
Water 
and Wastewater 
Management

Müfit Bahadir
Andreas Haarstrick Editors

Global Problems and Measures

Water and Wastewater Management 



Water and Wastewater Management

Global Problems and Measures

Series Editors

Müfit Bahadir, Institut für Ökologische und Nachhaltige Chemie, Technische
Universität Braunschweig, Braunschweig, Germany

Andreas Haarstrick, Leichtweiss-Institut für Wasserbau, Exceed, Technische
Universität Braunschweig, Braunschweig, Germany



Water and wastewater management are among the greatest challenges of our
century and the challenges posed by climate change will become even
greater. Unfortunately, however, most efforts, especially in developing
countries but also in the so-called developed countries, have been less than
optimal or not optimal at all. In particular, there are still too many people who
have to live without clean water and decent sanitation. Today, 2.2 billion
people lack access to safely managed drinking water and wastewater, and 4.2
billion people lack safely managed sanitation services. The question, why
this is the case - especially in developing countries - as well as other urgent
water and wastewater management issues, are discussed in this book-series.
Contributions therein present in more detail critical reviews, discussions, and
analysis of the water and wastewater situation and management aspects in
different regions and countries worldwide.

More information about this series at https://link.springer.com/bookseries/
16756

https://springerlink.bibliotecabuap.elogim.com/bookseries/16756
https://springerlink.bibliotecabuap.elogim.com/bookseries/16756


Müfit Bahadir • Andreas Haarstrick
Editors

Water and Wastewater
Management
Global Problems and Measures

123



Editors
Müfit Bahadir
Institut für Ökologische und
Nachhaltige Chemie
Technische Universität Braunschweig
Braunschweig, Germany

Andreas Haarstrick
Leichtweiss-Institut für
Wasserbau, Exceed
Technische Universität Braunschweig
Braunschweig, Germany

ISSN 2731-3166 ISSN 2731-3174 (electronic)
Water and Wastewater Management
Global Problems and Measures
ISBN 978-3-030-95287-7 ISBN 978-3-030-95288-4 (eBook)
https://doi.org/10.1007/978-3-030-95288-4

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer
Nature Switzerland AG 2022
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher,
whether the whole or part of the material is concerned, specifically the rights of translation,
reprinting, reuse of illustrations, recitation, broadcasting, reproduction on microfilms or in any
other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, expressed or implied, with respect to the material
contained herein or for any errors or omissions that may have been made. The publisher remains
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-95288-4


Preface

Without doubt, water and wastewater management are among the greatest
challenges of our century, and there is also no doubt that the challenges
posed by climate change will become even greater.

Unfortunately, however, most efforts, especially not only in developing
countries but also in the so-called developed countries, have been less than
optimal or not optimal at all. In particular, there are still too many people who
have to live without clean water and decent sanitation. According to
UN-Water (www.unwater.org/water-facts/), today, 2.2 billion people lack
access to safely managed drinking water and wastewater and 4.2 billion
people lack safely managed sanitation services. The question of why this is
so, and why in many cases in developing countries, can be answered in large
part by the fact that in these countries political systems prevail that are
composed of extractive political institutions and extractive economic action.
However, the scarcely practiced conservation of resources, which is to be
considered in this context, can also be traced back to industrialised countries.
The currently prevailing economic action does not prioritise sustainability
and resource conservation in the agenda. There is definitely a need to put
one’s own house in order.

Governments have the responsibility for many governance functions, such
as formulating policy, developing legal frameworks, planning, coordination,
funding and financing, capacity development, data acquisition and moni-
toring, and regulation. In this context, good water governance comprises
many elements, but it principally includes effective, responsive, and
accountable state institutions that respond to change, openness, and trans-
parency providing stakeholders with information, and giving citizens and
communities a say and role in decision-making; this is the framework of an
inclusive political and economic system. At this point, the participation and
multi-stakeholder engagement are important parts of policy processes,
although measuring their effectiveness is still in its infancy. The importance
of having a transparent, universal, and neutral platform for government and
citizen groups in place to mobilise available resources and seek alternative
means of ensuring improved water services and sanitation has proven to be
essential and complementary to local government support.

Unfortunately, an acute lack of capacity is constraining water resource
development and management in all its facets across most developing
countries, particularly not only in Sub-Saharan Africa and South and
South-Eastern Asia but also in Latin America and Middle East North Africa.
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Human resource shortages are reported in all key areas, including agriculture
and irrigated farming, water-related risk management, water and sanitation
services, wastewater treatment, recycling and reuse technologies, and
desalination.

Another aspect that plays a decisive role besides the problems mentioned
so far is the question of education and capacity building. An aspect, by the
way, that will also be taken up in a book series, which will follow after this
book. For the time being, it should be emphasised at this point that if not only
the respective developing countries but also the development policy strate-
gies of the rich industrial nations do not change their direction towards
immense education and capacity building measures, then all efforts and
invested money will continue to be wasted and many of the SDGs will fail. It
is not for no reason that SDG 4.c supports this by calling for Substantially
increasing the supply of qualified teachers, including through international
cooperation for teacher training in developing countries, especially
least-developed countries and small-island developing states.

The presented book addresses the situation of water and wastewater
management from a global angle, underpinned by selected case studies. As
mentioned, the publication of this book will also be the start of a book series
that in more detail critically reviews, discusses, and analyses the water and
wastewater situation and management in different regions and countries
worldwide.

Braunschweig, Germany Andreas Haarstrick
Müfit Bahadir
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About This Book

The book addresses the situation of water and wastewater management from
a global angle, underpinned by selected case studies. The publication of this
book will also be the start of a book series that in more detail critically
reviews, discusses, and analyses the water and wastewater situation and
management in different regions and countries worldwide. Further, the book
provides a useful resource for scientists, researchers, and practitioners
dealing with water and wastewater management.
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1Water and its Global Meaning

Andreas Haarstrick and Müfit Bahadir

Abstract

In times of climate change, the question of
safe and sustainable use of freshwater
resources is becoming increasingly urgent,
and in some regions around the equator belt,
even more urgent. It is imperative that water
management is reformed towards sustainabil-
ity and that the awareness of both the
responsible governments and the population
is raised even more than is the case at present.
A “business as usual” attitude will even more
jeopardise human lives and lead to environ-
mental destruction than is already the case.
We have the choice! It is evident that
increasing water demand follows population
growth, economic development and changing
consumption patterns. Global water demand
has increased by 600% over the past
100 years and will grow significantly over
the next two decades in all the three compo-
nents, industry, domestic, and agriculture.
Industrial and domestic demand will grow

faster than agricultural demand but demand
for agriculture will remain the largest—Global
water demand for all uses, presently about
4,600 km3 per year, will increase by 20–30%
by 2050, up to almost 5,500–6,000 km3 per
year. By 2040/50 the global population will
increase to between 9.4 and 10.2 billion
people and most of the population growth
will occur in Africa. This chapter addresses
the most pressing issues of water resource
sustainability and puts a finger on the wound
that, if left untreated, will become an uncon-
trollable inflammatory problem.

Keywords

Water crisis � Water management � Water
scarcity

1.1 Water on Earth

About 4.5 billion years ago, our planet Earth was
formed. Since then, natural forces have shaped
our planet. Water became the most important
factor of life. Not only the origin of life, but also
the human civilization depends on water. The
earliest ancient civilizations developed at river
basins. Bricks were produced from water and soil
for building homes. Distribution and consump-
tion of water were the triggers of formation tribes
and states. Settlements at oceans were able to
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develop to world metropoles. But today, these
metropoles are severely endangered due to sea
level rise. Meanwhile, big cities are built in
deserts. They can only exist due to water trans-
ported from long distances of hundreds of kilo-
meters. Nowadays, water has become scarce and
is going to be much scarcer with the growing
world population. Human being shaped the earth
that significantly calling the period “Anthro-
pocene”—the age of men.

Water is a versatile stuff. The total amount of
it on earth remains constant. It takes just different
aggregate states like liquid, solid and vapor
(gaseous). Due to this versatility, the hydrologic
cycle is triggered, continuously generating
freshwater. Each drop of freshwater we drink is
recycled numerously over the time. To the best of
our knowledge, our earth is the sole planet in the
universe having liquid water. But it is still con-
troversial, where the water on earth came from.
Water is assumed to be imported from comets,
consisting of frozen water and dust that hit our
planet in earth history in great number.

Through solar irradiation water evaporates
from water surfaces (oceans, lakes) and forms
clouds in the atmosphere through condensation at
deeper temperatures since cold air can store less
amounts of water than warm air. It starts raining.
The precipitation is taken up by plants and
evaporated over the leaves again. The same with
soil surfaces. The water cycle runs continuously.
The large forest areas of equatorial belt in Latin
America, Africa, South Asia, Oceania, etc. are
called “rain forests”, being mostly responsible
for this phenomenon. Plants take up water from
the soil through their roots, transport it through
the stems to the leaves and evaporate it again—
called evapotranspiration. The vapor condenses
in the atmosphere forming clouds and raining
and precipitating again. This way, the rain forests
organize their water demand by them own.
Without the plants, water would soak away to the
aquifer or run off to the oceans.

The total volume of water on our planet
remains always the same—about 1.4 billion km3.
This is a huge amount of water. But just less than
3% of it is non-saline (fresh) water that is needed
for most living species. 2% of freshwater is

stored in polar and glacier ice, which is not
available for human consumption. Just less than
1% of the total water amount on earth can be
used as drinking water and water for different
human activities like agriculture, industry, and
public water supply. Almost the half of this 1%
of water is stored partly in deep aquifers and is
renewed rather slowly. This groundwater is
pumped to surface and available for human
consumption. But at the same time, the ground-
water reserves deplete. Today, roughly 2/3 of
freshwater is used for irrigation in agriculture,
followed by the industry and public supply (each
approx. 1/6 of freshwater amount). Agriculture is
the greatest consumer of freshwater worldwide. It
is estimated that almost one billion people
worldwide do not have access to clean drinking
water, whilst around one third of mankind does
not have suitable sanitary facilities or wastewater
treatment. This situation becomes worsened
through the future scenario of climate change
particularly in already drought regions of our
planet.

Water is essential for all major socio-
economic sectors, contributing to each of them
in a different way. For instance, agriculture
requires large quantities of water for irrigation
and food production. Energy requires water for
powering turbines, cooling power plants, and
growing biofuels. Access to safe water supply
and basic sanitation is necessary for maintaining
public health. Water is needed to keep the
ecosystems healthy, which in turn provide crucial
environmental goods and services. The benefits
from each of these sectors are provided through
water. Managing water for all is not only a
question of availability of resources and money,
but equally a matter of public participation and
good governance. Water is a local issue and
involves numerous stakeholders at basin,
municipal, regional, national, and international
levels. If effective public governance is missed to
manage interdependencies across policy areas
and between levels of governmental bodies,
policymakers will face obstacles designing and
implementing measures for sustainable water
management. Even mitigating the impacts of
natural disasters through extreme events
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following climate change like flash floods and
inundations, recently occurring almost every
year, is not only a problem of Developing
Countries, but also of the developed world.

Many water resources have trans-boundary
character. Rivers of Nile, Euphrates and Tigris,
and Jordan in the Middle East, but also Rivers
Elbe and Rhine in the heart of Europe deserve
joint solutions of the riparian countries. Basin
wide cooperation is essential for sustainable
water management for prosperity and peace in
the respective regions. Many projects in devel-
opment cooperation fail for ignoring the impor-
tance of socio-cultural aspects, and solely
concentrating on technological problems. The
end of the active involvement of experts from
industrialized countries often leads to failure in
the implementation stage of projects. Especially,
projects related to water supply and use gain little
recognition if the various political, cultural, and
social meanings of water in different regions are
not considered.

1.2 The Presence and Future
of Water

The next time one opens a bottle of water one should
think about where the water used comes from and
under what conditions it was extracted. Indian bev-
erage cans contain treated rainwater, while the water
for soft drinks in the Maldives is obtained from
seawater. In most cases, however, drinking water is
still obtained from surface and groundwater reser-
voirs. It should be emphasized, however, that the
above examples are no longer exceptions, and more
and more water has to come from different sources
to meet demand. There is a reason for this: we are at
the beginning of a global freshwater crisis.

Given that 70% of the Earth’s surface is
covered with water, and that volume remains
constant (at 1,386,000,000 km3; Fig. 1.1), how is
a water shortage even possible? Well, it must be
remembered that 97.5% of all water is seawater
that is unsuitable for direct human consumption.
And both populations and temperatures are ever
rising, meaning that the freshwater we do have is
under severe pressure.

Global water demand is expected to increase
by 55% by 2050. Much of the demand will be
used in agriculture. Demand accounts for more
than 70% of global freshwater consumption. To
feed the growing population, food production
will have to increase by 69% by 2035. The same
is true for water withdrawals for energy. Here, a
decline of more than 20% is expected due to the
likewise increasing demand [1]. With this
development, it once again becomes quite clear
that a global water crisis will certainly occur, if
intelligent measures for the sustainable use of
drinking water resources are not initiated as soon
as possible.

Mexico City, which was built on old lake
beds, is experiencing an average subsidence of
30–40 cm/a in some areas [2, 3]. The reason is
that the aquifer beneath the city has been deple-
ted. Once horizontal streets now consist of hills
and valleys. Meanwhile, the city must import
40% of its fresh water from 2000 m lower
regions (partly also from seawater desalination
plants) and has become more extremely vulner-
able than ever before [4].

This situation is also comparable to California
(USA). The state experienced the most intense
drought periods from 2012–2014 compared to
those reconstructed over the past 1200 years
according to the Palmer Drought Severity Index
(PDSI). The large aquifer volumes declined at a
rate of almost 20 bill. m3/a during this time [5].
Even subsequent extreme precipitation was
unable to fully recharge the reservoirs. Ground-
water reservoirs generally have a regeneration
time of up to 300 years.

What else could a global freshwater shortage
lead to? One gloomy theory refers to the possi-
bility of armed water conflicts. Particularly vul-
nerable regions in this respect are the Middle
East and the Arabian Peninsula [6]. Another
theory deals with climate change and the spread
of deserts. Devastating examples of this can be
found in north-eastern parts of China, in India
and in Sub-Saharan Africa [6].

But it is worth looking at some bright spots.
Some nations have found noteworthy solutions—
Australia, for example. Australia survived a
“millennium drought” that lasted from 1997 to
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2009. The response was a rapid implementation
of measures that halved water consumption by
businesses and households. This was achieved,
among other things, by introducing a price for
water that made it a tradable commodity [7]. This
worked well, but one must not forget that water
trading involves many dangers, especially on the
stock exchange. Despite successful regulation of
use through price, it must be ensured that fresh
water supplies are subject to equitable distribu-
tion. The right to water must have a strong legal
and ethical basis that is not negotiable.

Another notable example is Israel, which
considers water availability a matter of national
security. By recycling wastewater, including
domestic sewage, the Shafdan Wastewater
Treatment Facility near Tel Aviv, for example,
provides about 140,000,000 m3/a of water for
agricultural use. Thus, over 87% of Israel’s

agricultural water needs are now met by
wastewater [8]. Spain as one of the biggest
European exporters of vegetables and fruits, for
example, manages only 19%. However, it should
be noted, that Israel is pursuing a conflict-laden
policy in the Middle East regarding freshwater
resources, which is one of the most controversial
sets of issues in this region [9].

Can desalination of seawater be an effective
solution to meet the growing demand for water in
industry and agriculture and, moreover, avoid
political crises? Currently, desalination via
reverse osmosis is highly costly and maybe also
for the next decades only a thinkable option for
rich countries. The capital costs are presently
going to be higher than a treatment plant to treat
freshwater. However, the further development of
renewable energy and related technologies may
contribute to reduce those costs making

Fig. 1.1 Water on earth
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desalinated water affordable and contribute to
ease political tensions.

A simpler, cheaper, and quick-to-implement
solution is rainwater harvesting. In Melbourne,
Australia, one of the largest rainwater harvesting
tanks can hold four million liters [10]. Authori-
ties such as Kerala, Bermuda and the Virgin
Islands have mandated that all new buildings be
equipped with a rainwater harvesting system. For
Malaysia/Singapore, it has been calculated that
up to 75% of domestic water demand can be met
by rainwater harvesting [11].

As earlier mentioned, around the world, more
than 70% of freshwater is used for irrigation.
Moreover, in many cases, the agricultural irri-
gation techniques are inefficient. Further, with
respect to excessive freshwater use, thermal
power plants (nuclear, coal, natural gas) require
vast amounts of water for cooling. Renewables
for the most part—solar and wind—do not! The
faltering shift to renewables has much to do with
heavy-handed, lobby-driven government poli-
cies. Bold and consistent action is needed to
incentivize society and the economy and to
support smart investments.

To achieve water-efficient societies, there are
undoubtedly many ways, in which this can be
done. In fact, it should be quite simple, either by
increasing the efficiency, with which every drop
of water is used, or simply by moving away from
water-intensive uses and increasing the use of
appropriate environmental technologies with
sustainability credentials.

Closely linked with the question of the future
fate of freshwater resources is the debate on
sustainability. In 1987, Gro Harlem Brundtland
(former Norwegian Prime Minister) in her report
popularized the term “sustainability” by refer-
encing critical environmental and development
problems on global level. In this context, she
stressed the following items [12]:

• Establishment of a way of acting that con-
siders the needs of current and future gener-
ations without any compromises;

• Equal distribution of natural resources
amongst users in an area shall not only

spatially happen but also be temporally during
the time of usage.

This approach sounds like a “wonderful” idea.
But is it realistic? In this debate, one has to
consider three main issues. The first one is an
inherent problem that deals with the implemen-
tation of conceptual ideas and acceptance by
majority society. The second issue raises the
question how it could become successful. The
answer may only result from changes, which
must be obtained in a way that the total depen-
dence on earth’s resources deeply penetrate
human consciousness. The third issue relates to
basic requirements: An all-over accepted defini-
tion and manifestation of what is really needed,
and an adaptation to sustainable action in daily
routine.

The World Water Council says: “There is a
water crisis today. But the crisis is not about
having too little water to satisfy our needs. It is a
crisis of managing water so badly that billions of
people—and the environment—suffer badly.”
[13]. It is still possible to take corrective mea-
sures to prevent the water crisis from worsening.
However, what is depressing and sad is that
despite the growing awareness that our fresh-
water resources are limited and need to be pro-
tected in terms of both quantity and quality,
nothing significant is changing.

Regardless of the use of freshwater (agricul-
ture, industry, household), huge water savings
and improved water management are possible.
Water is wasted almost everywhere, and if peo-
ple do not face water scarcity, they take access to
water for granted and as a natural thing. With
population growth, urbanization and advancing
industrialization, water consumption is bound to
increase. In order not to fall further into a mas-
sive crisis, several measures need to be taken to
increase the proportion of people with sustain-
able access to safe drinking water and sanitation:

• Guarantee the right to water;
• Decentralize the responsibility for water;
• Develop know-how at local level;
• Increase and improve financing;
• Evaluate and monitor water resources.

1 Water and its Global Meaning 7



Urgent action needs to be taken about agri-
culture, transboundary cooperation, resource
conservation, and ecological diversity. The
increasing demand for water by humans not only
reduces the amount of fresh water, but also has a
profound impact on aquatic ecosystems and the
species that depend on them. There is a danger
that ecological balances will be massively dis-
turbed and thus no longer be able to serve their
regulating role.

The UN Water Report 2019 [6] says that
global water demand is expected to continue
increasing at a similar rate until 2050, accounting
for an increase of 20–30% above the current
level of water use, mainly due to rising demand
in the industrial and domestic sectors. Over 2
billion people live in countries experiencing high
water stress, and about 4 billion people experi-
ence severe water scarcity during at least one
month a year. Stress levels will continue to
increase as demand for water grows and the
effects of climate change intensify. Moreover,
these processes are intensified by changing cli-
mate conditions and the increase of extreme
weather events (Table 1.1).

Water-related natural hazards such as floods
and droughts affect already water supply and
sanitation infrastructure, leading to significant
economic and social losses and impacts. It can
already be observed that such hazards are
increasing in frequency and intensity because of
climate change. Short- and long-term impacts of
water-related extreme events also include the
spread of communicable diseases, disruptions to

water and food supplies, and the damage to
financial assets and social disruption.

1.3 Water and Wastewater
Management in the Context
of Sustainable Development
Goals

The Agenda 2030 of the United Nations estab-
lished 17 Sustainable Development Goals
(SDGs) and 169 global targets, related to devel-
opment outcomes and means of implementation
for the period 2015–2030. The SDGs were
designed to be integrated and indivisible to bal-
ance the social, economic, and environmental
dimensions of sustainable development [14].

The anchoring of SDG 6 in the 2030 Agenda,
“Ensure availability and sustainable manage-
ment of water and sanitation for all”, reflects the
most pressing issues in water and sanitation. The
Agenda addresses rising inequalities, depletion
of natural resources, environmental degradation
and climate change as the greatest challenges of
the present. It points out that social development
and economic prosperity depend on sustainable
management of freshwater resources and
ecosystems, and it emphasizes the integrated
nature of the SDGs.

Water-related ecosystems and the environ-
ment have always provided natural sites for
human settlements and civilizations, bringing
benefits such as transportation, natural purifica-
tion, irrigation, flood protection and habitats for

Table 1.1 Average annual impacts of inadequate drinking water and sanitation services, water-related disasters,
epidemics, earthquakes, and conflicts

Water-related Others

Inadequate water
and sanitation

Drought Flooding Earthquakes and
epidemics

Conflicts

People affected during a
period of emergency

No data 55
million

106
million

6 million 65 million

People killed 780,000 by
infection deseases

1100 6000 56,000 75,000
war deaths

Economic damage No data 5.4
billion
USD

31.4
billion
USD

30 billion USD No data
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biodiversity. However, population growth, agri-
cultural intensification, urbanization, industrial
production and pollution, and climate change are
already overwhelming and undermining nature’s
ability to provide key functions and services.
Consequently, poor, and marginalized popula-
tions will be disproportionately affected, further
exacerbating rising inequalities.

The use of freshwater in agriculture, industry
and households produces highly polluted
wastewater that pollutes freshwater resources. In
many countries, much of this wastewater is still
discharged into natural waters and freshwater
areas without any treatment.

Against this background, the accomplishment
of SDG 6 is highly challenging. The challenge is
seen above all in the governments’ decision-
making and prioritisation processes. Each gov-
ernment must decide how to incorporate them
into national planning processes, policies and
strategies based on national realities, capacities,
levels of development and priorities. In best case,
they should cover the entire water cycle includ-
ing provision of drinking water (SDG target 6.1),
sanitation and hygiene services (6.2), treatment
and reuse of wastewater and ambient water
quality (6.3), water-use efficiency and scarcity
(6.4), Integrated Water Resources Management
(IWRM) also through transboundary cooperation
(6.5), protecting and restoring water-related
ecosystems (6.6), international cooperation and
capacity-building (6.a), and participation in water
and sanitation management (6.b). The sub-targets
mentioned here, and indicators linked to them are
far from perfect. However, they provide an
unprecedented basis for working systematically
on the future of water security worldwide [15].

The implementation of good water gover-
nance and sustainable water management
depends on the participation of a range of
stakeholders that includes local communities.
Governments have responsibility for many gov-
ernance functions, such as formulating policy,
developing legal frameworks, planning, coordi-
nation, funding and financing, capacity devel-
opment, data acquisition and monitoring, and
regulation. Good water governance comprises
many elements, but it principally includes

effective, responsive, and accountable state
institutions that respond to change, openness and
transparency providing stakeholders with infor-
mation, and giving citizens and communities a
say and role in decision-making. At this point,
the participation and multi-stakeholder engage-
ment are important parts of policy processes,
although measuring their effectiveness is still in
its infancy. The importance of having a trans-
parent, universal, and neutral platform for gov-
ernment and citizen groups in place to mobilize
available resources and to seek alternative means
of ensuring improved water services has proven
to be essential and complementary to local gov-
ernment support.

It should also be kept in mind that for reliable
water management data acquisition and moni-
toring plays an important role. Data underpin the
governance elements of accountability, trans-
parency, and participation. They enable progress
to be monitored and service providers, govern-
ments, and development partners to be held
accountable. Many developing and emerging
countries lack the financial, institutional, and
human resources to acquire and to analyse data to
support governance. Less than half of developing
countries have comparable data available on
progress towards meeting each of the global
SDG 6 targets. Further, data acquisition and
monitoring require political commitment to
transparency that includes efforts related to
accessibility and sharing of data. Increased uti-
lization of the latest Earth observations, citizen
science and private sector data should be incor-
porated into data-monitoring systems to com-
plement existing data-collection efforts.

All the considerations and reminded measures
are ultimately of little use if the capacity devel-
opment leaves far behind. Unfortunately, an
acute lack of capacity is constraining water
resources development and management in all its
facets across most developing countries, partic-
ularly in Sub-Saharan Africa and South and
South-Eastern Asia. Human resource shortages
are reported in all key areas, including agricul-
ture and irrigated farming, water-related risk
management, water and sanitation services,
wastewater treatment, recycling and reuse

1 Water and its Global Meaning 9



technologies, and desalination. This is not a new
phenomenon and has been a leading concern and
constraint on water-related development for
many decades. If the respective developing
countries, but also the development policy
strategies of the rich industrial nations do not
change their direction towards immense educa-
tion and capacity building measures, then all
efforts and invested money will continue to be
wasted, and many of the SDGs will fail. So, this
is no news to say that education, further educa-
tion, and training are essential for achieving SDG
6. SDG 4.c supports this by calling for “sub-
stantially increasing the supply of qualified
teachers, including through international coop-
eration for teacher training in developing coun-
tries, especially least-developed countries and
small-island developing states” [16].

