch arger configurations. Use FARFIELD as a
stand-alone model. A three-dimensional advective dispersion equation may also be
appropriate.
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x The QTRACER2 (program for tracer-breakthrough curve analysis for tracer tests in
karstic aquifers and other hydrologic systems)[13] is fast and easy method for
evaluating tracer-breakthrough curves (BTCs) generated from tracing studies
conducted in hydrologic systems. It has been reviewed in accordance with U.S.
Environmental Protection Agency policy an d approved for publication. Results may
then be applied in solute-transport modeling and risk assessment studies.

4. Some details and results of 2D modelling

First, the model must be calibrated; that is, its parameters must be adjusted to match the
behaviour of the prototype. Second the model must be validated. This means that a
calibrated model must be compared to data not used in the calibration to determine whether
the model is applicable to cases outside the calibration data set [7]. The CIT model was
tested against data from a dye tracer study of the City of Arlington WWTP discharge to the
Stillaguamish River, described in reference [16]. This study was performed on 22 August,
2006 and documented in a Mixing Zone Study report (CEG, November 2006, revised May
2007). The field study included injection of Rhodamine WT dye into the WWTP effluent at a
known concentration; collection of bottled fl uorescence samples from within the effluent
plume; and measurement of river bathymetry, width, and current velocity. At seasonal low
flow conditions observed during the dye stud vy, the river was approximately 121 feet (36.9
m) wide with an average depth of 4 feet (1.22 m). Average current speeds, measured with a
Swoffer meter, were 1.5 feet per second (0.46 m:3. The river chan