Unfortunately, reality shows something else,
e.g., Fig. 1.2 provides an indication of the numbers
of students enrolled in tertiary education in 2015 in
various regions, though it was not disaggregated
into sectors. There were notable low numbers in
Sub-Saharan Africa, which has a population of
about one billion. In 2015, however, only 3.5% of
students enrolled in tertiary education [17].

Several developing countries have basic edu-
cation institutional structures in place, but they
are too often in need of strengthening and
funding. There may be options for regional
training, where concerned countries share facili-
ties and costs. However, this is not easy to
implement unless countries and their schools,
training centres and universities plan, fund and
implement capacity development programmes
that meet the expectations of national develop-
ment plans.

In his speech about research in Africa 2004,
the UN Secretary General Kofi Annan high-
lighted: “The knowledge required for Sub-
Saharan Africa to achieve its own green revo-
lution is not lacking. What is lacking as ever, is
the will to turn knowledge into practice.” [18].
This sentence was not meant to criticise the
quality of research in Africa, but to urge the
focus of research and the effectiveness of the
pathway from research to policy and practice.
Thus, in many cases, this kind of effectiveness
would contribute to a significant and visible
improvement in sustainable water management
and people’s daily lives.

Fig. 1.2 Students enrolled in tertiary education in SDG world regions in 2015 [17]
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1.4 Future Perspectives
and Challenges of Sustainable
Water Management in Water-
Scarce Developing Countries

The most severe water problems are found in
countries located in the Middle East-North
Africa (MENA), South-East Asia (SEA), and
Sub-Saharan Africa (SSA) regions. These dif-
ferent regions individually face challenges in
providing safe, affordable, and sustainable water
and sanitation for all. The challenges could not
be more different, just as the regions themselves
are different.

The MENA region is the most water scarce
region in the world. According to FAO the
“water poverty/scarcity” threshold of renewable
water resources is 1,000 m3 per capita per year,
while there is in average less than 200 m3 per
capita per year in the MENA region [19]. It is
already clear that water scarcity on a per capita
basis is increasing and will continue to increase
due to population growth and climate change.
The result will be a rapid increase in groundwater
demand. Impacts on agriculture, such as the loss
of arable land and consequently decline in agri-
cultural production, also contribute to increasing
numbers of people migrating from rural to urban
areas or fleeing to other countries. According to
WHO, some 51 million people (or 9% of the total
population) lacked a basic drinking water service
in 2015 in the entirety of the MENA region [6].
Besides climate change and population growth,
another problem is that if armed and religious
conflicts continue in the region, hopes for con-
sistent sustainable water management, access to
water services for all and the establishment of
safe water infrastructure are illusory. Already
today, natural disasters linked to climate change
impacts have resulted in the displacement of over
2,400,000 people across the Arab Region in
2016, many of them being in the Arab Least
Developed Countries (LDCs) (98%): 1,230,000
in Sudan, 810,000 in Somalia, and 360,000 in
Yemen [6]. The international community would
do well to make every effort to end these con-
flicts. But the parties and governments in the

region must also work resolutely to achieve this.
Peaceful and free access to water and the intel-
ligent use of resources are indeed a challenge, but
only a certain prosperity can grow in the region
and inspire hope for a future and secure water
supply, infrastructure, and sanitation.

The SEA region is mostly affected by flood
and drought disasters. The Asian Development
Bank (ADB) reported in 2016 that 48 countries
in the region are classified as water insecure
regions due to low water availability and
unsustainable groundwater extraction. For rea-
sons like those in the MENA region, the need for
agricultural irrigation has also steadily increased
in the region. The consequence here, too, is
disproportionate decreases in groundwater levels
and thus a significant increase in water stress.
This development is particularly evident in the
North China Plain and in northwest India. In
addition, high levels of water pollution are
worsening the situation in terms of drinking
water availability, caused by alarming rates of
untreated sewage discharged into surface waters.
The situation is exacerbated by high levels of
chemical pollution in runoff water [20]. In the
Ganges and Mekong basins, high concentrations
of arsenic compounds are increasingly endan-
gering groundwater quality. Arsenic comes from
the erosion of pyrite minerals on high Mount
Everest and run off into the Everest originated
river systems, being transported over long dis-
tances till the Gulf of Bengal and Mekong Delta
in South Vietnam. The challenges for sustainable
water management are huge. This becomes clear,
when one looks at the rapid growth of the
region's urban population in most Asian coun-
tries, which has more than doubled since 1950,
and so the problem cities face with developing
adequate infrastructure are a task of the century
to keep pace with rising water and sanitation
needs. Looking at the rural areas in the Asian
Regions with long time unsustainable practices
and unequal access to irrigation water, the impact
on agricultural productivity and poverty allevia-
tion is devastating and leads more and more to
loss of livelihoods, while most rural poor people
are dependent on agriculture. Accordingly, the
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concept of water security is gaining importance
not only in Asia. The concept contributes to
improving the resilience of water and sanitation
services and is the key to optimizing and secur-
ing access to clean water in a climatically
uncertain future, while at the same time provid-
ing governmental authorities with realistic
information to take tailored measures.

In the Sub-Saharan Africa region, periodic
and chronic water scarcity represents a major
challenge to Africa’s path to development and
prosperity. The lack of water management
infrastructure both in terms of storage and supply
as well as of improving drinking water provision
and sewage disposal are decisive factors that are
responsible for the hardly changing poverty [6].

Climate change processes that negatively
affect rainfall and temperature trends threaten
water availability, agricultural productivity, and
ecosystem balance in almost all regions of Sub-
Saharan Africa. Additional challenges for sus-
tainable water management arise from the
growing population, which is expected to reach
1.3 billion out of 2.2 billion people worldwide by
2050. An additional aspect, which is linked to the
mentioned challenge, relates the education sec-
tor. While it is estimated that 85% of primary
school teachers worldwide were trained in 2016,
the proportion for Sub-Saharan Africa was only
61% [17]. If equal opportunities, adequate edu-
cation and training of young women and men are
ensured, the intellectual contribution from these
segments of the population could help Africa on
its way to achieving SDG 6. Besides the aca-
demic elite, a broad and good education is a basic
prerequisite for economic and political stabiliza-
tion and for overcoming mass poverty. If gov-
ernments continue to ignore this and do not bring
about any concrete changes, the disastrous situ-
ation of many states in Sub-Saharan Africa will
not change.

And yet, contrary to all the current negative
signs, governments and humanity still have it in
their hands to realize a positive turnaround. Only
the honest and firm will must reign to bring about
the positive turnaround. In all the regions dis-
cussed, there were positive initiatives and
promising solutions, especially in the water

sector. Countries like Cost Rica, Rwanda, Kenya,
South Africa, Thailand, and Vietnam are just few
examples. Perhaps the changes in one or another
developing country were also based on partici-
patory processes that brought in new and diverse
voices and ideas, so that people could influence
decisions as rights holders and deeply rooted and
unconscious prejudices and discrimination could
be overridden by changing attitudes and norms
within water institutions at all levels. This is the
only way to achieve sustainable water manage-
ment and thus sustainable development.

1.5 The Way Forward

Water availability can be seen as a function of
two distinct but inseparable characteristics. The
first relates to water supply, which is the amount
of water that can be sustainably drawn from
surface, underground and unconventional sour-
ces. These include desalination of seawater, reuse
of treated wastewater, and collection of rainwater
and fog. Increasing water use efficiency in all
major water use sectors (agriculture, energy,
industry, and municipalities/households) can also
go a long way towards reducing overall demand,
freeing up water supplies for other users,
including ecosystems. The second characteristic
relates to access to freshwater, which means that
water must be transported from the source and
made available to the various users in sufficient
quantity and suitable quality for the intended
uses.

The need to improve and to secure water
resource management is particularly critical for
areas suffering from chronic or recurrent water
scarcity, where demand exceeds sustainable
supply, or where supply is affected by pollution,
land degradation or other phenomena. The need
to technically improve and sustainably optimize
access to freshwater exists in all types of
hydrological regimes, even in places with rela-
tive water abundance. Barriers to improved
accessibility and sustainable use are often social,
political, and economic. Against this back-
ground, sustainable governance structures are
indispensable. Such structures must guarantee
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fair and equitable and sustainable use of water
resources for all. It is a high priority to ensure
that sufficient water of suitable quality is avail-
able to meet the basic needs of all people, both
for domestic use and subsistence. However, very
often, links between water and broader decisions
regarding food and energy security, humanitarian
crises, economic development, and environmen-
tal sustainability often remain unrecognized or
poorly understood. Worsening extreme events,
environmental degradation, declining water
availability and quality, population growth, rapid
urbanization, unsustainable and inequitable pat-
terns of production and consumption within and
between countries, current and potential con-
flicts, and unprecedented migration flows are
among the interconnected pressures facing man-
kind, which through their impact on water often
hit those in vulnerable situations the hardest.

Moving forward while making progress
requires a renegotiation of power relations at all
levels, equitable participation and representation
of all groups, and new partnerships to transform
the economic, social, and political processes that
guide water resource management and drive the
provision of safe and affordable water and sani-
tation. In this context, the right priorities of the
government and its active support, as well as
shared awareness in the majority society are the
basis for real change and improvement of living
conditions.

However, given the complexity of this issue,
other aspects need to be added, such as the role
of society and the state. It is not enough to look at
the tools available to water managers to solve the
problems, but the commitment of society and the
state is needed.

Water governance thus steps out of the tradi-
tional context, which was primarily about the
question of supply and demand. Here, formal,
and informal structures, procedures and pro-
cesses operate in an integrated way at the
national level. However, good water governance
must also be considered globally. Global

cooperation is essential in this regard. Without
this cooperation, many strategies and national
solutions will fail sooner or later. Neglecting the
global dimension of water management carries
the risk that too much national development
outside the field of water management will
overshadow and possibly even nullify good
intentions.

After all, it is evident that according to UN-
Water 2 billion people today do not have access
to safely managed drinking water and wastewa-
ter, and 1.7 billion people do not have access to
safely managed sanitation services [21]. The
question of why this is so, and in many cases in
developing countries, can be answered in large
part by the prevalence in these countries of
political systems composed of extractive political
institutions and extractive economic action.
However, the scarcely practiced resource con-
servation to be considered in this context can also
be traced back to industrialized countries. The
currently prevailing economic and political
action does not prioritize sustainability and
resources conservation on the agenda.

Good water governance comprises many ele-
ments, but it essentially includes effective,
responsive, and accountable government institu-
tions that respond to change, openness and
transparency that provide information to stake-
holders and give citizens and communities a
voice and role in decision-making. This is the
framework of an inclusive political and economic
system. The importance of having a transparent,
universal, and neutral platform for government
and citizen groups to mobilize available resour-
ces and to seek alternative ways to ensure
improved water and sanitation management has
been demonstrated as well as the importance of
complementing local government support is
proven.

Let’s not fool ourselves, the genuine will
alone to do this is ultimately the driving force.
Basically, we have no choice but to want positive
change.
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2Climate Change Impacts on Water
Resources

Veysel Yildiz, Murat Ali Hatipoglu,
and S. Yurdagül Kumcu

Abstract

Climate change is global warming resulted by
human and natural effects and as a large scale
change on weather pattern. As the climate
change is affecting water cycle, it reduces the
predictability of water availability, worsens
water quality, exacerbates water scarcity, and
threatens sustainable development and biodi-
versity worldwide. The increase of concentra-
tions of greenhouse gases in the atmosphere
causes climate change by trapping heat, which
leads to more severe weather events. This
results in the increased frequency of intense
climate-related natural disasters. However,
there is different views on the magnitude of
change of climatic variables. The climate
change affects water resources in complex
ways. It is changing almost all stages of water
cycle diagram; evaporation, evapotranspira-

tion, precipitation, surface runoff, infiltration,
etc. This induces the disruption of the hydro-
logical cycle by altering when, where, and
how much precipitation falls. Climate change
affects demand for water resources, the way
we use water, and the amount we need as well
as it is altering the water cycle and the
availability of water resources. Droughts and
floods occur naturally and involve many
factors, but climate change could possibly
exacerbate these water related events. Recent
studies concluded that latest intense precipi-
tation events are the fingerprints of climate
change. Rising temperature results in increase
in evaporation from the earth’s surface,
change in the regime and increase intensity
of precipitation. This is possibly leading to
more often occurrence of severe flood and
drought with a longer duration. What is more,
as the ocean warms, freshwater glaciers melt
at a high rate. The water from the melted
glaciers eventually reaches the ocean, which
leads to a rise in sea level. Thus, groundwater
could easily be contaminated by saltwater,
which causes reducing in the quantity and
quality of the reserves. Sustainable develop-
ment and management of water resources is
key to cope with climate change especially in
vulnerable areas of the world. A holistic
approach is a must for countries to cope and
to adapt the ability of resilience towards the
adverse impacts of climate change on water
resources.
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2.1 Introduction

Reliable, sustainable and clean water is essential
for the continuation of life. Water is also required
for crucial sectors, such as drinking and domestic
water, agriculture, energy production, navigation,
recreation, industry and manufacturing. Increas-
ing water demand for these sectors requires
protection of water resources.

While the amount of water resources is ade-
quate globally, its spatial and temporal distribu-
tion is not homogeneous across the world. Thus,
water resources are not sufficient in most parts of
the world. This is now a paramount problem
because of the increasing rate of population
growth and higher living standards, and thus,
water pollution and climate change effects [1].
Nearly half a billion people face severe water
scarcity in the world during all year [2]. More-
over, one third of the world’s population has
water scarcity especially in arid and semiarid
regions [3, 4], and within a couple decades, two-
thirds of the world’s population may face water
shortages [5, 6].

Climate change affects all major economic
sectors, natural resources, and biodiversity [7]. It
is also the cause of unexpected weather condi-
tions, which shows extremes in terms of fre-
quency, intensity, spatial extent and duration [8].
These changes in addition to the amount, effect
on their time distribution and in response leads to
degradation of water quality as well as stress
creation on fragile balance of water resources and
water uses [9]. Indeed, it is predicted that that
climate change is responsible about 20% of the
increased water scarcity around globe [10].
Additionally, it will have a significant influence
on the sustainability of water supply, both
quantitatively and qualitatively, human health,
and the food supply in future decades [11].
Therefore, Water resources development and

management is a very important issue [12]. Paris
Agreement and Sustainable Development Goals
(SDGs) aim to strengthen the global response to
the adverse impacts of climate change [13, 14].

Many researchers have studied the relations
between climate change and water resources [15–
21]. The impacts of climate change are generally
evaluated through the application of rainfall-
runoff models. These evaluations have found that
stream-flow variability is closely associated with
climate change. The impacts are foreseen to vary
regionally with major impacts on local natural
environments and human systems [22], and are
likely to include changes in hydro-climate pat-
terns as well as increase in the probability of
extreme events.

2.2 Water Cycle and Availability

Water is steadily in motion between the atmo-
sphere, the lithosphere and the hydrosphere.
Water Cycle is the chain of events that water
follows as it reaches the atmosphere from liquid
to gaseous state, and then condenses again and
returns to the earth as precipitation. Water cycle
as shown in Fig. 2.1 has a balance of precipita-
tion, evaporation, and all other cycle parameters
in between.

Climate and water resources are closely rela-
ted to each other. Indeed, every change in the
climatic system induces a change in the water
system, and the other way round [23]. The
impacts of climate change on water resources can
be comprehensive as it is affecting almost all
stages of water cycle diagram: evaporation,
evapotranspiration, precipitation, surface runoff,
infiltration, etc. [24]. This induces the disruption
of the hydrological cycle by altering when,
where, and how much precipitation falls [25]. In
other words, it shifts the precipitation quantity,
form and patterns, causes change in the fre-
quency and magnitude of floods, droughts and
sea levels [26].

Increasing trend in temperature is predicted to
continue in the future [27]. Thus, increasing in
the temperatures rise the rate of evaporation of
water into the atmosphere, this in turn, enhances
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the atmosphere’s capacity to hold water [28].
Since the processes involved are highly depen-
dent on temperature, a change in one element of
the water cycle has significant effects on others.
Climate change has widely differing effects on
water resources depending on the region. Water
related extremes such as in runoff, flooding, or
sea level rise are more critical than water short-
ages in some regions. While increased evapora-
tion rate might dry out some regions, fall as
excess precipitation on other areas. What is more,
warmer air can hold more water vapor, which can
lead to more intense rainstorms, causing major
problems like extreme flooding in coastal com-
munities around the world [29]. Some climate
related models predict that while the weather will
be wetter in coastal regions, it will become drier
in the middle of continents in the future. Also,
some models estimate that the increasing amount
of evaporation and rainfall over oceans will be
higher compared with that over lands [30].
Indeed, annual precipitation and average water
availability trends in high latitudes and in wet
tropical regions are increasing. In mid-latitudes
and dry tropical regions, on the contrary, it has
fallen that means those areas face water stress as
a result of decreasing of water availability.

That is to say, melting of glaciers and snow
cover because of rising temperatures and more
precipitation to fall as rain rather than snow leads
to a decrease in water supplies, thereby reducing
water availability during dry seasons in some

areas that depend on melt-water from mountain
ranges. For example, in parts of the Northern
Hemisphere, an earlier arrival of spring-like
conditions is leading to early snow melting
resulting river flows [31]. In response, seasons
with the highest water demand such as irrigation,
are being adversely impacted by a reduced
availability of fresh water. Figure 2.2 shows
some results of the climate change.

2.3 Water Supply and Demand

Increasing trends in temperature are predicted to
continue into the foreseeable future, which will
shift the spatial and temporal occurrence of rain
fall and the availability of water resources. This,
in response, adversely affects water supply sys-
tems. Water supply systems are already under
stress because of aging infrastructure, population
growth, increasing living standards, varying
consumption patterns, and increased demand for
agriculture. Climate change is another crucial
factor in the current challenges, contributing to
the vulnerability of water supply systems.
Decrease in water availability thanks to climate
change and other factors may cause or prolong
social conflicts between municipalities, people
and authorities over future water use [32].

Climate change is affecting how we use water
and how much we need. People and animals
demand more water to maintain their health and

Groundwater 

Precipita on

Evapora on 

Transpira on

Lake Ocean Percola o

Solar 

radia on 
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Fig. 2.1 Projected changes
in the water cycle
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thrive as temperature rises [33]. Moreover, water
demand, especially in irrigation, generally
increases with temperature rise and decreases
with precipitation rise [34]. This leads to an
increase demand for water resources while
shrinking available water supplies, resulting in
higher pressure on the already limited water
supplies of many regions. In response, water
supplies in some regions are already under
pressure by increasing demand as well as

decreasing runoff and groundwater recharge. As
a result of increased surface temperatures and
alteration of hydrologic cycle, the amount of
winter precipitation received as rain is expected
to be higher with a decreasing rate of the snow
form. Snow pack levels are also expected to form
later in the winter, accumulates in smaller
quantities, and melt earlier in the season, leading
to reduced summer flows [35]. As a consequence
of altering cycle with warming, snow-fed basins

Fig. 2.2 Some results of the climate change
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are likely to face more frequent summer
droughts. Besides, such shifts in the form and
timing of precipitation and runoff will alter tim-
ing and availability of water supply, affecting
agricultural, municipal, and public uses [36]. The
amount of water available for many important
economic activities, which depend on water,
such as hydropower, agriculture, and livestock
will decrease. What is more, shrinking of
mountain glaciers through global warming
threatens drinking water supplies for millions of
people [37]. Increase of evaporation because of
increasing temperature consequently adversely
affects management of multipurpose reservoir
systems [38]. Decrease in inflow into the reser-
voir and increase of dam downstream demand as
a result of climate change coupled with popula-
tion growth and industrial development may
cause conflicts between end users, which may
create crisis conditions.

2.4 Water Quality

Declining water quality is another consequence
of climate change all around the world. Shifts in
the spatial and temporal occurrence of precipi-
tation, increase of flooding due to heavy rainfall
events together with higher water temperatures,
are likely to exacerbate water quality problems
[38]. Water temperature rises in streams, lakes,
and reservoirs as air temperature rises. Rising air
and water temperatures will also impact water
quality by increasing primary production,
organic matter decomposition, and nutrient
cycling rates in lakes and streams, resulting in
lower dissolved oxygen levels hence more stress
on the fish, insects, crustaceans and other aquatic
animals that rely on oxygen [39].

The increased frequency and intensity of
rainfall events result in flooding. These extreme
events will likely cause increased runoff and
erosion, while there is little or no observed evi-
dence yet that soil erosion and sediment loads
have been altered significantly due to changing
climate [40]. It is projected that more sediments
including mineral matter, chemicals and trash,
pollutants, and organic material will be conveyed

into water resources such as streams and
groundwater systems and will worsen the water
quality. Water quality may be further worsened,
if water supply shortage causes nutrients and
contaminants to become more concentrated [41].
Naturally, the pollution load in streams and rivers
will tend to be carried to larger bodies of water
downstream like lakes, estuaries, coastal ocean,
where one of the more dramatic consequences of
heavy runoff can be blooms of harmful algae and
bacteria [42].

Besides, sea level rise through thermal
expansion of the sea water and melting of gla-
ciers and ice sheets can lead to saltwater intrusion
into fresh groundwater bodies, which may con-
taminate the supply from groundwater, especially
in low-lying, gently sloping coastal areas, which
causes reducing the quantity and quality of the
reserves. At the same time, increases in runoff,
flooding, or sea level rise are more critical than
water shortages in some areas. These effects can
reduce the quality of available water related
extremes such as in runoff, flooding could over-
whelm and damage the infrastructure of water
distribution network like sewer systems, and
water treatment plants result in untreated sewage
into drinking water supplies.

2.5 Impacts of Changes in Water
Resources on Other Sectors

The impacts of climate change on water resour-
ces and availability and water quality can affect a
number of crucial sectors such as hydropower,
infrastructure, recreation, and agriculture. Cli-
mate change remains a key driver for hydro-
power production, since it is ultimately
controlled by weather and precipitation trends. In
other words, hydropower generation is closely
linked to hydrological conditions of a watershed
and sensitive to seasonal changes in water
quantity [43, 44]. In response, there has been a
dramatic increase in research of climate change
impacts on water resources and more specifically
on hydropower generation [45, 46]. Climate
change impacts on hydropower is rather com-
plex, and even more so if analyses include
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interactions between the technical, physical and
economical components of the systems [47].
Climate change would probably increase the
intensity and frequency of extreme events by
altering the annual mean and seasonality of
runoff, which influence the availability and sta-
bility of hydropower production, and at the same
time increase the value of the storage role of
large hydropower plants [48–52]. Indeed, pre-
dicted increase of streamflow, caused by more
future extremes, does not necessarily translate
increased power generation because of plant
capacity limitations and spillage of water. Fur-
thermore, the increasing trend of extreme
hydrological events adversely affects the finan-
cial viability of existing and potential hydro
schemes, meaning large uncertainties in the
future projections. Moreover, these extremes
reduce the utilization efficiency of water. What is
more, decreased hydropower potential is likely
resulting in increases of the energy price.
Therefore, extreme events need to be taken into
account during hydropower development to
mitigate possible adverse influences on hydro-
power generation. The studies of climate change
impacts before and during implementation of
hydropower projects can result in timely
responses and adaptation to climate change with
a potential of considerable cost savings [48].
Water resources planners and decision makers
are rightly concerned about the potential effects
of future uncertainties, especially of climate
change on hydropower plants because of high
investment costs, social costs due to population
displacement, and environmental costs [53]. It is
of great importance to incorporate uncertainty
assessment and risk analysis due to the inherent
uncertainty associated with climate change [54].

Climate change related extremes are adding to
pressures on global agricultural and food sys-
tems. Indeed, they have a complex cause-effect
relationship. Significant quantities of gas emis-
sions are produced by the agricultural sector that
impacts climate. The increase in the concentra-
tion of greenhouse gases result in temperature
rise as well as changes in the precipitation
regime, which affect quality and stability of the
agricultural production, but also on the natural

environment, in which agriculture is practiced
[55]. What is more, the changing climate is also
adding to resource problems, such as water
scarcity, pollution and soil degradation. Increases
in the frequency and intensity extreme of weather
events can also hamper food delivery, resulting
in fluctuation of food prices. In addition, climate
change can hinder food availability, reduce
access to food, and worsen food quality [56].

As climate change impacts vary regionally,
certain areas are expected to experience more
droughts. Therefore, more hydraulic structures
would be built in near future to convey available
water to areas facing water shortages. Moreover,
increased probability of flooding may necessitate
infrastructure changes to minimize its impacts.
Both of these essential measures may result in
more emissions and higher energy demand.
Changes in water availability have already pro-
ven to trigger refugee dynamics and political
instability [57].

Increased water temperatures are likely to
cause the habitat ranges of many fish species to
shift, which could disrupt ecosystems. A shift in
hydrologic cycle to increased winter flow can
also affect the life cycle of fish species, such as
salmon, which depend on late spring flows to
“flush” young salmon to the ocean, and on
summer flows to moderate water temperatures.
Indeed, the number of survived salmon smolt
will decrease and more frequent fish kills will
occur from lethal stream water temperatures [58].
Additionally, reduced snow pack and earlier
spring snow melt put traditional winter sports,
such as skiing and snowmobiling, at risk.

2.6 Conclusions

Changes in climate significantly influence the
hydrological cycle and hence affect the quality,
quantity and availability of water resources. In
other words, increased temperature, changed
precipitation patterns and snow cover, and
increased frequency of flooding and droughts are
the main consequences of climate change. 90%
of all natural disasters are water-related hazards.
The duration and intensity of floods and droughts
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are expected to increase near future due to cli-
mate change, as the whole global water cycle is
affected by global warming. While available
water resources are decreasing in many regions,
an increasing demand for water supply is
expected. As a result of reduced groundwater
recharge, the availability of groundwater for
drinking water in some regions will likely
decline. In particular, water quality is likely to be
worsened by warmer water temperatures, chan-
ged precipitation pattern, duration and intensity.
These will cause adverse impacts on the
ecosystem, human health, and water system
reliability and operating costs. Therefore, the
management of water resources in terms of
quantity and quality are becoming increasingly
complex in many places. The precise conse-
quences of climate change on water resources
remain uncertain, which makes adaptation chal-
lenging. While an increase trend in temperature
is projected by Global Circulation Models
(GCMs), in general, precipitation projection
remains inconsistent. Despite improvements in
climate science, the GCMs formed and devel-
oped to project climate futures generate a wide
range of projections that in general disagree on
magnitude of precipitation changes. However,
increasing trend in temperature might change
precipitation pattern in winter (from snow to
rain) and cause to early snow melting in spring
and more evaporation, which likely result in
increasing trend of extreme hydrological events.

Altering precipitation pattern coupled with
rise of temperatures is of concern to water
resource managers and decision makers in a
number of settings such as hydropower genera-
tion, irrigated agriculture, and water supply.
Overall, climate change could make it more dif-
ficult to manage hydropower production, to grow
crops, to raise animals, and to catch fish by
altering precipitation pattern. Indeed, manage-
ment strategies must be adapted to minimize
these potential climate change effects. Climate
change is an inevitable phenomenon of natural
and human origins, to which reduction and
adaptation are needed in order to reduce the
magnitude of impact and vulnerability.

The adverse effects of climate change on
water resources could be minimized through a
number of settings. Among these are (1) adapting
hydropower operating policies, (2) changing
crops pattern and practices that are robust to
changing conditions, (3) raising awareness,
(4) rehabilitating water supply infrastructure, and
(5) supporting water transfer opportunities. Fur-
thermore, future projections should inform
management strategies to increase the ability to
efficiently prepare for and to adapt to future water
resource challenges.
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3Drought Management

I. Ethem Karadirek

Abstract

Drought is a phenomenon that adversely
affects a great variety of human activities in
virtually all climatic regions. Drought is
defined as a period that a region experiences
below normal precipitation. Drought can last
for days, weeks, months, and years. The
period of drought lasts longer, the affects get
greater. Drought is a natural disaster that
should be managed by implementing sustain-
able disaster management strategies. National
drought plans are of great importance to
reduce impacts of drought phenomena. This
chapter aims to provide a brief summary about
drought management under changing climate.
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3.1 Introduction

Water resources are under pressure due to pop-
ulation growth, industrialization, expansions in
energy and agricultural sectors, and climate
change. Climate change and water resources
have a close relationship. Impacts of climate
change on water resources have been compre-
hensively discussed over the years [1–3]. Climate
change does not only result in temperature
increase, but it also causes changes in precipita-
tion behaviour and pattern. Climate change
affects the hydrological cycle ending up with an
increase in drought events, which have signifi-
cant impacts on agriculture, ecosystem, and
societies [4, 5]. Drought episodes start with
meteorological drought resulting from lack of
precipitation, then affects soil moisture resulting
in agricultural drought, afterwards causes
hydrological drought [6].

Climate change affects the frequency, sever-
ity, and duration of droughts. Drought, as a
natural disaster, plays vital role for water
resources planning and management, and
requires sustainable risk management strategies
in order to reduce its impacts. This chapter pro-
vides an understanding of droughts. The main
objective is to provide a broad review of drought
phenomena.
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3.2 Drought Phenomena

Drought is a phenomenon that adversely affects a
great variety of human activities in virtually all
climatic regions [7–9]. There are different defi-
nitions for drought. However, drought is defined
as “a temporary lack of water, which is, at least
partly, caused by abnormal climate conditions
and is damaging to an activity, group, or the
environment” [10]. Drought is a condition orig-
inating from precipitation deficiency that causes
water shortage for activities, group and/or envi-
ronment. Water shortage associated with drought
should be considered as a relative condition [11].
Drought differs from aridity. Drought is a tem-
porary condition, whereas aridity is a long-term
climatic condition [12]. Drought depends on
many factors such as effectiveness and intensity
of rainfall and number of rainfall events [11],
timing and spatial distribution of rain, hydro-
environmental factors, usage of water depending
on needs in terms of quantity and timing [10].
Drought can last from days to years depending
on water resources [13]. Drought is generally
classified into four categories as meteorological,
hydrological, agricultural and socio-economic
drought [11].

Meteorological drought, which is often
regional and presumably based on a thorough
understanding of regional climatology, is defined
as lack of precipitation for a given period over a
region [14–16]. Meteorological measurements
are the leading indicators to express drought. An
ongoing meteorological drought event can
intensify quickly or end abruptly. Drought peri-
ods are generally defined as the number of days
with precipitation below specified threshold val-
ues [17].

Hydrological drought refers to the decrease
and deficiencies in surface and ground waters
that occur because of a long-term lack of pre-
cipitation. River flow, lake, reservoir, and
groundwater level measurements are generally
used for hydrologic drought analysis. Hydro-
logical measurements are not solely first indica-
tor for drought, as there is a time gap between
lack of rain and the lack of water in streams and

reservoirs. Hydrological drought may last longer
after the meteorological drought has ended [18–
20].

Agricultural drought is a condition, in which
there is not enough moisture in the root zone of
the plant for growth. Agricultural drought occurs,
if there is not enough soil moisture during a
certain critical period during the growth period
when a particular plant needs water. Agricultural
drought is a typical situation that occurs after
meteorological drought and before hydrological
drought. Agricultural drought can seriously
reduce crop yields, even when the soil is deeply
saturated. In addition to the lack of precipitation,
higher temperatures and relative humidity exac-
erbate the effects of agricultural drought [21–23].

Socio-economic drought, which is closely
related with human life, occurs, while demand of
a society cannot be met by water resources due to
lack of precipitation [24, 25].

Meteorological, hydrological, and agricultural
droughts are physical phenomena, while socio-
economic drought is usually associated with
insufficient water supply [26].

3.3 Drought Indices

Many indices have been developed to assess and
to monitor drought episodes. In this section, the
most widely utilized and recognized drought
indices such as standardized precipitation index
(SPI), Palmer drought severity index (PDSI),
percent of normal index (PNI), surface water
supply index (SWSI), crop moisture index
(CMP), standardized precipitation evapotranspi-
ration index (SPEI) and decile index (DI) are
summarized.

3.3.1 Standardized Precipitation
Index (SPI)

Standardized precipitation index (SPI) is the
foremost broadly utilized index for drought
assessment, as it is easy to use. SPI was firstly
introduced in 1993 by Mckee et al. [27]. SPI only

28 I. E. Karadirek



requires precipitation data, which can be easily
acquired from rainfall gauges and/or rainfall
satellite data [16]. SPI is easy to use for moni-
toring drought and determining lack of precipi-
tation at varying time scales such as 3, 6, 12, 24,
and 48 months [27]. SPI is computed based on a
long-term precipitation data for a certain period.
Precipitation data set is fitted to probability dis-
tribution that is then altered to normal distribu-
tion, meaning mean SPI is zero for a certain
region at a certain period [28]. As precipitation
data is available and applicable for all climate
conditions, SPI that is admirably requires a data
set of at least 30 years can be calculated for
varying time periods [27].

Drought magnitude (DM) according to SPI is
computed based on Eq. (3.1) [27]:

DM ¼ �
Xx

j¼1

SPIij ð3:1Þ

where j represents the first month of drought and
keeps increasing till the end of drought (x) for
any of time scale (i). The unit of DM is months
and might be equivalent to duration of drought in
case of SPI = −1 for each month [27]. Drought
magnitude can have values starting from −2
representing extreme drought to +2 standing for
extremely wet. Preliminary precipitation record
is important, as SPI is computed based on the
precipitation data set. The fundamental of SPI is
based on distributions of precipitation data.
Therefore, numerical differences should be taken
into account during computing SPI values when
different lengths of precipitation data are used
[16]. Probability distribution of precipitation data
is important for computing SPI values, and the
most widely utilized approach is gamma distri-
bution [29].

3.3.2 Palmer Drought Severity Index
(PDSI)

Palmer drought severity index was developed in
1965 by Palmer [30]. PDSI, which is generally
used for monitoring drought, areal extent and

severity of drought periods at regional scale,
requires available precipitation and temperature
data for estimation of relative dryness [30].
The PDSI is most widely utilized regional
drought index and based on supply and demand
for soil moisture. The PDSI is an outstanding
index for long term analysis of drought [31, 32].
Effects of global warming on drought episodes
can be demonstrated as PDSI uses temperature
and physical water balance data. PDSI is usually
calculated on monthly basis. Precipitation, tem-
perature, and soil moister capacity are used as
inputs, which are helpful for evaluation of
evapotranspiration, surface flow and moisture
loss from the surface. On the one hand, PDSI is
delicate to precipitation and temperature data
sets, as these data sets are the main input
parameters. On the other hand, PDSI does not
account snow/ice and human practices such as
irrigation that affect the water balance [33].
Positive value of PDSI represents the wet,
whereas negative values stand for drought
periods.

3.3.3 Percent of Normal Index (PNI)

The percent of normal index (PNI) is the simplest
drought index and is calculated as a percentage,
mainly by dividing the amount of precipitation
over the average precipitation of a specified
period. Periods of precipitation of 12 months or
less can also be used to calculate the PNI [34].
The PNI is calculated based on Eq. (3.2) [34]:

PNI ¼ Pi
P

� �
� 100 ð3:2Þ

where Pi stands for precipitation in time incre-
ment i (mm), and P is the average precipitation
for the studied period (mm).

The PNI, which is easy to understand and to
calculate, can be calculated for varying time
periods ranging from a month to a couple of
months representing a certain season or annual
[34, 35]. The PNI was firstly developed to assess
meteorological drought. However, it can also be
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utilized for calculation of streamflow drought
severity using streamflow data [35, 36].

3.3.4 Surface Water Supply Index
(SWSI)

Shafer and Dezman developed the surface water
supply index (SWSI) in 1982 in order to assess
the hydrological drought [37]. The priority of
SWSI is to monitor fluctuations in surface water
resources, which makes SWSI is a helpful tool
for monitoring the impacts of hydrological
drought on different sectors such as urban and
industrial water supply [37, 38]. Snowpack,
streamflow, precipitation and reservoir storage
are the required parameters for calculation of the
SWSI [37]. Snowpack data may be replaced with
streamflow data during summer seasons [16].
There are also studies that replacing snowpack
component with groundwater data to calculate
the SWSI in some regions, where groundwater is
more important than snowpack [39].

3.3.5 Crop Moisture Index (CMI)

Crop moisture index (CMI) was developed for
assessment of short-term moisture. Calculation of
the CMI requires weekly temperature and pre-
cipitation data [40]. The CMI has limitations for
long-term assessment of drought [16], whereas
the CMI has been reported as an effective tool for
assessment of agricultural drought in warmer
seasons [41].

3.3.6 Standardised Precipitation
Evapotranspiration Index
(SPEI)

Standardized precipitation evapotranspiration
index (SPEI) is a multi-scalar drought index
based on climatic data. The SPEI, which can be
calculated ranging from 1–48 months, is calcu-
lated based on precipitation and potential evap-
otranspiration (PET) [42]. The SPEI, which can
be implemented for determination of onset,

duration and magnitude of drought episodes,
combines a great variety of timescales of the SPI
with evapotranspiration data, which makes it
effective for climate change studies [42, 43].
The SPEI that is sensitive to the calculation of
PET requires more data than the SPI.

3.3.7 Decile Index (DI)

Decile index (DI) is one of the simplest indices
for drought monitoring. The DI is defined as the
ranking of precipitation in certain time intervals
over the historical periods [44]. Rainfall is the
only required data for calculation of DI that
provides an effective and accurate statistical
measurement of precipitation. A cumulative dis-
tribution function is created by ranking long-term
(generally 30 years and more) precipitation data
from the highest to the lowest and then distri-
bution is split into ten groups of each is called a
decile [45]. The deciles are classified into five
groups, two deciles per each class. Precipitation
lower than 20% is classified as much below
normal, whereas precipitation higher than 80% is
classified as much above normal [46].

3.4 Drought Management
Strategies

Drought can be managed based on two basic
approaches namely reactive (crisis) and proactive
(risk) management. Reactive management
approach is based on implementing measures and
actions after beginning of a drought episode [47].
Reactive (crisis) management approach for a
drought is generally inefficient due to limited
time to take actions and is mostly based on relief
actions for recovery from drought disaster [48].
On the other hand, proactive (risk) management
approaches require implementing all components
of disaster management, as given in Fig. 3.1.

Steps to develop a national drought policy are
recommended by World Meteorological Organi-
zation (WMO) and Global Water Partnership
(GWP) [49]. These steps are “i. appointing a
drought management policy, ii. defining goals
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and objectives of a proactive based drought
management policy, iii. ensuring stakeholder
participation, solving conflicts between water use
sectors, iv. specification of risk groups and
inventory data and financial resources, v.
preparation of drought policy and plans includ-
ing monitoring, early warning and forecasting,
assessment of risks and impacts, mitigation and
response, vi. identification of research needs and
filling institutional gaps, vii. Integrating science
and policy aspects, viii. Promoting drought
management policy and preparedness and
building public awareness and consensus, ix.
Developing educational programs, and x. eval-
uating and revising drought management policy
and supporting preparedness plans” [49, 50].

Drought management should consist of
drought assessment, considering system scale
outlook, changes in risk over time (climate
change, socio-economic development etc.), and
sectors and people under risk. Effective drought
management strategies should provide an
increase in resilience and enhancement in pre-
paredness [51].

3.4.1 Drought Risk Assessment

Drought is the result of the lack of precipitation
that causes water shortage for activities such as
farming and/or for a group of people such as
farmers [11]. Frequency and severity of droughts
are affected by climate change [52, 53]. Drought
is a natural hazard, which should be managed by
implementing sustainable risk management
strategies [54]. Developing national drought
plans play a key role for drought management
[55], and projections on impacts of climate
change should be considered for developing
drought plans [54]. Forecasting and monitoring
of drought, as an early warning system, is crucial
for developing drought management plans.
Drought monitoring is implemented by applying
drought indices that reflect the deviations from
normal regional conditions [56].

Mapping drought, which helps determining
the regions being most at risk of drought, is
helpful for assessing drought risks and develop-
ing drought management plans [57]. Drought
risk is calculated based on the likelihood of

Fig. 3.1 Disaster
management cycle [47]
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adverse impacts resulted from interactions
between hazard, exposure, and vulnerability.
Although, an appropriate way to assess drought
risk should consist of incorporating vulnerability
and hazard [58–60], only few studies have been
carried out by integrating vulnerability and haz-
ard so far [59].

3.5 Conclusions

Drought is one of the most complex natural
hazards that should be managed by risk man-
agement approaches. Relationship between
meteorological and hydrological parameters is
vital for drought risk assessment and manage-
ment. Developing national drought plans and
implementing sustainable measures are vital to
reduce impacts of drought episodes. This chapter
provided an understanding of drought, drought
indices, drought management strategies and risk
assessment.
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4Flood Management Under Changing
Climate

S. Yurdagül Kumcu

Abstract

Many researchers have worked on global
warming during the last decades, because its
consequences are affecting all areas of our life.
Increasing of planet’s temperature is main
cause of global warming. According to NASA,
the Earth average temperature has increased
about 1 degree Fahrenheit during the twentieth
century. This increase in the temperature may
be seen small change, but its impacts are
inevitable problems leading lasting scar on the
planet. Global warming has many negative
effects on the atmosphere, of which floods are
the most devastating ones. Natural processes
that cause rain, snowfall, hailstorms, and rise
in sea levels are reliant on many diverse
factors. If the weather gets warmer, evapora-
tion processes from both land and sea increase.
If evaporation increases and cannot be com-
pensated by precipitation, this leads to
drought. It means scarcity of water resources
and crop famine particularly in the regions
where the temperature is already high. If
evaporated water falls on unexpected time
and unexpected place, it causes flood. Increas-
ing temperature is the reason of the melting of

ice and glaciers rapidly, which leads to raising
the sea level, which is another form of floods.
Heavy rainfalls and more often thunderstorms,
which cause flood, are among the global
warming effect of climate change. Floods have
already caused significant loss of life and
properties in human life. It is predicted that the
amount of precipitation per unit area will
increase with the effect of climate change, and
also foreseen the rising of the number and
intensity of floods. In this case, it is expected
that flood damages will increase, too. It may
not be possible to prevent floods, but it is
possible to reduce the damages resulting from
floods. Structural and non-structural measures
should be taken to protect against flooding. An
integrated river basin management approach
and a logical coordinative plan are essential for
a sustainable flood management. However,
integrated basin development is complex and
implies the application of a holistic and
multi-disciplinary approach (IPCC, Climate
change 2007: Synthesis report. 2007. https://
www.ipcc.ch/site/assets/uploads/2018/02/ar4_
syr_full_report.pdf. Accessed 24 Oct 2021).
Flood management plan studies include (1) in-
undated areas under possible floods, (2) prepar-
ing flood hazard maps for various return
periods, (3) preparing flood risk maps, which
have the analysis of the potential negative
impacts of flood on people, buildings, agricul-
tural areas and infrastructures, and
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(4) objectives and measures before, during and
after the floods. These approaches are pre-
sented in this chapter.

Keywords

Climate change � Flood management � Flood
hazard maps � Flood risk maps � Hydrology

4.1 Introduction

Climate change and water are closely related to
each other. According to scientists, the most
important effects of climate change are disruption
of the water cycle and water change in quantity
and quality. Although water amount in the world
is constant because of water cycle, management
of water resources in quality and quantity will be
difficult in the near future, as the water resources
are variable with time and place.

Climate change means in general terms
involving changes in many climatological factors
such as temperature and precipitation. These
changes occur due to global warming. For
example, if one looks at on a large scale, Sahel
Zone located in the Central Africa became more
arid, while USA became rainier in the twentieth
century. In California, these changes lead to a
reduction of snow mass in Sierra and this has
caused water shortage. Rapid glacial melt in
Antarctica and Greenland has been influencing
ocean currents, causing an increase of sea levels,
destructive storms and hurricanes around the
planet [1]. As a result, climate change encom-
passes not only rising average temperatures, but
also extreme weather events and additionally
increases in the frequency and severity of these
events. Climate change is leading to increasing
temperatures on land and sea as well as changing
of precipitation behavior and patterns. While the
weather pattern is varying regionally as changing
from arid to rainy weather in arid regions, it is
also changing seasonally from snowy to wetter
precipitations in winters and from dry to drier
weather in summers.

4.2 Floods

Natural hazards vary in magnitude and intensity
in time and space. Under certain conditions and
influenced by triggering factors, they may cause
loss of life, destroy infrastructures and properties,
impede economic and social activities, and cause
destruction of cultural heritage monuments and
the environment. It should be stressed that, dur-
ing the last few decades, natural hazards have
been the cause of the loss of hundreds of thou-
sands of human lives and for damage and losses
of billions of euros around the world. Just in the
period 1974–2003 more than two million people
lost their lives due to natural hazards [2].

Among the most destructive natural hazards
are floods caused by river overflows, flash floods
in the cities, and coastal floods in the coastal
areas. A warmer climate with its increased cli-
mate variability will increase the risk of both
floods and droughts [3, 4]. As there are a number
of climatic and non-climatic drivers influencing
flood and drought impacts, the realization of risks
depends on several factors. Flooding is an
overflowing of water onto land that is normally
dry. Flooding may occur as an overflow of water
from water bodies, such as a river, lake, or ocean,
in which the water overtops or breaks levees,
resulting in some of that water escaping its usual
boundaries. Floods include river floods, flash
floods, urban floods and sewer floods, and can be
caused by intense and/or long-lasting precipita-
tion, snowmelt, dam break, or reduced con-
veyance due to ice jams or landslides. Floods
depend on precipitation intensity, volume, tim-
ing, antecedent conditions of rivers and their
drainage basins (e.g., presence of snow and ice,
soil character, wetness, urbanization, and exis-
tence of dikes, dams, or reservoirs). Human
encroachment into flood plains and lack of flood
response plans increase the damage potential.

The severe floods led the researchers to set in
force the defense against floods [5]. It is the
purpose of this overview to review the advances
in flood risk assessment and management both
from the scientific and professional point of
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view. In this context, it highlights some impor-
tant critical aspects, which should be addressed
based on the latest scientific findings, resulting in
a detailed modelling of floods and giving reliable
flood risk maps and plans.

4.2.1 Steps to Be Taken Before,
During and After
the Flood

(1) Steps to be taken before the flood
(1:1) Definition of hazard and risk

– Investigation of flood return periods
– Determination of the area under

potential flood risk
– Preparation of flood hazard and risk

maps
(1:2) Reducing the amount of the hazard

– Combining the flood risk manage-
ment and land use

– Application of structural and non-
structural flood measurement
techniques

– Estimation of the flood risk and
application of the early warning
systems

– Preparation of the action plans in
order to reduce loss of life and
property

(1:3) Planning and preparedness
– Establishing the structural and non-

structural measurements for reduc-
ing the flood hazard

– Preparing the action plans

(2) Steps to be taken during and after the flood
(2:1) Interventions

– Lifesaving activities
– Public health
– Enabling to open access road
– Repairing the critical facilities
– Warning systems
– Providing the health and security of

flood intervening group
– Management of social media and

VIP

– Operation control and coordination
– Ensuring transportation, accommo-

dation of evacuated people
(2:2) Recovering actions

– Transition from rescue works to
recovering actions

– Providing to return normal life
– Conducting damage assessment
– Recovering financial costs of the

hazard
– Receiving information
– Recovering services

4.2.2 Flood Risk Assessment

4.2.2.1 Preliminary Flood Risk
Assessment

Preliminary flood risk assessment is based on
availability or easily accessibility of information,
which will be used in the study. Within the scope
of the study, the floods that occurred in the past
are examined, important historical floods are
determined, and by using various methods pos-
sible future floods and inundated areas estimated.

Following the preliminary flood risk assess-
ment, areas with a serious potential flood risk are
determined, flood hazard maps and flood and
flood risk maps are prepared, respectively, in
these identified areas [6]. Finally, a flood risk
management plan is prepared based on these
studies. For this reason, flood risk assessment is
very important in terms of carrying out it pri-
marily in those areas having flood risk. Since
flood management plans will be reviewed peri-
odically, preliminary flood risk assessment, flood
hazard and flood risk maps should also be
updated. The preliminary studies include the
following studies in the order:

• Data acquisition and evaluation;
• Assessment of serious historical floods;
• Determination of serious historical floods;
• Determination of possible floods;
• Identification of areas under flood risk.
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4.2.2.2 Flood Hydrology
The most fundamental part of any flood hydrol-
ogy analysis is the compilation and analysis of
hydrologic and meteorological data accumulated
during and after severe flood events. These data
are required in the development of criteria by
hydro-meteorologists for making PMP (probable
maximum precipitation) estimations, for devel-
opment of unit hydrograph and infiltration
parameters necessary to determine the rainfall-
runoff relationships for both gauged and
ungauged basins, and for preparing discharge-
probability relationships. Hydrologic data
include records of flood runoff measured at
continuous recording streamflow gauges, crest
stage streamflow gauges, indirect peak discharge
measurements based on flood marks at locations,
where there are no stream gauges, and reservoir
operation records, from which inflow hydro-
graphs may be determined based on outflow and
change of storage relationships. Meteorological
data include precipitation, temperature and wind
records collected at climatological stations. Other
vitally important data include data related to
watershed characteristics such as topography,
amount and type of vegetation, geologic setting,
drainage network development, and degree of
development. Return periods and flow rates of
floods are computed by various methods. These
methods are determined up to the size and
characteristics of the basin, details of the work,
and availability of data [7].

The main methods that can be used to com-
pute the floods in small and medium scaled
basins are:

• Rational methods: Maximum discharge
resulted from rainfall, which is distributed
uniformly to the peak flow rate to be obtained
directly by flow observation stations;

• Statistical methods;
• Flood recurrence curves of the river basin;
• Hydrological models developed for the basin.

4.2.2.3 Flood Hazard Maps
Flood hazard assessment and mapping is useful
in order to identify inundated areas at risk under
flooding, and consequently to develop flood risk
maps and flood risk management including dis-
aster preparedness. Flood hazard assessments
and maps typically bring out the depth of flood-
ing in a given location, based on various sce-
narios (e.g., 100-year events, 50-year events,
etc.). These maps are fundamentals of flood risk
maps. If the depth of flooding overflows the
riverbed and riverbanks, the detailed studies are
done for the flood risk maps [8].

Flood hazard maps are important for land use
planning in flood-prone areas. It offers opportu-
nities for easily read and understandable, rapidly-
accessible figures and maps, which show the
identification of inundated areas at risk of
flooding [9]. Flood hazard maps enable to
increase awareness of flooding among the public,
local authorities and other organizations. They
also encourage people living and working in
flood-prone areas to find out more about the local
flood risk and to take appropriate precautions and
actions [10].

Flood hazard maps are obtained for various
flood return periods. Discharges belonging to
return periods tend to change by climate change.
Therefore, climate change should be considered,
and flood hazard maps should be refreshed as
flood hazard mapping typically obtained as a
‘snapshot’ of flood risk at a given point in time
for a given flood return period. Geographic
Information Systems (GIS) are generally used to
visualize flood hazard maps. These maps com-
pute the water levels and show inundated areas
under the flood.

4.2.2.4 Flood Risk Maps
Flood risk assessment is the analysis of the worst
possible consequences of flooding. The main
purpose of the assessment of flood risk and
damage is human safety, flood prevention in
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floodplains and preventing damage to public and
private infrastructure, commercial and other
economic activities. Flood risk maps allow
deciding, which areas are under the highest risk,
and what measures have to be taken [11, 12].
Flood risk map includes:

• Population affected by flood;
• Damage, which is occurred in buildings and

goods because of flood;
• Flooded strategic structures and

infrastructures.

Flood risk maps show inundated areas for
various return periods like Q50, Q100 and Q500.
Figure 4.1 shows flood risk maps of Konya and
the economic losses and affected population of
the related return periods.

4.2.2.5 Flood Management Plans
Flood management plans aim to struggle flood
risk by determining, what needs to be done in the
management of flood risks, when and by whom
the actions should be made. These are items
pointed at to be reached in the management of
flood risks.

While the flood hazard definition includes the
height of the flow, the flow velocity and inun-
dated areas during the flood, and the duration of
the flooding, the risk includes both flood hazard
and the person and goods that will be affected by
the flood.

The flood management plan aims to minimize
or even to eliminate the consequences on the
population, economic activities, socio-cultural
events and environmental factors that may be
affected by the flood. In order to work out, this

Risk Scale
No risk
Very low

Low
Middle
Risk

High risk

Fig. 4.1 Flood risk map for Konya [12]
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plan needs the cooperatively work of govern-
mental organizations, local authorities, industri-
alists, farmers, tourism sectors and the public.

4.2.2.6 Measures
After all studies, measurements are defined and
taken for each location. Since the wounds are
difficult to heal during or after flooding, pre-
dicting the flood damages and effects beforehand,
foreseeing the inundated areas will ensure that
the flood-induced damages are minimized. Tak-
ing both structural and non-structural measures
protect the areas in the likelihood of floods and
reduce the impacts of floods in the areas under
flood risk.

4.3 Conclusions

Flood is one of the most devastating problems
resulting from climate change. Floods are
increasing in frequency and intensity due to cli-
mate change. Floods can cause widespread dev-
astation, resulting in loss of life and damages to
personal property and critical public health
infrastructure. Between 1998 and 2021, floods
have affected more than 2 million people
worldwide. As floods cause loss of life and
property, and damage critical infrastructure,
flood risk management and flood measurements
have vital importance in flood prone zones.
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5Water Resources Allocation
and Priorities

Burcu Tezcan, Yakup Karaaslan,
and Mehmet Emin Aydin

Abstract

As climate variability, population growth, and
lifestyle changes amplify the stress on water
resources, water management become more
pronounced. Spatio-temporal distribution of
water resources, political complexities, social
and cultural norms add extra complexity on
this issue. It is clear that an effective water
allocation system is required to handle the
impacts of these factors in advance. Therefore,
developing a framework for comprehensive
water allocation is a critical issue in all
countries. This paper discusses water alloca-
tion mechanisms in Turkey and the United
States. Each country has its own water
allocation mechanism and challenges based
on its political, hydrological, and cultural
structures. Setting a successful water alloca-
tion mechanism mostly depends on the coun-
try’s political circumstances, regional
hydrology, capacity of institutions, priorities,
and water demands.

Keywords

Water allocation � Water allocation plans �
Water allocation priorities � Water scarcity �
Water protection

5.1 Introduction

The simplest definition of water allocation is
sharing water among users [1]. It is a necessary
process, when the natural distribution and avail-
ability ofwater cannot reach to all ofwater users. In
other words, it is the mechanism that determines,
who can takewater, howmuch andwhich purposes
they take, from which location and when [2].

Water allocation measures would not be nec-
essary, if water resources were unlimited and
always available in terms of water quality,
quantity, or reliability, etc. However, with pop-
ulation growth, socio-economic development,
higher standards of living, droughts and many
other reasons, the demand for water resources are
increasing and competition on limited resources
is becoming fierce [3].

When water scarcity has increased all over the
world, the importance of water allocation plans
and agreements become an essential subject to
solve the international and local conflicts related
with access to water, because reductions in water
availability affect some sectors such as agricul-
ture, municipal, energy production, industrial
demands, and so on. Therefore, allocation
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objectives have taken on an increasing degree of
significance over time, and different ways of
approaches related to water resources manage-
ment strategies have been emerged [3].

The objective of water allocation is to optimize
the sufficient use of water in human society, and
during this process it aims to protect and to preserve
the water resources and the environment. It is
important to use water in sustainable limits in order
to protect its quality and quantity, and to assure that
the quality of basin is maintained [1]. Water allo-
cation process is undertaken within the national
policy framework. However, the approach to allo-
cation is different based on the nature of catchment
and the political system. For example, while making
water allocation decisions, states have more auton-
omy in federal systems; however, central govern-
ment has more power to dictate the plans in unitary
system [1]. Therefore, each country in the world has
set its own system based on its nature of basin
conditions, political situation, socio-economic
structure, and so on.

Even though there is no certain formulation
worldwide to determine how to allocate water,
there are number of considerations, which are
guided for allocation plans and agreements, such
as the fair division of water, physical character-
istics and the existing or current use of the basin,
population numbers and growth projections for
the basin, etc. Nowadays, due to limited water
resources for future basin use and growing eco-
nomic costs from poor allocation methods, many
parts of the world have put an emphasis on eco-
nomic assessments and the water use efficiency.
Therefore, the assessment and incorporation of
current and future use scenarios in water alloca-
tion planning is becoming more important [4].

5.2 Example of Countries in Water
Allocation

5.2.1 Water Resources Protection
in Turkey

The area of Turkey is 783.577 km2 and the total
annual precipitation amounts to 450 billion m3.
Annual available surface water amount is 94

billion m3; the safe reserve amount of ground-
water is 18 billion m3, and the total annual usable
water amount is 112 billion m3. Annual average
surface flow (natural flow) is 185 billion m3 [5].

Storage facilities in Turkey contain 186.37
billion m3 water, of which 92.4 billion m3 is
stored as total active volume. The water in the
storage facilities is used for irrigation, domestic
and drinking, industrial and hydroelectric pur-
poses during dry periods, when rainfall and thus
stream flow is insufficient [5]. Despite increasing
water demand, the scarcity of water resources of
desired quantity and quality necessitates the
protection and improvement of current water
resources. In line with the sustainable develop-
ment goals, it is essential to manage water
resources on a basin basis with a holistic
approach to ensure the sustainable use of water
resources in terms of quantity, quality and
ecosystems’ health, considering the balance of
protection and use.

Marshes, reeds, peatlands and all water that is
fresh or brackish, natural or artificial, continuous
or temporary, stagnant or running, where its
depth does not exceed six meters during the
withdrawal of the tidal movements of sea are
defined as “wetlands”. There are 3 types of
wetlands in Turkey: terrestrial, marine/coastal
and artificial wetlands. Wetlands have various
functions such as water filtering, flood protec-
tion, coastal stabilization, water regime regula-
tion, and sediment retention.

In Turkey, “Wetland Management Plans” are
prepared in order to define all activities and
measures such as protection, use, research,
monitoring and control in a holistic approach in
order to ensure the rational use of wetlands.
Wetland Management Plans are prepared by the
General Directorate of Nature Conservation and
National Parks. Activities related to the protec-
tion of wetlands are carried out under the coor-
dination of the General Directorate of Nature
Conservation and National Parks.

Environmental flow rate is the minimum
amount of water required for a river and its
environment to have a sustainable and healthy
ecosystem. In other words, it is the link between
management models that is developed for rivers
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to function properly, and targets of water or land
use. There is no need having a negative impact
on streams to calculate environmental flow
requirement. It can be calculated for streams that
does not have a negative impact. In Turkey, the
General Directorate of Nature Conservation and
National Parks is responsible to determine the
amount of environmental flow requirement.

Recent years, pressures on the quantity and
quality of water resources in Turkey have
increased significantly with the effect of climate
change. With the increasing pressure on limited
water resources, the importance of water man-
agement grows vastly. One of the two important
components that make it possible to use water is
quantity and quality of water. The first and fun-
damental step to be taken at the point of water
management is to monitor water in terms of
quantity and quality in order to determine the
current situation. It is possible to determine,
whether the water is suitable for use or not by
monitoring its quality.

There are 25 water basins in Turkey. Moni-
toring studies to determine the water quality in
the basins are carried out by the General Direc-
torate of State Hydraulic Works within the scope
of the Basin Monitoring Programs prepared by
the General Directorate of Water Management.
Water quality monitoring is carried out for vari-
ous purposes such as revealing the pollutant
concentrations, determining the pressures on
surface and ground waters and the measures to be
taken, examining and classifying the compliance
of waters with the standards, revealing the
effectiveness of the measures determined within
the scope of the River Basin Management Plans
on water resources. In addition, project-based
studies and monitoring activities are carried out
within the scope of River Basin Management
Plans, which are prepared by General Directorate
of Water Management, and the results of all these
studies are evaluated according to the limits in
the regulation on Surface Water Quality. The
results of the evaluations made are shared with
the relevant institutions. However, measures are
determined according to the water quality status
within the scope of River Basin Management
Plans.

The regulatory Institution in wastewater
management in Turkey is the Ministry of Envi-
ronment and Urbanization. The main financial
provider is İlbank Comp. In addition, State
Hydraulic Works builds wastewater treatment
facilities with loans to municipalities. Further-
more, European Union funds (IPA) and foreign
financial resources are also used in wastewater
investments. Local responsibilities of wastewater
management are municipalities, organized
industrial zones, industrial facilities and sub-
municipal settlements.

The basic legislation on wastewater manage-
ment are the “Water Pollution Control Regula-
tion” and “Urban Wastewater Treatment
Regulation” together with the Environmental
Law. Discharge principles, criteria and principles
of discharge permit of wastewater, principles
related to wastewater infrastructure facilities,
monitoring and inspection procedures, and prin-
ciples to prevent water pollution are determined
by the regulation on Water Pollution Control.
Technical and administrative principles regard-
ing the collection, treatment and discharge of
urban and certain industrial wastewaters dis-
charged into sewerage systems, monitoring,
reporting and inspection of wastewater discharge
are regulated by the “Regulation on Urban
Wastewater Treatment”.

Turkey has been prepared its water allocation
plans since 2012 under the General Directorate
of Water Management. The plans consider the
basin as a whole system and categorize the sec-
tors in basins. Thus, it is called “Sectorial Water
Allocation Plans”. The aim of the plans is to
optimize social justice, satisfaction of each water
use sector (domestic, agricultural, environmental
flow, energy, industry, etc.) and to increase the
net national income per capita by assessing
future drought conditions under a changing cli-
mate, urbanization and population growth. In the
plans, current and future water demands for the
sectors and environmental flow objectives are
determined under different drought conditions as
well as a socio-economic analysis is carried out
to understand, how the changes of water man-
agement likely impact people, who live in the
basin. Decision support models are used to
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allocate water under various drought conditions.
In case, water potential cannot meet the demand,
the alternatives are proposed in the plans, such as
desalination, wastewater reuse, inter-basin water
transfers, optimum crop patterns under drought
conditions, etc.

5.2.2 Methodology of Sectorial Water
Allocation Plans in Turkey

The first step of the plans is to identify the cur-
rent water use among sectors in basins. Different
water use sectors (i.e., domestic, environmental
flow, agriculture, industry, energy and other
sectors) are determined, and their water con-
sumptions are assessed. To reduce the likelihood
of conflicts among sectors, not only allocating
water itself, but also fairly allocation of benefits
obtained from water is provided in the Sectorial
Water Allocation Plans in Turkey.

With rapid urbanization and the effect of cli-
mate change, cities of Turkey become thirstier,
especially the largest cities by population, such as
Istanbul, Izmir, Ankara, etc. Thus, securing spa-
tial and temporal variability of water becomes a
challenge. To reduce the negative impacts of
water variability, the sectorial water allocation
plans set adaptive strategies by long-term plan-
ning. Future water demands for domestic water
use sector are analyzed in urban and rural areas
by considering population growth, climate
change, land use, seasonal water demand changes
due to migration and tourism for specific regions.

Another important step of the plans is to
protect ecosystems in basins. In the plans, envi-
ronmental flow objectives are specified for most
of the reservoirs’ releases under normal and
drought conditions. The monthly average envi-
ronmental flow objectives are calculated for
specified water infrastructures in all basins.
While allocating water in a way that is fair
among sectors, the ecosystems are also protected
by releasing their water requirements. Different
methodologies are used to calculate environ-
mental flow requirement in basins: Tennat, Glo-
bal Environmental Flow Calculator (GEFC),
wetted-perimeter method, etc.

Water is a critical input for agricultural sector in
Turkey. Approximately 77% of the water with-
drawals is due to agricultural activities in basins. In
addition, agriculture, food, and related industries
play an important role in the economic develop-
ment of the country. According to the sectorial
Water Allocation Plan for Konya Basin, approxi-
mately 4,800 hm3 (=million m3) water are allo-
cated for irrigation purposes in 2016, which
resulted in 0.6 billion US Dollar income. Based on
the projections in the plan, implementation of the
plan has significant impacts on both water con-
sumption and net national income in the basin. In
2040, approximately 2,444 hm3 of water is pro-
jected to use in the basin, while net national
income is increasing to 0.8 billion US Dollar [5].
To achieve this, optimum crop patterns are iden-
tified for agricultural fields during normal and
drought conditions. The identification process of
the crop patterns has vital importance for the
people in the basin, thereby consideration of the
socio-economic structure of the basin is very
important. For example, industries supplied by
agricultural products, such as sugar beet, etc. has to
sustain their business due to development of the
region even though crops need intensive volume of
water. Furthermore, when the cultivation areas of
some crops are changed, the efficiency of the crop
decreased. Sectorial Water Allocation Plans con-
sider all of these challenges to secure current and
future socio-economic situation of basins while
improving water resources in Turkey.

Irrigation water demand projections are
determined based on crop pattern, irrigation
efficiency and irrigation areas. Crop water
requirements are calculated depending on normal
and deficit irrigation (irrigation water is reduced
by 80, 60, 40, 20%) to respond future drought
conditions. Water loss rate due to leakage in
irrigation, irrigation efficiency and rate are also
considered in calculations [5].

All industrial sectors are categorized based on
their activities in the plans, such as textile, food,
chemistry, leather, etc. Meanwhile, water use for
power plants, livestock, bottled drinking water,
mining, recreation, forestry, fisheries and aquacul-
ture activities are assessedboth for current and future
conditions under normal and drought conditions.
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To support decision making and to improve
policy evaluation, decision support system
models are used to model water resources and
their withdrawals by assessing the balance equi-
librium between them. In Turkey, sectorial Water
Allocation Plans include multiple drought sce-
narios for long-term planning. Drought condi-
tions are divided into 5 categories: “normal”,
“mild drought”, “moderate drought”, “severe
drought” and “emergency drought”. Two differ-
ent drought analyses are studied in the plans:
meteorological and hydrological droughts.

In planning operation systems, water alloca-
tion priorities are categorized based on sectors
such as drinking and domestic use, environ-
mental flow requirements, irrigation, industrial
and energy. Water allocation based on priority
use can be determined at national or basin levels.
Furthermore, after identifying the priorities for
allocation, assessing the water ability of the basin
in different times and under different climate
conditions are an essential issue to satisfy its
current and future water demands in order to
make wise decisions [4].

In sectorial water allocation models, water
allocation priorities are categorized based on sec-
tors such as domestic, environmental flow
requirements, irrigation, water use for industrial
and production of energy, etc. The order of the
priorities for basin water allocation in Turkey is
defined in the regulation, called “Preparation,

Implementation and Tracking of Basin Manage-
ment Plans”. According to the regulation, the order
of the water allocation priorities among sectors is:
1. Drinking and Domestic
2. Ecosystem maintenance
3. Irrigation
4. Industrial and energy production
5. Tourism, mining, etc.

5.3 Water Allocation in the United
States

With changes in the nation’s economic, demo-
graphic, and political landscape, the availability
and demands for water resources have become
very important. To respond these changes, water
resource managers are regulating the water
management practices, addressing changed pri-
orities, consumption rates, physical conditions,
and allocations. Based on the World Bank data,
the population of the U.S. increased from around
238 million in 1985 to 309 million in 2010
(Fig. 5.1). While there is an increasing trend in
population, total water consumption in the U.S.
decreased. When total water consumption in
1985 was approximately 1.502 billion m3 per
day, it was about 1.343 billion m3 per day in
2010. There was around 10% decreases in total
water use from 1985 to 2010 [7].

Fig. 5.1 Changes in
population in the United
States between 1985 and 2010
[6]
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In 2010, freshwater withdrawals were 86% of
total withdrawals [7]. While fresh surface water
withdrawals for public water supplies, irrigation,
aquaculture, thermoelectric, and industrial use are
mostly in California, Colorado, Idaho, Illinois and
Texas, fresh groundwaterwithdrawals for irrigation
and public water supply are mostly in Arkansas,
California, Florida, Idaho, Nebraska, and Texas [8].

Total water withdrawals in the United States
were estimated for eight categories of use in 2010:
Thermoelectric power (45%), irrigation (33%),
public supply (12%), self-supplied domestic
(1%), self-supplied industrial (4%), livestock
(1%), mining (1%), and aquaculture (3%) [7].

During the 1970s, 21 major water resources
regions and 222 sub-regions have been designed
by the U.S. Water Recourses Council to establish
a comprehensive planning. Furthermore, 352
hydrological accounting units and 2149 cata-
loging units based on surface features are defined
by the U.S. Geological Survey to manage the
national water data. Along with the collection of
social and economic data of cities, counties, and
states, all of these applications implement a
multiscale approach to water management [9].

Water in the U.S. is managed at different levels
such as federal, state, and local governments (i.e.,
municipalities, counties), and adaptive manage-
ment practices via agency structure, which can
change direction [10]. At each level, the decision
for water allocation and management is made by a
unique set of policies, laws, and customs [11].
Therefore, coordination among all levels of gov-
ernment and organizations is necessary for effec-
tive implementation of water policies.

5.4 Water Law and Allocation
at the Federal Level in the USA

The Federal American system controls and makes
policies in relation to interstate water resources.
United States Congress is granted to determine
how interstate waters are to be used and allocated
[12]. Although U.S. Congress might select to
allocate interstate waters directly by statute, it has
always deferred to the states to reach a mutual
agreement about the issue. After completion of

successful water negotiations between states, they
must apply to the U.S. Congress for the formation
of an Interstate Compact before the agreement
becomes binding [11].

Furthermore, the federal government is
engaged with local water resources via many
national environmental statutes, such as National
Environmental Policy Act, Clean Water Act, and
Endangered Species Act. These statutes and other
federal statues are essential for water resources
decision process to establish minimum standards
for water quality, wetland protection, protection
of endangered species, and other criteria [11].
Arguably, the strategy of managing water in the
nation does not have good fragmentation. For
example, water allocation from lakes, streams,
and ground water is controlled mostly by states.
However, the Federal U.S. Environmental Pro-
tection Agency (USEPA) is responsible for water
pollution. As a result, there is a bifurcated water
policy system between the federal government,
which dominates water quality issues, and states,
which control quantity issues [9].

Perhaps, the U.S. has never passed a national
water policy because of the diversity in water
governance across the country. However, there
are many national water laws, regulations, and
policies that form the basis of water management
in the U.S. Also, many executive and legislative
commissions and committees have worked on
policies to facilitate more effective and efficient
water coordination [11].

In addition to common methods of allocating
water, federal law also comes into play with
regards to water on federal lands, and Native
American Reservations. These are predefined
rights and called federally reserved rights [13].
Depending on certain federal laws, the federal
government may secure the use of water in fed-
eral and tribal lands for specific reasons [11].

5.5 Water Law and Allocation
at the State Level

In the U.S., English common law evolved to
govern the water allocation system across much
of the country prior to westward migration and
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began with the riparianism system. The colonists,
who began the new society in eastern United
States, realized that the physical geography was
similar to England, such as humidity, many
streams and rivers, etc. Therefore, they started to
apply the same type of law, which they used in
England [14]. Contrary to the eastern part, the
western half of the country suffered from water
scarcity and arid climate. Hence, prior appropri-
ation legal system was developed to govern the
western part’s water resources. These two sys-
tems are separated by the 98th meridian, which
roughly breaks the country in two parts. A hybrid
system of these two doctrines is used around one
fifth of U.S. states, thereby, each state has a
different water allocation law than another one.
In addition, for surface and ground waters, all
states have different allocation laws [11].

Riparian rights are basically depending on
ownership of land bordering a water body. First,
it allowed owners adjoining a watercourse to use
water under natural flow theory. Based on this
theory, before and after use of water, every user is
obliged to maintain the quantity and quality of the
water. Then, this doctrine was revised depending
on the theory of reasonable use. For example, the
riparian users could not hurt the stream (natural
flow theory) to the user that should not interfere
with the reasonable needs of other riparian (the-
ory of reasonable use). Based on riparian doc-
trine, when new users are added to the system,
other users adjust their rights, which means the
riparian doctrine does not protect the established
users from the users, who are added to the system
later [9]. In case of being injured by another
riparian, the landowner must prove this injury to
court or state water agency. If it is proven that the
use of that amount of water is hurting the others,
the landowner might lose the rights to the stream.
In addition, the government might seize water
rights to a stream for municipal purposes by using
the power of eminent domain [11].

Today, the eastern U.S. mostly uses the
riparian-based water systems. However, in
semiarid western territories, prior appropriation
doctrine was developed in response to dry con-
ditions. Based on this system, whoever is the first
use the water, s/he has the right to its future use

as against its later users. In fact, western water
law initially evolved from customs, experiences,
and usage within the early mining camps [9].

Based on a priority date, the prior appropria-
tion doctrine allows non-riparian to divert and to
use the water for beneficial purposes such as
irrigation, mining, industrial application, stock
watering, municipal and domestic use, and eco-
logical purposes. This right to use water is
acquired by filling a claim for the diverted
amount of water with the local court or state
agency. The filing date is important, because it
establishes the priority of the users’ water right in
the system. Based on the filing date, the first
person has the senior water right, and the others
have a junior water right, and these rights persist
as long as the right holder consumes the water
[11]. However, in times of low flow, water
deliveries to most of the junior water right holders
are cut off sequentially to make sure that water is
delivered to senior water right holders [15].

5.6 Comparison of Water Allocation
Mechanism in Countries

It is clear that the success of water allocation plan
in achieving its broader social, economic, and
environmental goals will depend on the level of
compliance. This extends to compliance by water
abstractors, different levels of government and
government agencies.

Turkey set a successful methodology to pre-
pare water allocation plans and defined the sec-
torial priorities by regulation. However, the
country still encounters institutional problems,
such as misalignment, which institute manages
what portion, and insufficient enforcement of
regulation due to delays of approval of the draft
national water law. Sectorial water allocation
plans in the country have been successfully
prepared for some basins. However, to apply the
plans in the field is a big challenge due to
insufficient monitoring structure and the afore-
mentioned problems. Particularly, most of water
abstractors for irrigation fields and the amount of
surface water they consume cannot be efficiently
monitored. This is even worse, when it comes to
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groundwater abstractions. Thus, Turkey needs a
technology-based solution to manage water
resources, such as a smart national water man-
agement system. The current system is mostly
managed manually, which increases the chances
of errors and time lags.

In the U.S., after establishing a federal system,
national and state governments as well as entities
within the individual states have taken the unique
responsibility to manage the natural resources of
the U.S. Even though state governments have the
authority and responsibility to manage their
water resources, there is a federal involvement in
local water resources, especially in cases
resolving interstate water conflicts, managing
interstate waterways, and promoting common
environmental standards [11].

The states have a primary authority to manage
water resources within their boundary [11]. There
are two different ways to govern water allocation
in states: Riparian and prior appropriation system.
Each state has its own water codes that outline the
details of each system. Application of these water
codes is based on custom, culture, geography,
legislation, and case law in each state [9].

The types of water allocation systems are
evolved in all countries based on their political,
hydrological and cultural differences. Ultimately,
deciding the right point to settle a water allocation
system will mostly depend on the country’s par-
ticular political circumstances, the capacity of the
management agencies, overall policy objectives,
local hydrology, priorities and water demands.

5.7 Conclusions

Water allocation has been an important eco-
nomic, social and environmental subject since
ancient times. People have tried to set up laws
through the centuries about water allocation to
improve economic development, environmental
protection and public health [4]. Since 2012,
Turkey has been prepared its water allocation
plans for basins. The country successfully set up
the framework for the plans. However, there are
still some obstacles to efficiently execute these

plans, such as insufficient water monitoring
structure, delays of approval for the draft national
water law, etc.

In the U.S., water is managed at different
levels (federal, state, and local government), but
the primary authority is given to states. The states
have their own water code to manage water
resources within their boundary. Each state
applies its own water code depending on culture,
custom, geography, legislation, and case law [9].
There is also federal involvement to manage
water resources in the country in case of
resolving interstate water conflicts, managing
interstate waterways, and promoting common
environmental standards [11]. The decision for
water allocation and management at each level is
made based on unique set of policies, laws, and
customs [11].

Each country has its own formulation to
determine water allocation system. The political
situation of the country, hydrologic characteris-
tics of the basins, institutional arrangements,
priorities and water demands play an important
role to set a water allocation system.
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6Water Losses Management in Urban
Water Distribution Systems

I. Ethem Karadirek
and Mehmet Emin Aydin

Abstract

Management of water losses in water distri-
bution systems is crucial for sustainable
management of water resources. A significant
amount of water is annually lost in water
supply systems. Water losses in a water
distribution system consist of apparent and
real losses. Real losses are mainly due to
leakage from pipes, service connections and
overflows at storage tanks, while apparent
losses result from unauthorized consumption,
metering inaccuracies, and data handling
errors. The key step to control water losses
is to understand the concept of water losses.
Evaluating performance of water supply ser-
vices by implementing suitable performance
indicators (PIs) is also vital for sustainable
water management. Afterwards, assessing
components of water losses and required
intervention tools to control water losses can
be implemented. This chapter aims to provide
an understanding of water losses management
strategies.

Keywords

Apparent losses � Leakage � Real losses �
Non-revenue water � Water losses

6.1 Introduction

Water resources, which are unevenly distributed
across the Earth’s surface, are currently under
pressure due to climate change and increasing
demand, which can affect the practices of water
resources management [1]. Urban water systems
have a key role in sustainable management of
water resources. According to a World Bank
study, each year, around 45 million m3 of water
is being lost in water supply systems [2]. Water
utilities are due to supply water in adequate
quality and quantity to the end-users. Managing
water losses is a challenging task for water util-
ities. Water losses in water distribution systems
are classified as real and apparent losses. Real
losses stand for the volume of water that is
physically lost, while apparent losses represent
the volume of water that is physically used but
not invoiced to the end-users. The problem of
excessive water losses is not only a revenue
problem, but it also results in waste of resources.
Controlling water losses reduces demand on
water, costs, and energy needs of water from
abstraction to the supply. The key step for water
losses management is to understand the concept
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of water losses. This chapter aims to provide a
comprehensive review for water losses concept,
performance indicators, assessment of water
losses components and intervention tools to
control water losses.

6.2 Defining Water Losses

6.2.1 Components of Water Losses
and Standard Water
Balance

Defining components of water losses is the key
step to control water losses. International Water
Association (IWA) developed a standard water
balance (Table 6.1) to standardize the definitions,
which are required for quantification and control
of water losses [3, 4].

System input volume (SIV) represents the
volume of water supplied to the system. Autho-
rized consumption is the sum of metered and
unmetered consumption by registered customers,
whereas water losses, which consist of real losses
and apparent losses, is the difference between SIV
and authorized consumption. Non-revenue water
consists of water losses and unbilled authorized
consumption, whereas revenue water refers to the
volume of water that water utilities get paid for it
[5]. Real losses are the volume of water that are
physically lost in water distribution systems and

consist of leakage on mains and pipes resulting
from joints, cracks, bursts, fittings, leakage and
overflows at water storage tanks, and leakage on
service pipes up to metering point. Apparent
losses are usually associated with the volume of
water that is physically used but not paid for it and
result from the metering inaccuracies and data
handling errors, and unauthorized (illegal) con-
sumption [3–6].

The volume of real losses represents how
water utility manage its assets. Real losses occur
in each water distribution systems and cannot be
completely avoided. Each water distribution
system, even in new systems, has a bottom level
of real losses, which is called unavoidable real
losses. Real losses, which are mostly leakage and
occur on mains, pipes, and service connections,
can be the result of many conditions such as poor
installation and materials, corrosion, pressure
fluctuations and transients, traffic loading, envi-
ronmental conditions, and lack of proper main-
tenance [5, 7–10]. Leakage is generally classified
as background leakage, reported leakage and
unreported leakage, as depicted in Fig. 6.1 [5, 6].

Reported leakage, which has relatively high
flow rates, is generally reported by the public
and/or water utilities, whereas unreported leak-
age can be detected by traditional leakage
detection programs. Background leakage, which
has relatively small flow rates, cannot be detected
by traditional methods. Time matters, as the

Table 6.1 IWA standard water balance [3, 4]

System input
volume

Authorized
consumption

Billed authorized
consumption

Billed metered consumption Revenue
waterBilled unmetered consumption

Unbilled authorized
consumption

Unbilled metered consumption Non-
revenue
water

Unbilled unmetered consumption

Water losses Apparent losses Unauthorized consumption

Metering inaccuracies and data
handling errors

Real losses Leakage on transmissions and
distribution mains

Leakage and overflows at storage
tanks

Leakage on service connections up
to metering point
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volume of real losses is a function of awareness
time (A), location time (L) and repair time
(R) (ALR). As an example, estimated time and
flow rates of reported bursts at 40 m average
night pressure of any study area are depicted in
Fig. 6.2 [12].

Awareness time (A), which is generally
higher for background leakage, is the time that
water utility becomes aware of the leak. Location
time is duration of leakage localization, while
repair time is the required time for repairment of
leak [5, 12]. On contrary to common misunder-
standing, cumulative volume of real losses
resulting from background leakage is generally
higher as awareness and localization of back-
ground leakage takes longer time periods.

6.2.2 Performance Indicators
of Water Supply Services
and Water Losses

Performance evaluation is a key factor for sus-
tainable management of water supply services.
Implementing suitable performance indicators
(PIs) will be helpful for assessment of water
supply services [4, 14–16]. IWA developed a
total number of 170 PIs, which are based on six
categories namely water resources (WR), per-
sonnel (Pe), physical (Ph), operational (Op),
service quality (Qs), and economic and financial
(Fi). Each category has groups and each group
has subgroups, which are helpful to select
specific indicators for different purposes [15].

Fig. 6.1 Components of
leakage [11]

Fig. 6.2 Effects of time on cumulative volume of water losses [12, 13]
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General categories, groups of indicators and total
number of PIs are summarized in Table 6.2.
According to the PIs developed by IWA, water
losses can be assessed under the groups of

operational PIs, and economic and financial PIs.
Assessing performance of economic water losses
based on PIs developed by IWA can be achieved
using following PIs:

Table 6.2 Performance indicators of water supply services [15]

Category of indicators Groups of indicators Total
number
of PIs

Water resources (Wr) Availability of water resources
Inefficiency of use of water resources
Own water resources availability
Reuse supplied water

4

Personnel (Pe) Total personnel-(2)
Personnel per main function-(7)
Technical services personnel per activity-(6)
Personnel qualification-(3)
Personnel training-(3)
Personnel health and safety-(4)
Overtime work-(1)

26

Physical (Ph) Water treatment-(1)
Water storage-(2)
Pumping-(4)
Valve, hydrant, and meter availability-(6)
Automation and control-(2)

15

Operational (Op) Inspection and maintenance-(6)
Instrumentation calibration-(5)
Electrical and signal transmission equipment inspection-(3)
Vehicle availability-(1)
Rehabilitation-(7)
Water Losses-(7)
Failure-(6)
Water metering-(4)
Monitoring water quality-(5)

44

Service quality (QS) Service coverage-(5)
Public taps and standpipes-(4)
Pressure and continuity of supply-(8)
Quality of supplied water-(5)
Service connection, meter installation and repair-(3)
Customer complaints-(9)

34

Economic and Financial
(Fi)

Revenue-(3)
Cost-(3)
Composition of running costs per type of costs-(5)
Composition of running costs per main function of the water utility-
(5)
Composition of running costs per technical function activity-(6)
Composition of capital costs-(2)
Investment-(3)
Average water charges-(2)
Efficiency-(9)
Leverage-(2)
Liquidity-(1)
Profitability-(4)
Economic water losses-(2)

47
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• Fi 46—Non-revenue water by volume (%) is
an indicator that represents the percentage of
system input volume corresponding to non-
revenue water [15].

• Fi 47—Non-revenue water by cost (%) is the
percentage of system input volume corre-
sponding to the appraisal of non-revenue
water [15].

Performance indicators of operational water
losses are summarized as follows [15]:

• Op 23—Water losses per connection (m3/
connection/year), which is suitable for urban
water distribution systems, stands for total
annual volume (apparent and real losses) of
water losses per connection [15].

• Op 24—Water losses per mains (m3/km/day)
represents the total volume of annual water
losses per mains’ length per day. This indi-
cator is suitable for bulk supply and water
distribution systems with low density of ser-
vice connection [15].

• Op 25—Apparent losses (%) is the percentage
of water supplied to the system (difference
between system input volume and exported
water) corresponding apparent losses resulting
from unauthorized consumption, and metering
inaccuracies and data handling errors, system
input volume. This indicator is suitable for
urban water distribution systems [15].

• Op 26—Apparent losses per system input
volume (%), which is a suitable indicator for
bulk supply and water distribution systems
with low density of service connection, stands
for the percentage of water supplied to the
system including exported water correspond-
ing apparent losses [15].

• Op 27—Real losses per connection
(L/connection/day) is an indicator that is
suitable for urban water distribution systems
and average daily volume of real losses per
connection [15].

• Op 28—Real losses per mains length
(L/km/day) is a suitable indicator for bulk
supply and water distribution systems with low
density of service connection and average daily
volume of real losses per mains’ length [15].

• Op 29—Infrastructure leakage index (ILI) is
the ratio of current annual real losses (CARL)
to unavoidable annual real losses (UARL),
which can be calculated using an empirical
equation based on system operating pressure,
mains length, number and average length of
service connection [15, 17]. ILI is aimed to
eliminate some factors that are not related
with physical condition of water distribution
systems. However, using ILI in some water
distribution systems with high pressure fluc-
tuations and apartment blocks and individual
apartment meters, is one of the disadvantages
of this PI [15].

Each performance indicator of water losses
should be selected and implemented considering
advantages and disadvantages, and suitability to
the water utilities.

6.3 Assessment of Water Losses

6.3.1 Top-Down Water Balance
Assessment

Top-down water balance approach, which can be
used for whole system, is one of the water loss
assessment methods. This approach is based on
assuming and/or estimating apparent losses to
calculate real losses in water distribution systems
[3, 18]. The first step in this approach is to
determine the system input volume and billed
authorized consumption, of which difference
gives the volume of non-revenue water. Then,
the volume of water losses can be calculated by
subtracting the unbilled authorized consumption.
For calculation of real losses, components of
apparent losses should be assumed and/or esti-
mated. Metering inaccuracies for different types
of water meters at varying flow rates can be
estimated by testing campaigns carried out by
water utilities [19–22]. Data handling errors can
also be presumed by analysis of historical billing
data sets [23], whereas unauthorized consump-
tion can be estimated through experiences of
water utilities as illegal consumption depends on
many factors such economic and sociocultural
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status of end-users. Real losses can then be cal-
culated by subtracting apparent losses from total
volume of water losses. Selecting and calculating
suitable performance indicators for target setting
and assessment of water losses, and strategies for
water loss can be carried out by water utilities
based on top-down water balance approach. Top-
down water balance approach is a cost effective
and pressure independent way to calculate the
real losses. In this approach, real losses might be
overestimated due to the assumptions of apparent
losses [24]. However, more detailed methodolo-
gies should be carried out following calculation
of total amount of real losses, as components of
real losses should be determined. For this pur-
pose, bottom-up approach and component anal-
ysis should be followed the top-down water
losses assessment approach.

6.3.2 Bottom-Up Water Losses
Assessment

Bottom-up water balance approach is a detailed
methodology for assessing water losses occurring
in water distribution systems. This method is
based on estimation of real losses, then other
components of water losses can be calculated
[25]. This methodology can be utilized by anal-
ysis of minimum night flow (MNF). The period of
MNF is generally for urban settlements between
2:00 am and 4:00 am, at what time there is no

consumption or water consumption is at the level
of minimum. The period of MNF can be different
at some places due to tourism activities, industrial
activities etc. The great amount of water during
the period of MNF is due to leakage [5, 26, 27].
Dividing water distribution systems into district
metered areas (DMAs), which are hydraulically
isolated parts of networks with single or multiple
inputs [5], is an efficient way to assess water
losses during the period of the MNF, as deter-
mination of system input volume and consump-
tion of end-users in DMAs is easy to determine.
Dividing water distribution systems into DMAs
should consider many factors such as geographic
conditions, length of pipes, number of connec-
tions, elevation of the area, water quality. A gen-
eralized DMA setup is given in Fig. 6.3.

Volume of real losses during MNF period can
be estimated by assessing water consumption of
each end-user connected to the distribution sys-
tem within DMAs. Around 6% of end-users are
assumed to be active during MNF period in
urban settlements [5, 28], and water consumption
is generally associated with toilet use [5]. Night
water consumption occurring during MNF period
can be estimated based on these assumptions.
Furthermore, exceptional night use within DMAs
can also be determined through water meter
readings. The volume of water calculated by
subtracting night water consumption and excep-
tional water consumption from MNF is mostly
due to leakage.

Fig. 6.3 A generalized DMA
configuration of a water
distribution system (Modified
from [29])
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6.3.3 Components Analysis of Real
Losses

A model for analysis of components of real los-
ses, known as burst and background estimation
(BABE), has been developed considering that
leakage occurs in three categories as background,
reported and unreported leakage [13]. BABE
approach assumes that real losses consist of
unavoidable and avoidable real losses. Total
volume of leakage resulting from pipe bursts is a
function of flow rate and duration of repairment
of individual bursts, and can be calculated by
multiplying the average flow rate of water lost
and time required for awareness and repairment.
Annual volume of unavoidable real losses
(UARL) at specific water pressures can be cal-
culated using parameters given in Table 6.3 [17].
The volume UARL can also be calculated by the
following Eq. (6.1) [17].

UARL L=dayð Þ ¼ 18 � Lmð Þþ 0:80 � Ncð Þþ 25 � Lp
� �� � � P

ð6:1Þ

where Lm represents the length of mains (km), Nc

stands for the number of service connections, Lp

is the total length of service connections
(km) between the edge of property and metering

point, and P stands for the average operating
pressure (m) [17].

Fixed and variable area discharges (FAVAD)
concept, which aims to explain the relationship
between pressure and leakage, was firstly intro-
duced by May (1994) [30]. The concept assumes
that leakage area on a pipe is a function of water
pressure, and this assumption has also been con-
firmed by the studies existing in the literature [31].

Leaks in pipes can be considered as flows
through orifices. The Torricelli’s Eq. (6.2)
expresses the flow rate through an orifice [33,
34]:

Q ¼ Cd � A �
ffiffiffiffiffiffiffiffi
2gh

p
ð6:2Þ

where Q stands for the flow rate through an
orifice, A is the area of an orifice, g stands for the
acceleration of gravity, h is pressure head and Cd
is the discharge coefficient due to loss of energy
and jet contraction. However, the Torricelli’s
equation has been found to be unsuitable to
describe pressure and leakage relationship in real
case tests [33]. A general Eq. (6.3) for repre-
senting pressure-leakage relation has been
implemented:

Q ¼ C � hN1 ð6:3Þ

Table 6.3 Required parameters for calculation of UARL [17, 32]

Infrastructure components Background leakage Reported leakage Unreported
leakage

Pipes Length, pressure*,
Losses rate/km

Number/year,
pressure*,
Ave. flow rate
and duration

Number/year,
pressure*,
Ave. flow rate
and duration

Service connections from pipe to the
edge of property

Number, pressure*, Losses
rate/connection

Number/year,
pressure*,
Ave. flow rate
and duration

Number/year,
pressure*,
Ave. flow rate
and duration

Service connections from edge of
property to the water meter

Length, pressure*,
Losses rate/km

Number/year,
pressure*,
Ave. flow rate
and duration

Number/year,
pressure*,
Ave. flow rate
and duration

Reservoirs Leakage from water
structures

Overflows
Flow rate x
duration

Overflows
Flow rate x
duration

* At a certain level of pressure
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where C is the leakage coefficient. N1 is the
leakage exponent, h stands for the pressure head
andQ is the dischargeflow rate through the orifice.

Leakage modelling has been widely utilized
for component analysis of real losses and
describing pressure—leakage relationship [7,
33–40]. Component analysis of real losses is an
effective way for assessment of real losses.
BABE and FAVAD approaches, providing an
estimation for the volume of real losses occurring
in different infrastructure components, should be
integrated with top-down water balance assess-
ment approaches.

6.4 Water Losses Control Methods
and Intervention Tools

6.4.1 Intervention Tools and Control
Real Losses

In any water distribution system, there is a level
of water losses that cannot be totally eliminated,
which is called as unavoidable annual real losses

(UARL). Economic level of real losses is a cer-
tain level, at which further reduction is not fea-
sible. This level of water losses is called as
economic level of real losses. Water losses
problem results in an economic loss for water
utilities. On the other hand, reducing water losses
is an economic issue. The main aim for utilities is
to reduce current annual real losses to an eco-
nomic level [41, 42]. IWA Water Loss Task
Force recommends four basic intervention tools
to control real losses in water distribution sys-
tems, as given in Fig. 6.4.

6.4.1.1 Pressure Measurement
Pressure management is an important issue to
control real losses. The main objectives related to
pressure management are reduction of the vol-
ume of real losses, frequency of new pipe bursts,
water consumption resulting from excess pres-
sure, and increase of economic life of infras-
tructure systems.

Water pressure flexes the volume of real los-
ses. As pressure and leakage relationship dis-
cussed in the previous section, reducing water

Fig. 6.4 Intervention tools
to control real losses in WDSs
[42]
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pressure results in a decrease in the volume of
real losses including background, reported and
unreported leakages, whereas increasing water
pressure causes higher rates of real losses [43].
Effects of excess pressure on frequency rates of
new pipe bursts in water distributions systems
are reported in the literature [42, 43]. Water
pressure is not only the factor causing new
bursts, but also a significant factor. Reducing
water pressure helps in decreasing frequencies of
new bursts and extending the economic life of
infrastructure systems [42]. Pressure manage-
ment also helps in reducing adverse hydraulic
effects on components of water distribution sys-
tems such as valves. Water consumption of end-
users might be affected by reduced water pres-
sure, and reduction in residential consumption
due to reduced pressure has been reported [44].
Reduction in water consumption of end-users
might be considered as a revenue loss of water
utilities. On the other hand, reduction in water
consumption of end-users may be seen as a more
cost-effective method than increasing supply to
meet higher water consumption of end-users [5].
Pressure management in water distribution sys-
tems can be implemented by pressure reducing
valves (PRVs), and implementing pressure
management in DMAs with using hydraulic
simulation models is very common [7]. Pressure
management can be applied in many ways such
as fixed outlet, time based, flow based, and
remote node based [43]. Recently, pump as tur-
bines (PATs) and micro turbines have been
considered as an efficient way to reduce pressure
while producing energy [45–49]. When imple-
menting pressure management, concerns on fire
flows should be considered. No universally
accepted standard for water pressure in water
distribution systems is available [50]. However, a
minimum level of water pressure around 20–
25 m [51] and an average level around 4–5.5 bar
for operating conditions are common [52].

After detailed analysis of real losses compo-
nents, appropriate methods to reduce real losses
can be implemented. Details of intervention tools
required for reduction in real losses are discussed
in the following subsections.

6.4.1.2 Speed and Quality
of Repairments

Time required for awareness, location and
repairment of pipe bursts plays a key role for
controlling real losses, as discussed in the pre-
vious section. Therefore, reducing time for ALR
decreases the volume of real losses. Awareness
time is a period required to become aware of an
existing leakage in the system, and reduction of
this period generally depends on availability of
active leakage control. Awareness time for
reported leaks is usually short, while awareness
of unreported and background leakages takes
more time [42]. Active leakage control, which
can be implemented at least once a year, helps
reducing awareness time for unreported leakages
[5]. Increasing frequency of active leakage con-
trol results in a decrease in time required for
awareness. DMAs help water utilities reduce
awareness time, as flow rates can be continuously
monitored, and anomalies can be detected in a
short time period [53].

Leakages on pipes in the systems can be local-
ized by hardware-based and software-based meth-
ods. Hardware based methods consist of acoustic
methods such as leak correlators, noise loggers,
listening rods, and non-acoustic methods such as
ground penetrating radar and thermal infrared
imaging [54]. Software-based methods for leakage
localization is generally based on numerical and
non-numeral modeling approaches including
hydraulic modelling and data analysis [54]. Per-
formance of leakage localization depends on the
available tools and skills that water utilities have.

Time for repairment of a localized leakage
depends on factors such as number of existing
skilled personnel, equipment, etc. In addition to
time required for repairment, quality of repair-
ments plays an important role. Repairments with
a poor quality may reoccur and result in new
bursts on pipes [5].

6.4.1.3 Active Leakage Control
Leakage control in water distribution systems can
be carried out by implementing proactive and
reactive leakage detection methods. Reactive
leakage detection, known as passive leakage

6 Water Losses Management in Urban Water Distribution Systems 61



control, is based on repairment of leaks that are
reported by customers and/or become visible on
the surface [55]. On the other hand, proactive
leakage detection, also well-known as active
leakage control, is a well-planned program to
aware, to localize and to repair leaks [55]. Active
leakage control is generally based on detection of
leakages including unreported and background
leakages [5, 8]. Active leakage control helps in
reducing time required for ALR and is a helpful
intervention tool for controlling real losses.

6.4.1.4 Asset Management
Assets of any system have an economic life, and
ageing of components of the system is one of the
main problems causing real losses. Corrosion in
pipes, which vary depending on many factors
such as water quality, cathodic protection in steel
pipes, etc., causes real losses [56]. As any other
assets, pipes age over time and need to be reha-
bilitated and/or replaced for some reasons such as
higher leakage rates, hydraulic capacity [57].
Rehabilitation and replacement of ageing assets

in any system can be carried out in many ways
and help in controlling real losses.

6.4.2 Intervention Tools to Control
Apparent Losses

Apparent losses in water distribution systems
result from metering inaccuracies, unauthorized
consumption and data handling errors including
data transfer and data analysis errors. Apparent
losses refer to the water used but not paid for it
[24]. As described for real losses, there is an
economic level of apparent losses that further
reduction is not feasible. Each system has a
certain level of apparent losses that cannot be
reduced to zero, which is called unavoidable
annual apparent losses (UAAL) [58]. The main
objective for controlling apparent losses should
be reducing the current annual apparent losses
(CAAL) to an economic level. To control
apparent losses, four basic intervention tools are
recommended, as given in Fig. 6.5 [58].

Fig. 6.5 Intervention tools to
control apparent losses in
WDSs [58]
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Following a component analysis of apparent
losses occurring in a system, required actions can
be taken to control apparent losses.

6.4.2.1 Metering Inaccuracies
Metering errors are the main reason for apparent
losses in well operated water distribution systems
[59]. Inaccuracies of water meters depend on
many factors such as type, size, accuracy class of
meters, improper installation, water quality,
ageing of water meters, and demand profile of
end-users [19, 60]. Each water meter, even new
meters, has an intrinsic measurement error.
Selection of water meters is an important task for
water utilities, as accurate metering is important
for fair pricing [61], and determining inaccura-
cies of water meters is crucial for a proper water
balance [3]. Apparent losses caused by metering
accuracies can be minimized by implementing
recommended techniques including selection
criteria and replacement period of water meters
[62]. For better management of apparent losses
resulting from metering inaccuracies, water util-
ities should determine the inaccuracies of exist-
ing water meters and the selection criteria
considering factors effecting water meter inac-
curacies. Proper replacement periods of water
meters should be determined and conducted.

6.4.2.2 Data Transfer and Analysis
Errors

Manual readings of meters and failures of auto-
matic meter reading systems are the main reasons
of data transfer errors, while poor management of
accounting is responsible for data analysis errors.
Required actions can be determined and con-
ducted by water utilities. The most important
thing is to find out the reasons.

6.5 Conclusions

Water demand increases due to population
increase, development and changing consump-
tion patterns. On the other hand, water avail-
ability decreases. Some countries around the
world have already been facing with water
scarcity, while many others are projected to face

with water stress and/or scarcity. Therefore,
sustainable management of water resources has
become a crucial task that should be tackled with.
The problem of excessive water losses occurring
in water distribution systems is a challenging
task for sustainability. Some places around the
world suffer from lack of water infrastructure
systems, whereas other places, which have water
supply systems, tackle with a serious problem—
water losses threatening sustainable management
of water resources. The first step to control water
losses is to understand the concept of water los-
ses. This chapter aims to provide a comprehen-
sive review on understanding the concept of
water losses, performance indicators, assessment
of water losses components, and control and
intervention tools of water losses management.
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7Management Strategies
for Minimising DBPs Formation
in Drinking Water Systems

Nuray Ates, Gokhan Civelekoglu,
and Sehnaz Sule Kaplan-Bekaroglu

Abstract

The disinfection process is one of the most
critical processes in drinking water treatment
plants to protect public health. Disinfection
by-products are formed as a result of the
reaction of chemical disinfectants with natural
organic substances in water resources. Due to
carcinogenic and mutagenic effects in case of
long-term exposure to DBPs, some species of
DBPs are restricted by legislation issued by
the USEPA and WHO. Control strategies
should be implemented both in the removal of
organic matter and in the optimization of the
disinfection process in order to prevent and to
minimize DBP formations. In addition, opti-
mization of treatment techniques, disinfection
process, and improvement of operating con-
ditions in the plant and distribution network
need to be considered in controlling DBP
formation. In order to understand the kinetics
of the formation and to monitor of DBPs in

the treatment plant and distribution network,
various experimental and theoretical models
have been developed. They are presented in
this article.
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7.1 Introduction

Disinfection process is applied in water treatment
system to eliminate microorganisms and to
inhibit microbial growth in the pipe network.
Chlorine, chloramine, chlorine dioxide, ozone
and ultraviolet light are among the most com-
monly used disinfectants [1]. Disinfectants used
in the disinfection process react with organic
matter, dissolved organic nitrogen, anthro-
pogenic pollutants and bromide/iodide salts nat-
urally found in most of the source waters,
resulting in the formation of disinfection by-
products (DBPs). DBPs are undesirable in
drinking water, as there is some evidence that
long-term exposure may cause health risks [2–4].
The most common DBPs are trihalomethanes
(THMs) and haloacetic acids (HAAs) in chlori-
nated and chloraminated waters, bromate in
ozonation, and chlorite in chlorine dioxide waters
[5–7]. Besides, chloral hydrate, haloacetamides,
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haloacetonitriles, halopropanones, N-
nitrosamines, aldehydes, ketoacids, carboxylic
acids, and iodinated-DBPs are DBPs formed in
chlorination and ozonation process [1, 3, 8]. The
studies on DBPs formation speciation reported
that more than 700 of the DBP species are
formed in micro and nano amounts in disinfected
drinking water [9]. However, more than half of
these DBP species have not been quantified yet
[8]. Moreover, the potential health effects of
many DBPs caused by chemical disinfectants are
not well known [2, 10].

The nature and quantity of DBPs formed
depends on the type of disinfectant, dose, and the
type of precursors or other constituents present in
the water, treatment plant operation conditions,
temperature of the water, and the residence time
of the water in the distribution system [11]. In
order to minimize the formation of DBPs and to
ensure compliance with DBPs regulations in the
treatment plant effluents and distribution systems,
control strategies should be developed and
implemented. Removing DBP precursors from
water prior to disinfection, optimizing the disin-
fection process, and improving hydraulic prop-
erties in the distribution system are the main
control strategies [12–14]. Since DBP formation
in water resources is not only site specific, but
DBP analysis requires advanced instrumentation,
analytical techniques, and experienced personnel,
is tedious and time consuming. Therefore, many
researchers have made efforts to develop models
for the prediction of DBP formation.

In this chapter, a brief literature review on
formation, control, and modeling of DBPs in
water treatment plants and distribution systems is
provided. The chapter consists of 7 sub-chapter:
(1) A general introduction, (2) Formation and
health effects of DBPs and related legislation,
(3) Control technologies to remove DBP pre-
cursors, (4) Alternative disinfectants and opti-
mization of the disinfection process,
(5) Improvement of operational conditions in
treatment plants and in distribution systems
management of DBPs formation, (6) Modeling of
DBP formation, and (7) Summarize of the liter-
ature review and discussions.

7.2 Disinfection By-Products
in Drinking Water

Disinfection process is mandatory for drinking
water treatment systems to inactivate microor-
ganisms (viruses, bacteria, protozoa, etc.) that
cause infectious waterborne diseases, and to
protect the distribution system. Chlorine, chlo-
ramines, chlorine dioxide, ozone and ultraviolet
light are among the most applied disinfectants for
disinfection purposes [1, 15]. Disinfectants react
with organic matter, dissolved organic nitrogen,
anthropogenic pollutants and bromide/iodide
naturally found in the source waters and form
disinfection by-products (DBPs) [15, 16]. The
basic schematic illustration of DBPs formation
by reaction of disinfectants with organic sub-
stances and inorganic ions is shown below [17].
The speciation and amount of DBPs are affected
by the type of precursors (Fig. 7.1), type of dis-
infectant and dose, background ions present in
water, operation conditions of the treatment
plant, water temperature, and residence time of
water in the distribution system [6, 18, 19]. The
presence of high level of bromide ion
(>100 µg/L) in natural sources causes DBP
species to shift from chlorinated by-products to
brominated ones [19, 20]

With the discovery of the gas chromatography
device and the development of advanced
extraction methods in the 1950s and 1960s,
chlorinated compounds in water sources have
become precisely measurable [21]. In the 1970s,
Rook [22] detected higher amount of tri-
halomethanes (THMs) in chlorinated waters
compared to raw surface waters, while Beller
et al. [23] reported that higher amounts of chlo-
rine leads to higher THM concentrations.
Haloacetic acids (HAA) are nonvolatile chlori-
nated halides and the most abundant among
DBPs following THMs in the chlorination/
chloramination process [8, 24]. Nowadays,
more than 700 DBP species are found in micro
and nano amounts in disinfected drinking water
[16]. More than half of the total organic halides
formed during chlorination and more than half of
the DBPs formed during the ozonation process
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have not been identified yet [15]. Among the
identified DBPs, THMs and HAAs are classified
as carbonaceous DBPs (C-DBPs), and n-
nitrosodimethylamine (N-NDMA), haloacetoni-
triles (HANs), and haloacetamides (HAcAms)
are included in nitrogenous DBPs (N-DBPs) in
disinfected waters [25].

Although the potential health effects of many
DBPs caused by chemical disinfectants are not
well known [2, 10], epidemiological studies
indicate that long-term exposure to DBPs leads
to increased cancer risk, and to potential genetic
and mutagenic disorders [2, 26]. DBPs formed
during the disinfection process, which cause
serious risks for public health, are taken into the
human body through digestion, respiration and
dermal adsorption [3, 4, 27]. In the past 40 years,
the studies on the health effects revealed that
long-term exposure to DBPs is linked with the
risk of brain cancer [28], bladder cancer [29, 30],
and colon and rectal cancer [31]. Brominated
and iodinated DBPs formed by chemical oxida-
tion of bromine and iodine are more cytotoxic
and genotoxic than their chlorinated analogues
[3, 32, 33].

The first regulations for DBPs date back to the
late 1970s. The first legislation for THMs was
established under the interim total THM (TTHM)
regulations by the US Environmental Protection
Agency (USEPA) in 1979 [34]. According to the
regulation, the total THM level was set as 100 µ/
L maximum contaminant level (MCL) for water

service systems serving more than 10,000 people
based on annual average quarterly samples [34,
35]. Only 17 out of about 700 DBPs [16]
including THMs (total and four species), HAAs
(total and three species), HANs (dibromoace-
tonitrile and dichloroacetonitrile), bromate,
chlorate, chlorite, N-NDMA, cyanogen chloride
and 2,4,6 trichlorophenol are the most widely
regulated ones by USEPA, WHO, European
Countries, and some other countries [26, 36–38].
In Turkey, total THM was only DBP group
regulated by Ministry of Health in 2005 with a
limit of 100 µg/L [39].

7.3 Precursor Control Technologies

In order to control and to minimize DBP for-
mation, responsible organic and inorganic pre-
cursors for DBP formation should be removed
from source waters. The major precursor is
NOM, which refers to a complex mixture of
different organic compounds with both
hydrophobic and hydrophilic moieties with dif-
ferent properties and molecular sizes such as
humic substances, proteins, carboxylic acids, and
carbohydrates [40, 41]. NOM concentration in
natural waters range between few µg/L up to
hundreds of mg/L [42]. Also, residual algae
organic matter and micropollutants such as pes-
ticides, pharmaceuticals and personal care prod-
ucts (PPCPs), and estrogens may produce DBPs

ORGANIC PRECURSORS 

- Natural organic ma er 
(NOM) 

- Algal organic ma er 
(AOM) 

- Wastewater effluent 
organic ma er (EfOM) 
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- Bromide (Br-)

- Iodide (I-) 

- Nitrate (NO3-)
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- Chlorine (Cl2) 

- Chlorine dioxide 
(ClO2) 

- Chloramines (NH2Cl)

- Ozone (O3) 

- Ultraviolet (UV) 

DISINFECTION BY-
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- Trihalomethane (THM) 
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(HAAl) 
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- Unregulated emerging 
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Fig. 7.1 Precursors and disinfectants
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upon reacting with disinfectants [43]. The main
inorganic precursors of DBP are bromide and
iodide ions [44]. Characterization and identifying
of precursors of DBP in the source water is
crucial for determining the strategy of DBP
precursors’ removal. Source water management
strategies might be considered for reduction of
DBP precursors. Blending various sources,
alternating between sources, using the optimum
intake and Riverbank filtration (RBF) are some
of strategies to reduce DBP precursors. RBF was
able to reduce 35–67% of dissolved DOC and
THM- formation potential (FP), and HAA-FP
reductions ranged from 57 to 73% and from 50 to
78%, respectively, in three full-scale RBF sites
[45]. Removal of the DBP precursors is com-
monly used approach in order to reduce overall
DBP formation. Enhanced coagulation, adsorp-
tion, ion exchange, biofiltration, advanced oxi-
dation processes and membrane filtration are the
main DBPs precursor control processes in
drinking water treatment plants [12].

7.3.1 Coagulation/Enhanced
Coagulation

The NOM removal mechanism through coagu-
lation is a charge neutralization, adsorption,
entrapment, and complexation process [46].
Enhanced coagulation is more effective for NOM
removal compared to conventional coagulation
methods [47]. Enhanced coagulation can include
following operational processes such as lowering
pH, increasing coagulant dose and adding coag-
ulant aid [48]. Iron or aluminum-based coagu-
lants are most widely used coagulants for NOM
removal [46]. Typical dosage of iron-based or
aluminum-based coagulants ranged between 5
and 150 mg/L depending on turbidity and NOM
concentration. Optimum pH range for aluminum-
based coagulants ranged 5.5–7.7, which is
slightly higher than the optimum range for iron-
based coagulants (4.5–7.0) [48]. 20–66% DOC
removal is reported at several full-scale drinking
water treatment plants [49]. HAA-FP and THM-
FP reductions of water were higher than DOC
removal, and these results proved that

coagulation removed UV absorbing fractions of
NOM [50]. Hydrophobic fractions are the pref-
erentially removed components than hydrophilic
fractions in enhanced coagulation process
because of the higher charge density in the latter
ones [51]. Type and dose of coagulant, pH,
alkalinity, operation condition, characteristics of
NOM, and the presence of anions and cations are
the main factors for the efficiency of enhanced
coagulation [52].

7.3.2 Adsorption

The adsorption process, mass transfer between
solute and adsorbent, is one of the most pre-
ferred technologies because of ease of opera-
tion, economic feasibility and simplicity [53].
Activated carbon, carbon nanotubes, iron oxide
particles, and other low-cost natural adsorbents
have been tested so far for the removal of NOM
with varying degree of success [49]. Activated
carbon in form of powdered activated carbon
(PAC) and granular activated carbon (GAC) is
one of the most frequently used adsorbent for
the removal of NOM with high removal effi-
ciencies [54]. The adsorption process is also
frequently used after coagulation to achieve
additional removal of NOM and to increase the
bio-stability of the water. Marais et al. [55]
reported that approximately 20–30% additional
NOM removal was achieved by GAC filtration
after conventional water treatment. Characteris-
tics of GAC, characteristics of NOM and pro-
cess operation conditions are important
parameters to determine effectiveness of acti-
vated carbon [56]. Reductions of DOC, HAA-
FP and THM-FP and were at 80%, 89%, and
95%, respectively, for empty bed contact time
(EBCT) of 21 min after 50 days operation, but
the removal levels of DOC, HAA-FP and THM-
FP were decreased in a full-scale trial to 42%,
71% and 40% after 250 days, respectively. In
general, 10–15 min of EBCT is preferred for
NOM reductions [49]. Fouling of GAC pores
by NOM fractions and ineffectiveness for inor-
ganic DBPs precursors are major disadvantages
of GAC [57].
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7.3.3 Ion Exchange Processes (IEX)

NOM removal by IEX is based on reversible
exchange of ions between anionic functional
groups on NOM and anions sorbed on the
cationic resin surface. Magnetic ion exchange
resin (MIEX) was designed specifically for
removal of NOM as an alternative to enhanced
coagulation. Results of full- and pilot-scale
studies of MIEX showed that DOC removals
ranged between 36 and 80% [58]. Bolto et al.
[59] reported that 10–40% of NOM cannot be
removed by ion exchange due to uncharged
species in the NOM. Besides MIEX, suspended
ion exchange and fluidized ion exchange have
been tested for NOM removal as well. Additional
50–62% reductions in DOC, HAA-FP, and
THM-FP were reported for suspended ion
exchange process, as compared with conven-
tional treatment which was based on coagulation
and filtration [60]. Except of particulate NOM, a
variety of NOM fractions were successfully
removed by anion exchange resins [61].
Removal of hydrophobic, transphilic and
hydrophilic fractions by MIEX ranged at 63–
75%, 70–89% and 2–67%, respectively [49].
NOM characteristic, composition of raw water,
properties of resins and operational conditions
are the most important parameters for NOM
removal by MIEX. Besides removal of NOM, the
capability of inorganic precursors removal (e.g.,
bromide) and decrease in coagulant and
oxidant/disinfectant demand are the main
advantages of MIEX [61].

7.3.4 Membrane Processes

Membrane processes gained an increasing
amount of attention for the removal of NOMs
because of achieving higher rejection, lower dis-
infectant demand, easier operation control and
less sludge generation. Microfiltration (MF)
membranes are unable to remove NOM because
of their large pore sizes. Removal of NOM with
negatively charged ultrafiltration (UF) mem-
branes have obtained rejections rates ranged from
30 to 50% [62]. NOM and DBPs precursors can

be more effectively removed by nano filtration
(NF) and reverse osmosis (RO) than UF mem-
branes [63]. Many studies have been conducted
on the removal of NOM using ceramic and
polymeric NF membranes [64]. Sieving effects,
electrostatic and hydrophobic interactions are the
proposed mechanism for NOM removal. Over
90% of the formation potential of THM and HAA
was eliminated using NF and RO membranes
[65]. The major challenges in using membrane
filtration are fouling, operational costs and lower
removal performance for low molecular weight
NOM. Therefore, NF and RO membranes require
extensive pretreatment to control of fouling and
scaling. DBPs precursors (organic and inorganic
compounds) can be simultaneously removed by
RO membranes, but high operational costs and
concentrate management are current limitation
factors for the widespread application in drinking
water treatment plants [64].

7.3.5 Biological Treatment

The main biological treatment process for NOM
removal is biologically active carbon (BAC) fil-
ters. BAC filters are one of the most promising,
environmentally friendly and economic alterna-
tives to overcome several limitations of other
NOM control processes [66]. Biologically active
filtration (BAF), multiple-function process is
effective to remove a wide range of organic and
inorganics compounds [67]. Pre-ozonation is
used before BAC filter to transform NOM into
biodegradable organic matter, however, BAF
without pre-ozonation process is also used for
removing DBP precursors. Brown et al. [68]
reported that 38% of full scale BAF in USA do
not perform ozone in the treatment. Exten-
sive NOM removal studies at pilot/full scale
plants have demonstrated that ozone/BAF suc-
cessfully removed NOM to control DBP forma-
tion [67]. Removal of C-DBPs (THMs/HAAs)
and N-DBPS (HNMs, HANs, and NDMA) pre-
cursors were 13–57% and 15–50%, respectively,
in two full scale BAFs and two pilot scale BAFs
[69]. Since hydrophilic fraction of NOM was
removed preferentially by ozone/BAF, DOC
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could be reduced by 5–25% on pilot/full
scale ozone/BAF [70]. Filter media, EBCT,
concentration of attached biomass, ozone dose,
temperatures, backwashing, and nutrient supple-
mentation are the main factors affecting biofil-
tration performance. EBCT < 5 min, EBCT of
5–10 min, EBCT > 10 min in a survey of 40
full-scale BAF facilities were employed for 30%,
50%, 20% of biofilters in North America
respectively [68].

7.3.6 Advanced Oxidation Processes
(AOPs)

AOPs have gained interest in the last decades to
remove NOM, algal organic matter, and effluent
organic matter from drinking waters. AOPs
generate hydroxyl radicals to achieve the trans-
formation of organic matter into smaller molec-
ular weight compounds [71]. Combination of
ozone (O3) and/or hydrogen peroxide (H2O2)
with different catalysts and/or UV light are tested
in AOPs for the NOM removal [72]. The
removal efficiency of AOPs mainly depends on
amounts of hydroxyl radicals and the water
quality. The concentration of DOC, THM, and
HAA by catalytic ozonation was reduced by 8.2–
51.4%, 41.3–51.2% and 31.7–48.3%, respec-
tively [73]. DOC, THM-FP and HAA-FP in O3/
UV treated waters decreased approximately 50%,
70%, 80%, respectively [74]. The main disad-
vantages of AOPs are the formation of oxidation
by-products and operational costs due to high
energy demand. In order to improve the overall
removal efficiencies of NOM and other organic
and inorganic DBP precursors, combinations of
two or more treatment technologies are proven as
promising options.

7.4 Alternative Disinfection
to Minimise DBP Formations

Most of the identified and well-known DBPs are
associated with chlorine, which is the most
common disinfectant used worldwide. Therefore,
operators should manage disinfection practices

both to achieve microbial elimination and to
comply with legal restrictions on disinfection by-
products in water treatment facilities. While
ozone, chlorine dioxide, chloramines or UV as
alternative disinfectants have been used as pri-
mary disinfectants instead of chlorine to reduce
the formation of disinfection by-products, chlo-
rine or chloramines are applied as post-
disinfectant to provide microbial safety in the
water networks [3].

7.4.1 Alternative Disinfectants

Chloramines
The first alternative disinfectant applied for post-
disinfection in drinking water treatment plants is
chloramines, because it can be easily formed by
only adding ammonia to the chlorine system,
which complies with regulations by reducing
DBPs by 90%, and provides residual disinfectant
in distribution system [16]. The amount/formation
of DBPs including chloroform, dichloro-
propanone, trichloropropanone and dichloroace-
tonitrile in waters containing 3 mg/L of NOM
tested at different HOCl/NH2Cl (5:0 to 0:5) ratios
at pH 7 were remarkably decreased [75]. Huang
et al. [76] observed I-DBPs for monochloramine
and chlorine application in 5 mg/L disinfectant
dose during 30 min contact time. The more polar
I-DBP formations in chloraminated waters than
chlorinated waters are attributed to oxidation of I−

to HOI/IO−, which reacts with NOM to produce
higher DBPs [76, 77].

Ozone
Ozone can eliminate microorganisms and
degrade high molecular weight organic matter
into smaller molecular weight organics due to its
high oxidation potential [78]. Thus, it is used as
pre-treatment before biological treatment pro-
cesses for degradation of recalcitrant organics
[79–81]. Combining O3 and H2O2 before chlo-
rination reduces the formations of HAA and
brominated DBPs but enhances formation of
THM with respect to sole ozone application [82,
83]. During ozone treatment followed by chlo-
rination or chloramination, ozone can react with
certain polymers (e.g., polyamine and poly-
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DADMAC [poly(diallyldimethylammonium
chloride]) and amine groups in NOM, and form
N-NDMA and halonitromethanes (HNMs) [3,
84]. Besides, the reaction of ozone with organic
substances and bromine produce bromate, which
is regulated by USEPA as 10 µg/L [37].

Chlorine Dioxide
Chlorine dioxide (ClO2) is preferred as an alter-
native to chlorine as it is a highly selective oxi-
dant and does not react with NOM to form THM
[85, 86]. Unlike chlorine, the occurrence of
oxidation–reduction reactions between ClO2 and
NOMs instead of substitution reaction limits the
formation of DBP [87]. When pre-chlorine
dioxide followed by post-chlorination is
applied, significant reductions were obtained in
THM (–90%) and HAA formations (–87%)
compared with pre-chlorination [88]. Moreover,
about 50–70% of ClO2 is reduced during the
oxidation process, producing inorganic DBPs
ClO2

− and ClO3
−, which are restricted by

regulations [85, 87]. On the other hand, it is
considered that ClO2, when applied with chlo-
rine or chloramines, leads to the formation
of iodoacetic acid in water sources with high
iodide levels and of tribromopyrrole, the latter
being more cytotoxic than the regulated DBPs
[15].

Ultraviolet Photolysis (UV)
Recently, UV technology gained interest as a
promising alternative disinfection technique and
widely used coupled with chlorination/
chloramination to minimize DBP formations
and to meet regulation limits. Besides, coupling
UV with H2O2 and O3 is suggested as a
promising technique for the removal of organic
micro-contaminants (e.g., pharmaceuticals and
pesticides) [89]. However, recent studies showed
that application of medium-pressure UV photol-
ysis to post-chlorinated or post-chloraminated
source waters has significant impact on increas-
ing DBPs formations including formation of
THMs, HAAs, HANs, HNMs, HAcAms, chloral
hydrate, and cyanogen chloride [84, 90, 91].

7.4.2 Management of Disinfectants

In order to control DBPs formations in conven-
tional treatment plants, shifting chlorine to its
alternatives for pre- and/or post-disinfection can
result in lower concentrations regulated or
unregulated DBPs, but sometimes leading to
more toxic and unknown species [92, 93]. In the
case of disinfectant replaced by alternatives,
besides regulated DBPs some other emerging
DBPs including HNMs, nitrosamines, haloa-
mides, halonitriles, halofuranones, iodo-acids,
iodo-THMs, haloaldehydes, halopyrroles, halo-
quinones, haloketones, chlorate and iodate can be
produced, depending on type and amount of
organic matter, nitrogenous compounds, level of
bromine or iodine, and water quality [3].
Although O3 treatment prior to chlorination or
chloramination significantly reduces the forma-
tion of THMs and HAAs [7], it causes bromate
formation, especially in the presence of high
levels of bromide salts in the source waters [3].
However, since water sources containing high
iodide would contain high concentrations of
bromide, great care must be taken when deter-
mining the ozone and chlorine dosage, contact
time and operational conditions in order to con-
trol the formations of THM, HAA and bromate
that exceed the regulation limits [7]. In the case
of ClO2 and chlorine applied together, adsorption
or membrane processes are proposed to minimize
regulated and emerging DBPs [3]. Since chlo-
ramine and chlorine dioxide form I-DBPs in
water sources containing iodide, the application
of these disinfectants should be avoided unless
there is a pre-treatment process such as chlori-
nation and ozonation that can oxidize iodide [7].
The order of the tendency towards formation of
chlorinated and brominated by-products in con-
ventional drinking water treatment plants based
on the type of disinfectant is chlorine � chlo-
ramines > chlorine dioxide. On the other hand,
disinfectants can be put in order as chlorami-
nes > chlorine dioxide > chlorine > ozone in the
tendency to form iodized by-products [7].
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7.5 Operational Improvements
and Adjustments for Water
Treatment Plants
and Distribution Systems

One of the most effective approaches to control
and to minimize DBP formation in the treatment
plant and the water distribution network is the
optimization of the operating parameters that are
effective in DBP formation. Therefore, some
operational improvements and adjustments are
required for an effective control of DBP forma-
tion. Although operating parameters can be
optimized based on experiences gained so far, it
should be considered to carry out DBP control on
a plant-by-plant basis, since the characteristic of
each source water is unique.

The formation of THMs and HAAs increase
rapidly in treatment facilities by increasing con-
tact time and chlorine dosage. While both DBP
groups are formed before the contact time
reached 5 h, 90% of the ultimate formation
occurred in the 24-h period [94]. When the water
is chlorinated in the primary disinfection process,
it travels for a long time in the distribution sys-
tem until it reaches the first user. This time is
usually more than the minimum contact time of
20 min accepted as a requirement [95]. Although
high contact times increase the formation of
DBP, low contact times reduce disinfection effi-
ciency. Therefore, it should be aimed to exactly
determine the location of chlorine application,
and if necessary, intermediate points may be
located in the water distribution system to mini-
mize DBP formation by performing secondary
disinfection procedures.

The chlorine dose is adjusted according to the
concentration of residual chlorine that must be
provided in the distribution system, and the
demand for chlorine increases in spring and
autumn due to turbidity caused by storm water
drainage. The increased chlorine dose increases
the formation of DBPs [96]. It should be noted
that the presence of bromide ion in chlorine
solution causes the formation of brominated
species [94]. Therefore, it is necessary to opti-
mize the chlorine dosage during the period of

highest THM or brominated species formation
potential or highest chlorine demand. Although
the removal of DBP precursors is the basic
approach, as an alternative, reducing the dosage
of chlorine without lowering the threshold
residual chlorine level is a more appreciable cost-
effective method [95].

It has been observed that the chlorine dose
applied in disinfection together with ozone has a
positive correlation with the formation of bro-
mate. The increased concentration of bromide in
water also increases the formation of bromate
[97]. Although the value of CT (concentration x
time) is an appropriate parameter in terms of
disinfection with ozone, it may not be a good
parameter for estimating the formation of bro-
mate. This is because CT depends on residue
concentration of ozone and the duration of
detention in the ozone chamber, and the effects on
bromate formation differ as these parameters
change [97].

The use of UV and ozone in the disinfection
process reduces the formation of halogenated
DBPs [38]. Since residue disinfectant cannot be
provided in UV oxidation, the use of this process
as secondary disinfection by combining it with
chlorine or chloramine can provide residual dis-
infectant in the water distribution system. Simi-
larly, in an algae-rich water source with low
specific UV absorbance (SUVA) values, UV
irradiation has been reported to be effective in
reducing the formation of THM and dichlor-
oacetic acid during subsequent chlorination [98].
Another study reported that the high UV dosage
applied during UV-chloramination resulted in a
24% reduction of haloketone, dichloroacetic acid
and trichloroacetic acid [43].

Surface waters have a naturally low pH,
which is suitable for disinfection with chlorine,
and historical data showed that the pH adjust-
ment had a little significant effect on THM for-
mation [95, 99]. Besides, it has been reported
that THM concentrations decrease as pH
decreases and HAAs increase [100]. Further-
more, increasing pH tends to favor the formation
of THMs (up to pH 9.5) and to decrease the
formation of thrichloroacetic acid (TCAA) and
total organic halogen (TOX) [94].
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Since bromate formation generally increases
at higher pH values [101], reducing the pH in
ozonated water has proven to be an effective
bromate control strategy [101, 102]. It has been
stated when increasing pH value from 6.0 to 8.5
causes an increase of about 20 ppb bromate due
to the transition from molecular ozone to
hydroxyl radical oxidation [97]. In addition, it
has been reported that the concentration of bro-
mide required to create bromate decreases as the
pH increases [103].

The contact time required for UV disinfection
is quite low and is not affected by pH. It does not
provide residues in the UV distribution system
and therefore must be associated with chlorina-
tion or another type of disinfectant that provides
residues. If the turbidity is high, the processes
may be used for groundwater disinfection. It has
been stated in water that UV radiation costs
about twice the cost of chlorine disinfection [95].

The temperature both increases the reaction
rate and the potential for THM formation [95].
For instance, increasing the temperature from 10
to 30 °C increases the formation of THM by 15–
25% [94]. Due to the decay of organic matter,
DOC concentration increases in the waters,
which most likely leads to the formation of
higher THM in the fall season [44, 104].
Although the process of HAA formation and
decay is slightly different from THM's, the for-
mation of HAA is similarly increased by
increasing temperature [95].

Bromate formation is a concern in warmer
waters due to its high reaction rate. Therefore, the
rate of bromate formation is seasonally changed
and increases in summer, if the water temperature
rises above 15 °C [97]. Another study reported
that the increase in water temperature from 20 to
30 °C, increased bromate formation by about
31% [103]. As the water temperature increases,
ozone becomes more reactive, and its half-life
decreases. Bu this also causes decreased ozone
exposure at constant ozone doses [97].

Whole water entering a distribution system
must contain a disinfectant concentration of
monochloramine or free chlorine residue at a
level of 0.5 mg/L or higher, after contact time in
peak hourly flow for at least 20 min [95, 96,

105]. In the water distribution system, all the
points should have a detectable free chlorine
residue. A higher residual disinfectant may be
required depending on the pH, temperature and
other properties of water. Longer contact time in
the distribution system and, therefore, reaction
time often leads to higher residual chlorine con-
sumption and leads to the formation of more
THMs. Blended water has more stable chlorine
residues than new or old water. Chlorine residues
above 4 mg/L can cause known or expected
health risks such as eye and nasal irritation, and
stomach discomfort [95]. If the concentration of
residual chlorine at the beginning of the distri-
bution system exceeds 4 mg/L, the chlorine dose
should be reduced, and other options should be
explored to keep the amount of residual chlorine
constant. Since there is a direct relationship
between chlorine use and DBP levels, it is nec-
essary to optimize the dose of chlorine.

Each engineering solution must be unique in
the same way since each water source or water
distribution system has its own characteristics.
Therefore, a single-dimension solution to DBP
problems does not work. Water age is the water
retention time in the water distribution system
and is affected by pipe length and water flow
rates [13]. Water age is an important performance
indicator and it increases when the pressure
decreases in a water distribution system [106].
Therefore, higher duration of water in distribu-
tion system may lead to increased DBP concen-
trations [106]. According to the results of a
survey covering more than 800 water supply
networks in the U.S., the average age of water is
about 1.3 days. The water distribution network is
designed so that this value is not more than
3 days [13].

Since the changes in water quality depend on
hydraulic and system operating conditions,
hydraulic and water quality parameters should be
measured at the same time. In order to reduce
hydraulic retention times, different pressure zone
can be defined with software and automation
applications, or changing pressure adjustment
points is possible. Thereby, it is possible to
always maintain sufficient water pressure at all
locations. Maintaining and repairing the water
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system for certain periods can help to keep the
system clean and sediment-free. In addition,
replacement of damaged pipelines in time, which
are similarly known to contribute to the deterio-
ration of water quality, is a method that will
reduce the potential for DBP formation [107].

The location of water storage tanks in the
distribution system can affect the amount of
residual chlorine, water age and DBP levels.
Tanks located at the end of the distribution sys-
tem tend to increase the age of water in the tank
and the distribution network, then increase the
variability of the amount of residual chlorine
throughout the system. If water storage tanks are
located at the head of the distribution system, the
overall age of water and the amount of residual
chlorine in the distribution network tend to
decrease. For water storage tanks with long res-
idency periods, ventilation systems can be used
to remove volatile DBP compounds from water.
With the installation of a ventilation system for
water storage tank, attention should be paid to
the resulting loss of residual chlorine [95].

7.6 Models for Prediction
and Management of DBP
Formation in Drinking Waters

Formation and concentration of DBPs in drink-
ing water depend on the characteristics of raw
water, the conditions of operation of the treat-
ment plant, the type of disinfectant, the water
temperature, and the retention time of the water
in the distribution system [43]. Models are
designed to minimize DBP formation. Operation
control can be used as a decision-making tool for
distribution system design and maintenance [95].
At the same time, these models can be used to
detect different water qualities and operating
parameters on DBP formation [108].

The models to estimate DBP formation are
generally developed using different approaches
under variable water quality parameters and dif-
ferent operating conditions. Therefore, it is only
possible to compare the performance of the
models if water qualities and operating condi-
tions are similar. Different performance

indicators and statistical techniques such as the
determination coefficient (R2), the correlation
coefficient (R), errors between the measured and
predicted data (AE, MSE, RMSE, etc.) are used
to estimate the capability of the models. Even if it
has a good prediction performance, regression
models need to be used in experimental boundary
conditions to get relatively rational results [109].

Numerous models have been developed to
predict the formation of DBP in drinking waters.
The largest focus area of these models is the
formation of THMs. The data based on the model
were obtained from measurements performed in
raw, pre-treated or synthetic prepared waters in
the laboratory or field. Some models have been
developed by analyzing databases containing
historical data. In most DBP models, multiple
linear regression analysis (MLR) was used to
evaluate the empirical relationship between the
measured variables and DBP concentrations. In
some approaches, principal components analysis
(PCA), a data preprocessing method that can be
used to determine the number of variables in the
model, has been applied [110]. DBP formation
models developed on kinetic relationships are
very limited in the literature [108].

The major responsible DBP precursor is
NOM, and due to non-linear nature of NOM
reactions, it is mostly difficult to express DBP
formation with MLR models [111]. Artificial
intelligence (AI) methods can define complex
and nonlinear relationships and have been used
frequently for DBP formation in recent years
[112, 113]. AI models have a certain degree of
interpretability. Therefore, the selection of
appropriate analysis methods as a decision sup-
port mechanism for the formation of DBP has the
potential to be used in the stages of determining
forward-looking DBP control strategies based on
water treatment processes and historical data
[112].

Some DBP models selected from the literature
developed with different techniques are summa-
rized in Table 7.1. These models do not only
predict the potential of DBP formation, but also
determine the effect of different water quality and
operating parameters on DBP formation in order
to in-depth understanding of the DBP formation
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mechanism [111]. It can be noted that most
models are developed using MLR statistical
techniques. As it is shown in Table 7.1, different
DBP concentrations can be estimated with MLR
and artificial neural network (ANN) models in
the performance (R2) range of 0.69–0.92 and
0.92–0.98, respectively. This suggests that ANN
models accurately integrate complex relation-
ships between precursors and DBPs.
Although ANN cannot provide precise equations
such as MLR and does not clearly show the
relationship between variables, the general
approach is that it is possible to understand the
causal mechanism between the model inputs and
outputs of the ANN structure. The main advan-
tage of combining ANN and PCA is the simpli-
fication of the complex model structure and
making a clear diagnosis of the relationship
between variables. Combining and improving
different AI methods can also improve the model
prediction capabilities.

7.7 Conclusions

Controlling the formation of DBPs has been one
of the major challenges for water treatment
industry, since THMs were first discovered in

drinking water in the early 1970s. Over the last
40 years, much research has been conducted to
improve understanding of formation and control
of DBPs. DBP formation depends on many fac-
tors such as properties of precursors, parameters
of water quality, disinfection conditions, and
operation conditions of treatment plant and
specific characteristics of the distribution system.
Predictive models are useful for selection of
control strategies to minimize DBPs based on the
statistical relationships. Continuous assessment
and monitoring of source water are important to
determine the concentration, characterization and
reactivity of NOM, and to select the optimal
strategy for DBPs control to mitigate the health
risk posed by DBPs. Two approaches are mainly
used for management strategies for minimizing
DBPs formation in drinking water systems:
(1) shifting chlorine to alternative disinfectants,
and (2) precursor removal before disinfectant
addition. The use of alternative disinfectants may
not be always feasible due to formation of other
disinfection by-products. Enhanced coagulation,
adsorption, ion exchange, and membrane filtra-
tion are the main precursor removal processes
available for DBP control. Also, biological
methods, such as BAC filters have gained more
attention in recent years. Combinations of two

Table 7.1 MLR and ANN models developed for predicting of different DBPs

Model ID Model descriptions R2 References

MLR HAAs = −8,202 + 4,869(TOC) + 1,053(D) + 0,364(t) 0.92 [114]

MLR DCAN = 3,567(D)1.03(pH)−1.64(R)0.18t0.234 0.69 [115]

MLR THMs = 10−1,375(t)0.258(D/TOC)0.194(pH)1,695(T)0.507(Br−)0.218 0.87 [116]

MLR + PCA BrO3
− = (EC)0.46(D)0.62(t)0.50 0.77 [117]

ANN + PCA 3 input neurons in the input layer, 2 hidden neurons in each of the 2 hidden
layers, and 1 neuron in the output layer was employed to predict BrO3

−
0.97 [117]

ANN + PCA 7 input neurons in the input layer, 2 hidden layers, and 1 neuron in the
output layer was employed to predict THMs, HAAs and TOX

0.98 [118]

ANN 5 input neurons in the input layer, 7 hidden neurons in 1 hidden layer, and
1 neuron in the output layer was employed to predict THMs

0.92 [110]

ANN + PCA 32 input neurons in the input layer, 5 hidden neurons in 1 hidden layer, and
3 neurons in the output layer was employed to predict HAAs

0.98 [119]

THMs: Total trihalomethanes; HAAs: Haloacetic acids; TOX: Total organic halide; BrO3
−: Bromate; TOC: Total

organic carbon (mg/L); D: Chlorine or ozone dose (mg/L); T: Temperature (°C); t: Reaction time (min/hr); Br−:
Bromide ion concentration (mg/L); R: Residual chlorine (mg/L); DCAN: Dichloroacetonitrile (lg/L); EC: Electrical
conductivity (lS/cm)
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approaches have shown better results for the
control of DBPs. Source-specific studies such as
bench- and/or pilot-scale testing, are crucial to
select the most effective control DBPs strategies.
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8Water Sensitive Planning and Design

Hoda Soussa

Abstract

Water sensitive planning became emerging as
a designing approach recently, which involves
sustainable management of water resources
and uses from building lot to catchment area.
This approach does not only rely on accli-
mating peak flows, minimizing water pollu-
tion and wastewater reuse, but it extends to
use and to maintain natural water resources
safely and efficiently. Climate change chal-
lenges, the efficiency of the existing urban
water networks, and posing the need to cope
with the new patterns in both floods and
droughts situations. New management prac-
tices and solutions will be presented in this
chapter to increase the efficiency of existing
urban water network and/or to planning
sustainable solution. Measures to minimize
the environmental impacts of urbanization in
terms of water supply and pollution threats to
natural water resources should be adopted
(Allison et al. in Environ Manage 42:344–
359, 2008 [1]). Four main steps for developers

are needed to apply Water Sensitive Design.
First, develop an efficient plan to treat the
ambient water, to decrease its pollution, and
protect it from any future pollution or
over-exploitation. Second, increase public
awareness to efficiently use of available water
and to minimize expected pollution, and to
secure public support of wastewater reuse
based on purpose (agriculture and landscap-
ing). Third, collect urban storm water and to
safeguard its quality for discharge to water
bodies. Finally, to present sustainable solu-
tions for holistic management of water
resources by mimicking the natural system
to minimize negative impacts on water cycle
and receiving waterways, recharge groundwa-
ter, and bays. This chapter will present water
sensitive design of best practices design and
management at developed and developing
countries.
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8.1 Introduction

The design concepts for water sensitive cities are
challenging problems especially in old cities due
to aging of the infrastructure, unavailable as-built
maps for water and wastewater networks, and
degraded water ways. To transform cities to
sustainable urban water cities, or to Water Sen-
sitive Cities, major renovation of the hydro-
social system should be effectuated to conven-
tional approaches [1]. In new cities, challenges
are less but still adapting practices for environ-
mental management and integration with the
whole hydrologic cycle presenting a challenge to
the designer especially if there are no guidelines
forcing the implementation of such an approach.
Governance plays a major role in applying this
approach by considering the urban water system
as a holistic environment from the planning
phase of the city. The concepts of socio-technical

approaches, context design based on responses,
and nature-based solutions were developed
and framed in much research. Figure 8.1 com-
bines different concepts to show the urban
water transition framework, as stated by Ashly
et al. [2].

Managing water resources efficiently as a part
of hydrologic cycle will safeguard not only the
environment and human health, but it will also
increase the economic value of the city. Water
sensitive city means a good infrastructure, clear
and clean waterways, and safe life against
extreme climate change events by adopting dif-
ferent strategies of accommodate peak flows.
Selecting key factors of ecosystem functioning
for policy and management purposes using the
pentatope model as a holistic framework, and a
combined natural and socio-economic valuation
scheme were applied to reduce the water system
complexity [3].

Fig. 8.1 Urban water
transitions framework (after
[2])
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8.2 Egyptian National Approach

8.2.1 Efficient Plan to Treat
the Ambient Water
and to Minimise Pollution

Protecting water resources from pollution leads
not only to preserving its quality, but it decreases
the costs needed to treat wastewater by mini-
mizing its quantity from the origin. For example,
greywater reuse for irrigating gardens and
recreational areas could save 80% of wastewater
treatment costs, if all these domestic wastewaters
would go directly to wastewater treatment plants
after separation of greywater. In addition, ade-
quately treating industrial wastewater at the fac-
tory before delivering to drains is presenting a
must. However, it is still considered as a chal-
lenging problem especially for riparian zones in
cities. Urbanization has invaded many areas,
leading to reduce ecosystems, public health, and
vitality. Citizens in both urban and rural areas in
Egypt used to dump solid and liquid wastes in
waterways and lakes (Fig. 8.2).

They also eliminate the vegetation in the area,
which contribute to absorb polluted gases from
the ecosystem. Many informal settlements are
constructed in the riparian lands, away from the
governmental supervision boosting the risk of
massive urban floods. Nearly none of all the
construction laws and regulations consider the
existence of the poor communities, even if they
are living in slums. In rural areas, bad agricul-
tural practices are adding pollution to the riparian
areas due to their extensive uses of herbicides,
pesticides, and chemical fertilizers. These prac-
tices adversely affect the quality of water bodies.
As a step to protect surface water bodies, many
local authorities started to remove encroachments
and to imply vegetative buffers. These buffers
help in filtering sediments and contaminants
from the runoff and in providing soil stability
from erosion. Figure 8.3 shows a main flood
wadi at Borg El Arab city, north Egypt, with
local plants filtering the sediments within the
flash flood events. During storms and floods,
these waterways and swales provide a path for
distribution of water to prevent urban flooding,

Fig. 8.2 Solid wastes thrown
in the main water wadi, Borg
El Arab city, Egypt, (taken by
the author)
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and provide opportunities for recreational space,
garden waterfront areas.

8.2.2 Increase Public Awareness
for Wastewater Reuse

The main challenge facing wastewater reuse is
the lack of public awareness. In developing
countries, many farmers use drains of untreated
wastewater illegally to satisfy their irrigation
needs. Farmers use to clean their stuff and wash
their fresh foods at the nearest surface water
available due to lack of potable water at their
houses. Drinking water networks are not cover-
ing all rural areas, or in some cases, the infras-
tructure exists but the service is only available for
few hours daily and with a bad quality. Solving
these problems is in two folds: First, to secure
water infrastructure (complete coverage of
drinking water and sewage networks) in parallel
with sewage networks. Many countries are
advancing fast in drinking water coverages
without securing sewage networks; Second, to
increase public awareness to build a common
understanding of water issues and to create
shared values on how water resources should be
used and managed. This can be realized by

continuous meetings and workshops with people
explaining water quality and quantity manage-
ment and its impacts on public health and
ecosystem. Conducting and announcing water
quality analysis and crops analysis results may
help them to realize the risks of bad water
practices. Nevertheless, giving incentives to
farmers using safe fertilizers and modern irriga-
tion may encourage the rest to follow the same.
Government and private companies may also
encourage organic farming by purchasing and
marketing these products. The aim of raising
public awareness for water issues is to engage
people in water conservation, clean water uses
and protecting the ecosystems. Thoroughly,
public awareness should be realized through
interaction of many active stakeholders capable
of influencing each other and providing social
control on public and private companies to safely
use water and to reinforce strict actions on water
pollution.

8.2.3 Urban Cities are Catchments
for Supplying Water

Collecting and treating urban stormwater to meet
water quality standards for discharge to surface

Fig. 8.3 Food wadi at Borg
El Arab city, Egypt (photo
taken by the author)
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water present a sustainable solution for flash
floods protection. In addition, storing stormwater
in urban landscape could be used to form artifi-
cial lakes and bio-swales that could present
recreational attractiveness. Old cities are suffer-
ing from coping with the rapid urban migration
and growth. New cities are encroaching on flood-
prone areas. Due to climate change in the last few
years, the flash floods events are increasing in
quantity and frequency. This is not a trend only
in developing countries, floods in US, Europe
and China highlighted the risks of development
in environmentally sensitive and low areas [4].
A severe flood in Beijing in 2012 affected more
than 1.6 million persons and caused about 10
billion Yuan (US$1.6 billion) damages and at
least 8200 homes had been destroyed [5]. In
Egypt, most of new cities suffer in flash floods
periods, the main streets are stuck with water and
a complete chaos on the city’s transportation
systems occurs.

Environmental sustainability is associated
with development activities without any negative
impacts on ecosystem. Such goals may seem
impossible to reach, as they set challenges to
realize wide ranging benefits to environment,
society, and economics towards the goal of
sustainability.

8.2.4 Institutional Conflicts
and Governance

De Jonge et al. [6] perceived that it is still unclear
for many stakeholders, how technology can help
to avoid breaching of sustainable levels of
ecosystem utilization. Lack of information on
how the ecosystem functions, make it hard to
formulate regulations to maintain natural stocks
and flows that provide ecological goods and
services. The allocation of ecosystem resources
is believed to be an important step of sustainable
use, following the steps of realizing the depen-
dency of humans on Ecosystem Goods and Ser-
vices (ES G&S), the quantification of resource
availability and uses, and finally defining

sustainable use, which means setting limits to the
use of natural resources on the one hand, and on
the environmental impacts on the other hand, [7].
The concept of ES G&S allows exploring the
economic and non-economic values of natural
resources, depending on the internalization of
goods and impacts. Decision makers usually
consider environmental services as an economic
externality. Although the United Nation/World
Bank High-Level Panel on Water developed an
Action Plan based on a more holistic social-
technical approach to addressing complex water
issues, the Action Plan claims that “sustainable
solutions require integrated approaches,
addressing technical, institutional, financial,
social, and environmental issues
simultaneously.”.

This is a multifold approach, which consists
of institutional regulations and governance,
design concepts and management strategy (the
governance), and finally public involvement.
Institutional directive is the main driver to realize
a water sensitive city. It also presents a main
constraint in such approach due to the institu-
tional conflicts between different players, as
water management is common factor, between
public and private sectors, different ministries,
and local authorities. So, presenting an integrated
framework with compulsory standards may help
solving these conflicts. For example, in Egypt the
Ministry of Housing, Utilities and Urban Com-
munities is the sole party to issue guidelines
(codes of practice) for civil designs, i.e., code for
smart cities and code for storm water design
systems.

8.2.5 International Examples
on WSUD

In the following section, different success stories
are discussed to show the transformation of some
areas towards green and water sensitive cities.
These cities within their urban water manage-
ment planning are considering the influences of
social and technical issues of urban livability.
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8.2.5.1 Australia’s Water-Sensitive
Cities

In Australia, the Millennium Drought (1997–
2009) stimulated the implementation of the
principle of water sensitive cities. Many cities
and towns started to change towards this objec-
tive. Many coastal cities included desalination
plants to their water supply systems, although it
represents an expensive solution to construct and
even to maintain. However, with this water
supply security was achieved, decision makers
started to search for more sustainable and cost-
effective alternatives with longer time to imple-
ment. They started with wastewater reuse, runoff
harvesting and treating wastewater based on use
purposes. They also built new infrastructure that
serves multiple purposes. Different runoff har-
vesting projects using sustainable solutions by
redefining urban landscapes and streetscapes in
many cities, based on water-sensitive urban
design approach (WSUD) in Australian cities.

Melbourne Water formulated comprehensive
guidelines for WSUD cities [8] for councils on
the southern and eastern fringe of Melbourne.
These guidelines describe the process of plan-
ning and design starting from the early planning
and site assessment, moving towards concept
design, and ending by the detailed design, con-
struction, and maintenance. WSUD combines
urban water management with urban planning
and design. Its main goal is to offer a sustainable
alternative to the conventional conveyance
approach of rainfall and flood management by
acting at the source, so reducing the required size
of the storm water drainage infrastructure, and
filter rainfall water to remove pollutants. The
Australian portfolio of sources executes the
minimum cost, containing environmental
impacts and different outwardness, including
managed groundwater aquifers, recharge
schemes, urban storm water, rainwater, recycled
wastewater, and desalinated water.

8.2.5.2 Seoul Star Rainwater City
The Korean succeeded to apply multipurpose and
proactive rainwater management to ensure sus-
tainability and to meet the Millennium Devel-
opment Goals (MDG) for developing countries,

based on the design of decentralized solutions
located near flooded areas and involving local
activities, which exactly fit the uneven nature of
rainfall in Seoul.

Seoul is an old city with six hundred years
history and a population over ten million. The
climate change is a very effective factor on the
city rainfall pattern that raises its trend in the last
five years compared to the late thirty years.
Decision makers were thinking first to increase
the sewer networks capacity to contain the
increase in water flows, however, this solution
was very expensive. So, they sought alternatives
to cope with the new floods flows by managing
the water within its watershed and storing in
local areas. As shown in Fig. 8.4, three thousand
cubic meters tank capacity was designed in three
compartments, the first 1000 m3 tank to collect
the rainwater from unpaved areas, the second
tank to collect rain from roofs and to use for
flushing and gardening, and the remaining 1000
m3 tank is used as an emergency stock for
drinking water and other domestic uses. This
designed tank system was awarded the Interna-
tional Water Association, 2010 Project Innova-
tion Award. This system was applied in all new
public buildings and new public facilities (parks,
parking lots and school), and recommended for
private buildings. Operation and maintenance of
this decentralized systems required education of
the public, school children and the army.
A rainwater piggy bank microcredit project was
designed and installed at a house level to pro-
mote the idea (Fig. 8.5).

8.2.5.3 China’s Sponge Cities
In 2014, the Chinese government began to
implement a plan to construct sponge cities to
holistically tackle climate change and its associ-
ated water quantity and quality problems. The
sponge city initiative even though theoretically
was designed with appropriate principles, differ-
ent implementation challenges appeared,
extending from technological complexity to lack
of governance, financing, public awareness, and
participatory. The objective of sponge city is to
fundamentally shift traditional Chinese water
management approach to an integrated

88 H. Soussa



sustainable urban planning and design approach
that benefits of ec000ological function to
decrease the diverse, interrelated urban water
problems [9]. To realize a good design of sponge
city, huge database is to be established, which
includes information on urban planning data,
underground pipe networks, digital elevation
data, and hydrological station networks. Inte-
grated technologies should be adapted, including
low-impact development, urban drainage,
waterlogging defense, ecosystem protection,

prevention of urban surface pollution and rain-
water usage.

Shao et al. [9] applied the sponge city urban
data integration plan with an empirical applica-
tion on Fenghuang County, in Hunan Province of
China, and evaluated the outcome of this appli-
cation. Figure 8.6 integrates the main technolo-
gies used to formulate a framework for an
interlinked unified and coordinated sponge city
construction system. Integrating data and tech-
nologies stimulated the sponge city’s planning,

Fig. 8.4 Example of multipurpose rainwater tank design in the Star City, Seoul, Korea [7]

Fig. 8.5 Rainwater piggy
bank microcredit system [7]
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design, construction, operational management,
and the functions evaluation [10]. This integra-
tion can also be connected to smart cities,
bringing smart technology to the sponge city.

From the above, it is concluded that sponge
cities initiative can be an effective approach only,
if China commits to appropriate technical, gov-
ernance, financial, and organizational 0measures
to effectively address the challenges for policy
implementation.

8.2.5.4 Singapore’s ABC Waters
In 2006, the program of Active, Beautiful, Clean
Waters (ABC Waters) was launched, designing
features of natural systems consisting of plants
and soil that capture and treat rainwater runoff.
This program forms a major part of the sustain-
able urban drainage system (SuDS) in Singapore;
however, its effectiveness has not been studied or
documented [12]. Its main function is to improve
water quality and other ecosystem services such
as providing social and recreational spaces for
the public or residents in development. Types of
ABC Waters design features include the biore-
tention basins or rain gardens, bioretention
swales, vegetated swales, constructed wetlands
and sedimentation basins, while ABC Waters
design features are like Sustainable urban Drai-
nage Systems (SuDS), but have a stronger focus

on the cleansing function. Kuei-Hsien Liao
described the construction of the waterway ridges
project, which began in April 2012 and was
completed in April 2017, [12]. It contains four
types of ABC Waters design features that are
integrated in the design: 1. bioretention
basins/rain gardens, 2. bioretention lawns, 3.
vegetated swales, and 4. vegetated swales with
gravel layer. The innovative design implemented
comprises 400–750 mm thick detention gravel
storage layers below these four features, receiv-
ing runoff from about 60% of the total site area
during rainfall event (Fig. 8.7a–c).

Yau et al. [13] applied a 1D SWMM model
for the Waterway Ridges pilot project. The
analysis revealed that ABC Waters design fea-
tures reduced peak flow and runoff coefficient
during storm events [13]. The reduction in peak
flow (and effective runoff coefficient) is 33% and
47% for the 10-year and 3-month design storms,
respectively, when compared with the scenario
no treatment or detention is performed.

8.2.5.5 The United States’ Low Impact
Development

The low impact development (LID) approach has
been recommended as an alternative to tradi-
tional storm water design in the US. Allison et al.
[1] identified seven obstacles facing sustainable

Informa on data 
source:

Topology, Hydrology,
RS & GIS, infrastructure 

networks,…

Urban data integra on:
Data analysis, Data 

processing, Data 
assembly 

Construc on of 
informa on pla orm:

Design, planning, 
construc on, 

applica on and 
evalua on

Fig. 8.6 Integrated
framework for sponge city
construction system [11]
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Fig. 8.7 (a) Vegetated
swales in Waterway Ridges
[12], (b) Bio-retention lawns
in Waterway Ridges [12],
(c) Bio-retention lawns in
Waterway Ridges [12]
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storm water management: (1) performance
uncertainties, (2) insufficient engineering guide-
lines, (3) institutional conflicts, (4) lack of insti-
tutional capacity, (5) lack of legislative mandate,
(6) lack of funding and effective market incen-
tives, and finally (7) resistance to change. Solu-
tions to each of the seven obstacles were
addressed to encourage implementation of
WSUD with watershed-based goals to save
human health and stream ecosystems.

Whelans et al. [14] indicated that the way of
protecting urban cities had been improved over
time from the 1960, concentrated on water
quantity, passing through recreation and aes-
thetics convenience towards new 21th goal of
sensitive city design.

8.2.5.6 Egypt’s Water Sensitive Urban
Practices

Egypt is among the most vulnerable countries to
the potential impacts of climate change (increased
average temperatures, more erratic precipitation,
and sea level rise). The big cities in Egypt faced
during the last decades fast urbanization activities
related to huge increase of population. Old cities
are difficult to accommodate the new WSUD
system; however, Nassar et al. [15] selected an
urban residential area in Port Said coastal city. In
this work, researchers implemented a proposed
framework from WSUD with urban rehabilitation
standards to improve the quality.

The implementation of WUSD is much easier,
if it is effectuated from the preliminary phase of
execution, which is done in the new cities. The
new administrative capital (NAC) city is cur-
rently under construction in the eastern desert
region of Greater Cairo. Between the NAC and
Cairo is another recent city development, named
New Cairo city, which faced flooding in 2018
and 2020. Flash floods in these areas have
enormous impact on buildings, chaos to the street
network and traffic flow, and splits in the urban
structure to create various isolated entities, in
addition to flooding basements and causing
massive economic losses to the owners. Fig-
ure 8.8 shows photos in these areas from the
March 2020 rainfall event. The cause of this
problem was construction of buildings within the
flood prone areas, resulting from the Minister of
Housing selling off building plots between 2003
and 2009. Walid et al. [16] highlighted the
importance of considering flash floods risk,
while the masterplan of the city is in the
development phase.

The researchers combined different analytical
methods to identify urban zones subjected to
flood risk and propose solutions. Figure 8.9
shows the different hazards degrees associated to
flood zones. A remedy plan was suggested to
place WSU features in the NAC composed of
two folds: (1) identify the essential locations for
retention reservoirs and gardens, and (2) widen

Fig. 8.8 Flooded streets in
the New Cairo (photo taken
by the author)
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the green valley (green belt) to serve as a bio-
retention swale.

It is recommended to consider the remedy
plan during the construction phases as well as to
develop regulations to ban building in flood
prone risk zones to minimize ecosystem and
economic losses.

Reservoirs and bio retention gardens should
be added to the implemented phase as shown in
Fig. 8.10 at the cross-point between the existing
flood channels and the beginning of the master-
plan from the northern side and the southern side.
Moreover, several culverts and tanks should be
added to the city’s infrastructure and the drainage
system through the natural flood channels. Fea-
sibility studies of flood risks and flooding in
masterplan should be conducted. The generated
urban morphology for a new urbanism should be
in parallel to the flood orientation. Space syntax
represents a successful tool to test the ability of
the city’s urban configuration to hold connection
against existing flood torrents.

8.3 Conclusions

Over the last decade, climate change was
increasing the frequency and the intensity of
occurrence of the rain events. Analysis of exist-
ing development strategies and solutions to storm
water management and flood controls worldwide
reveal resolving the actual causes and effects.
Consequently, problems remain constant while
making cities vulnerable to impacts. Therefore,
alternative approaches are needed to enhance
flood adaptation and to optimize a flood and
storm water resilient urban environment.

This review addresses the need for a com-
bined approach that offers water sensitive urban
design components in landscape planning at the
catchment scale. Investigating the effectiveness
of different WSUD approaches in several cities,
coupled with adaptive management, is crucial to
advance research to develop appropriate guide-
lines. The short timeframes of research projects

Fig. 8.9 Hazard degrees
associated to flood zones [16]
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disinclined general approaches. So, financial
supports tangible ecological practices in a
watershed will demonstrate the benefits of
WSUD and guarantee community and political
support for pervasive implementation. Conse-
quently, having varying technologies to address
the problem of storm water runoff, it is time to
use this information to move towards environ-
mental sustainability.
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9Sewerage Systems and Wastewater
Treatment

Eyup Debik, Kubra Ulucan-Altuntas,
and Neslihan Manav-Demir

Abstract

In residential areas and industry, wastewater
should be collected through some engineered
structures (sewerage systems) and treated with
an appropriate treatment method for the
intended reuse, recovery and/or final disposal.
By providing that it does not harm human
health and natural life.Wastewater reaching the
treatment facility should be treated in treatment
facilities designed according to the pollution of
the wastewater. While domestic wastewater
generally has higher biological content and is
suitable for treatment by biological treatment
methods, industrial wastewater may also con-
tain recalcitrant pollutants that cannot be
treated by biodegradation. Various treatment
methods, i.e., mechanical and/or chemical
processes, conventional activated sludge
plants, trickling filter systems, and biodiscs
are used as primary and secondary treatment
for domestic and agricultural wastewater, and
wastewater from various industries. Wastewa-
ter treatment for water reclamation by

advanced treatment technologies is among the
subjects that research has focused on in recent
years. For this purpose, oxidants such as UV
irradiation and ozone as well as biological
treatment technologies such as anaerobic treat-
ment, natural treatment, and advanced treat-
ment technologies such as membrane filtration
and electrochemical processes are used. When
applying these treatment technologies, the
presence of persistent organic pollutants and
their residual by-products in treated water can
pose a significant problem in water reuse. In
this section, the items summarized above are
explained in detail, considering the current
technologies and developments.

Keywords

Reuse of treated wastewater � Sewage sludge
management � Sewerage systems �
Wastewater collection �Wastewater treatment

9.1 Introduction

As a result of the increasing intensity of indus-
trial and agricultural activities and the lack of
proper water management policies, the demand
for freshwater is gradually increasing, leading to
the global water crisis and freshwater scarcity.
The increase of water demand for domestic and
industrial purposes, which is the most important
resource for maintaining human health and
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welfare as well as biological diversity and all
kinds of vital activities, has further increased the
importance of ensuring water security [1]. Con-
sidering these, establishment of wastewater col-
lection systems with proper engineering, delivery
of wastewater to treatment facilities, and appro-
priate treatment and discharge it to receiving
water bodies appear significant issues regarding
the sustainability of environmental and human
health. But, it is not enough to meet the discharge
standards, and the reuse of treated water becomes
more important for the efficient use of resources.

9.2 Sewerage Systems—
Wastewater Collection

All wastewater collected from residential, com-
mercial and industrial sources in a city is trans-
ported to wastewater treatment plants through the
sewer system [2]. It is of great importance to
establish a well-designed wastewater collection
system for appropriate planning and execution of
the treatment process. Numerous research studies
have hitherto been carried out on the factors
affecting the operation of sewerage systems,
mitigating odor emissions, and reducing the
pressure on the sewerage system due to precipi-
tation. Investigations are also ongoing to mini-
mize environmental pollution due to short-term
planning of sewerage systems by local governing
bodies. In particular, unplanned urbanization and
industrialization cause environmental problems
before the infrastructure systems are completed
[3]. For this reason, long-term strategic plan
studies should be carried out and published by
ministries and local government bodies. Sewer-
age systems consist of a great network of
wastewater channels and carry numerous pollu-
tants originating from the city to the wastewater
treatment plant. For this reason, sewerage sys-
tems should be designed and structured so that
they carry the produced wastewater to the dis-
posal point without harming public health.

Sewerage systems can be classified in three
different ways according to their construction:
(1) separate systems, (2) combined systems, and
(3) semi-separate systems. Each system has its

advantages and disadvantages, and the design is
usually carried out depending on the parameters
that are effective in system selection. Effective
parameters in selecting the system can be listed
as costs, topographic conditions, groundwater
level, discharge location and existing infrastruc-
ture facilities. Separate systems are preferred in
residential areas having high population density
and/or steep slopes, and/or located along a stream
and/or a possibility of flooding the basements if a
combined system is used. In old but still devel-
oping residential areas, new settlement areas
should be designed according to the separate
system [4]. In recent years, the trend has been to
plan for separate systems [5]. The most important
reasons for this are that the rainwater is less
polluted than the wastewater, and when heavy
rains occur, it is difficult to treat the resulting
high volume of combined wastewater and rain-
water causing overflows [6].

Generally, wastewater is desired to be trans-
mitted by gravity, but pressurized systems are
also used if necessary. Wastewater channels are
designed to provide non-uniform flow conditions
and to prevent the settling of solids. Reducing
investment costs by designing sewerage systems
depending on hydraulic and operational criteria
is still an important issue [7]. Sewerage systems
are designed depending on wastewater charac-
teristics, minimum velocity, minimum slope,
diameter and peak flow characteristics. The
materials, diameters, minimum and maximum
velocities, and peak flow properties of the pipes
are determined according to the characteristics of
the wastewater. Manning equation (Eq. 9.1),
Kutter tables, and software approaches can be
employed in design [8].

V ¼ 1
n
� R2

3 � J1
2 ð9:1Þ

where; V is the mean flow velocity (m/s), n is a
non-dimensional roughness coefficient, R is the
hydraulic radius (m), and J is the slope of the
hydraulic gradient (m/m) [9].

The placement of manholes is another
important issue. Manholes are built-in intersec-
tions, places with changing flow direction and
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when the length between two manholes exceeds
certain values. Manholes also prevent anaerobic
conditions in the pipelines and provide easier
access to open the blocked areas. Design criteria
to be considered in the construction of sewerage
systems and manholes are shown in Table 9.1.

Sewerage systems can be well designed with
remote sensing systems such as GIS and GPS.
While various software approaches like Sew-
erGEMS are gaining importance for the efficient
design of sewer networks, various innovative
methods (i.e., remote sensing systems) have
started to improve the planning and control of
sewerage systems nowadays. Using available
software, modelling, and hydraulic simulation of
sewer systems could also provide future projec-
tions based on several scenarios [11]. The most
common problem encountered in sewer systems
is leakage, which can cause underground water
pollution, and system renewal brings great costs
[12]. Considering these, three different mainte-
nance approaches, namely preventive, routine
and emergency, gain importance for sewerage
systems. Preventive and routine maintenance is
carried out regularly in order to prevent a fault in
the system. In this way, the reliability required in

the sewer system is made more economically
[13].

9.3 Wastewater Treatment

Biological treatment is the most commonly used
method for wastewater treatment because of its
advantages, including low operating costs, high
treatment efficiencies, and lower management
requirements. Suspended growth processes and
attached growth processes constitute the two
most important categories of biological processes
used for the treatment of wastewater. Although
numerous processes have been proposed,
including suspended growth processes (i.e., oxi-
dation ditches, sequencing batch reactors and
activated sludge processes), attached growth
processes (i.e., trickling filters and biofilm pro-
cesses), and hybrid processes (i.e., rotating bio-
contactors, activated biofilters, solid contact
chambers, and filters followed by an activated
sludge process), the conventional activated
sludge process is the most commonly used one.
One of the most important differences between
suspended growth and attached growth processes
is that suspended growth systems are suitable for

Table 9.1 Design parameters of gravity-flow sewerage systems [10]

Pipe
size

Slope Sewerage
pipe size

Required
velocity

Pipe
size

Manhole
distance

Manhole
size

mm n = 0.013 n = 0.015 mm m/s mm m m

200 0.0033 0.0044 Min 200 0.61 � 600 <100 1.2

250 0.0025 0.0033 building
connections

100–150 – 700–
1200

<200 c

300 0.0019 0.0026

375 0.0014 0.0019 Max – 2.5–3.0 >1200 b c

450 0.0011 0.0015

525 0.0009 0.0012

600 0.0008 0.0010

675 0.0007a 0.0009

750 0.0006a 0.0008a

900 0.0004a 0.0006a

a Minimum slope for sewerage pipes is about 0.0008 m/m
b Depending on locations such as street intersections, distance between manholes may be higher
c Larger manhole bases should be constructed for sewers larger than 600 mm, provided that the size of the manhole
barrel is same
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high flowrates of wastewater, while attached
growth processes are used usually for smaller
flow rates [14].

9.3.1 Suspended Growth Process

Suspended growth processes employ responsible
microorganisms, which are suspended in
wastewater. This suspension formed suspended
solids and microorganisms in wastewater are
referred to as mixed liquor suspended solids
(MLSS). In these processes, aeration is used to
perform aerobic reactions and takes place with
the help of bottom diffusers or mechanical mix-
ers. Ratios of return activated sludge (RAS) and
internal recycle (IR) are two of the most
influential operating parameters. RAS ratio
affects the process in such a way that it is used to
maintain MLSS concentration in the reactors at
desired levels, while IR ensures that nitrate,
which is formed in the aerated reactor, is trans-
ported to a non-aerated reactor, where the recy-
cled nitrate is used as electron acceptor for the
oxidation of substances causing chemical oxygen
demand (COD) [15]. In a conventional activated
sludge process, the removal of COD, biochemi-
cal oxygen demand (BOD), and ammonium
nitrogen are accomplished under aerobic condi-
tions, on the one hand. On the other hand, anoxic
conditions are used to remove nitrite and nitrate
nitrogen, and an anaerobic reactor is also incor-
porated to remove phosphorus in various com-
binations. In a biological wastewater treatment
system, while the organic matter is removed by
heterotrophic bacteria, and ammonia-oxidizing
(Nitrosomonas) and nitrite-oxidizing bacteria
(Nitrobacter) oxidize the ammonia to nitrite and
nitrate. This process is called nitrification. Then
nitrite and nitrate are reduced to nitrogen gas by
the following denitrification. Unlike nitrogen
removal, biological phosphorus removal is
accomplished in a three-step process by a facul-
tative aerobic group of bacteria, called phos-
phorus accumulating organisms (PAOs), In the
first step, under strict anaerobic conditions,
PAOs store volatile fatty acids and releases
phosphate. The second step involves the uptake

of vast amounts of phosphate by PAOs under
aerobic or anoxic conditions. Then, phosphorus
removal is completed by removing the bacteria
from the system as waste activated sludge [16].

Many activated sludge processes have been
developed so far, and the parameters considered
in the design of these processes usually are
(1) process loading, (2) amount of waste sludge
to be generated, (3) oxygen requirement in and
air supply to the aerobic reactor, (4) reactor
dimensions and configuration, (5) mixing of
reactors and energy requirement, and (6) the
design of secondary sedimentation tank. Many
process types have been developed so far, and in
general, important parameters in the design and
operation of all suspended biological processes
are sludge age (SRT) (3–40 days), food to
microorganism ratio (F/M) (0.04–2.0 kgBOD per
kgMLVSS per day), organic loading rate (Lorg)
(0.1–2.4 kgBOD per m3 per day), mixed liquor
suspended solids (MLSS) (1,000–8,000 mg/L),
hydraulic retention time (HRT) (1–40 h) and
return activated sludge flowrate (QR) (25–150%).
Several systems for carbon, nitrogen, and phos-
phorus removal (biological nutrient removal) are
listed as A2O, Bardenpho, UCT (standard and
modified), VIP, Johannesburg, and sequencing
batch reactors (SBRs). Process flow charts for
some of these systems are shown in Fig. 9.1 and
design criteria are shown in Table 9.2. The main
difference of UCT and VIP processes from others
is that RAS enters the anoxic step instead of the
anaerobic step in these processes, through which
recycling of nitrate to anaerobic step is prevented
and ensured strict anaerobic conditions effec-
tively. These processes have, further, their
advantages and disadvantages.

9.3.2 Attached Growth Process

Attached growth processes as an alternative to
suspended growth processes are classified under
three groups as (1) non-submerged attached
growth processes, (2) suspended growth pro-
cesses with fixed-film packing, and (3) sub-
merged attached growth processes. In attached
growth processes (trickling filters, rotating
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biological contactors, etc.), microorganisms
responsible for the wastewater treatment grow
attached on a support material, and these pro-
cesses are usually referred to as biofilm pro-
cesses. Disks, rock, gravel, sand, wood, plastics,
synthetic materials and membranes can be used

as support materials [17]. Sufficient surface area
for microbial growth is considered as the most
critical parameter for a support material [18].
Sufficient surface area provides reduced required
volumes for the process, which is the most
important advantage of attached growth

Fig. 9.1 Suspended growth processes for biological nutrient removal
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processes. Another important consideration is the
availability and cost of the support/packing
material. The support media can be stationary
or moving depending on the design of the pro-
cess, which are called fixed bed or moving bed
processes, respectively [14].

The main advantage of attached growth pro-
cesses over activated sludge processes is their
cost-effectiveness [19]. Besides, attached growth
processes offer higher tolerance against high
hydraulic loadings and shock loadings, and have
smaller footprint [20]. Typical design criteria for
attached growth processes are shown in
Table 9.3.

9.4 Bioreactor Types

Recently, membrane bioreactor (MBR) pro-
cesses, which combine activated sludge and
membrane filtration by facilitating solid–liquid
separation [21], and aerobic granular sludge
(AGS) [22] processes are emerging technologies
as biological treatment methods. Membrane
bioreactors (MBRs) are a new process consisting
of a combination of membrane technology and

biological processes, and have been accepted as a
high-tech application in twenty-first century [23].
These processes reduce the investment cost of
the treatment system by eliminating the need for
a secondary sedimentation tank. But, the opera-
tion and maintenance costs can be higher because
of high energy consumption and membrane
clogging/fouling [24]. The MBR processes can
be operated at extremely high MLSS concentra-
tions (5,000–20,000 mg/L) as well as long SRT
(5–20 days) with reduced waste sludge and
accomplish the low concentration of pollutants in
the effluent. Several other operating parameters
are listed for MBRs as flux (600–1,000 L/m2h),
transmembrane pressure (4–35 kPa), HRT (4–
6 h), and dissolved oxygen concentration (0.5–
1.0 mg/L).

Aerobic granular sludge is a promising tech-
nology that reduces the area for the clarifier by
up to 33%. Dense biofilm layer and good settling
properties of aerobic granules provide compara-
ble nitrification capacity with respect to the
conventional activated sludge processes even at
sludge retention times as low as 2.5 days [25].
Thanks to the layered structure of microbial
granules in these processes, aerobic, anoxic, and

Table 9.2 Typical design criteria for suspended growth processes for biological nutrient removal [2]

Process SRT
(day)

F/M ratio
(1/day)

MLSS
(mg/L)

Hydraulic retention time (h) RAS
(%)

Internal
recycle (%)Anaerobic

step
Anoxic
step

Aerobic
step

A2O 5–25 0.1–0.25 3000–
4000

0.5–1.5 1.0–3.0 4–8 25–
100

100–400

UCT 10–
25

0.1–0.2 3000–
4000

1–2 2–4 4–12 80–
100

200–400
Anoxic
100–300
Aerobic

VIP 5–10 0.1–0.2 2000–
4000

1–2 1–3 4–6 80–
100

100–200
Anoxic
100–300
Aerobic

Bardenpho
(5-stage)

10–
20

0.1–0.2 3000–
4000

0.5–1.5 1–3
Anoxic1
2–4
Anoxic2

4–12
Aerobic1
0.5–1
Aerobic2

50–
100

200–400

SBR 20–
40

0.1–0.2 3000–
4000

1.5–3 0.5–2 2–4 – –
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anaerobic microorganisms can coexist, providing
simultaneous nitrification, denitrification, and
phosphorus removal for municipal wastewater
treatment [26].

Besides, processes such as sequencing batch
reactors (SBR), up-flow anaerobic sludge bed
(UASB) followed by a polishing pond (PP) or
final polishing unit (FPU), downflow hanging
sponge system (DHS), and moving bed biofilm
reactor (MBBR) can also be listed among

nutrient removal processes that employ granu-
lated biomass for wastewater treatment. Several
new processes such as ANAMMOX (anaerobic
ammonium oxidation), CANON (completely
autotrophic nitrogen removal over nitrite), deni-
trified phosphorus removal (DPR), and
reverse/advanced osmosis membrane filtration
has also been developed in order to reduce the
energy consumption for nitrogen and phosphorus
removal from wastewaters [27].

Table 9.3 Typical design criteria for the popular attached growth processes [2]

Trickling filter Low rate with
nitrification

Standard
low rate

Intermediate to
high rate

Super rate Roughing

Type of packing plastic or rock rock or
slag

rock or slag plastic plastic

Hydraulic loading (m3/
m2 day)

5–16 1–4 4–40 15–80 40–100

Organic loading
(kgBOD5/m

3 day)
0.08–0.48 0.08–0.32 0.24–2.4 0.8–4.8 1.6–6

Recirculation ratio 1–2 0–1 0.1–2 1–12 0–2

Depth (m) 2.5–12 (plastic)
1.0–2.5 (rock)

1.0–2.5 2.0–2.5 2.5–12 1.0–10

BOD5 removal
efficiency (%)

85–95 80–90 80–90
single-stage
90–95
two-stage

70–80
single-stage
80–90
two-stage

40–70

Effluent BOD5 (mg/L)
Effluent NH4 (mgN/L)

<20
<3

<25
<5

<30
<5

<30
<5

<40
No
nitrification

Ventilation Forced air Natural Forced air Forced air Forced air

RBC Unit Treatment level

BOD removal BOD and
nitrification

Separate
nitrification

Hydraulic loading m3/m2 day 0.08–0.16 0.03–0.08 0.04–0.10

Organic loading gBOD5/m
2

day
8–20 5–16 1–2

Maximum 1st-stage organic loading gBOD5/m
2

day
24–30 24–30 –

NH3 loading gN/m2 day – 0.75–1.5 –

Hydraulic retention time hour 0.7–1.5 1.5–4 1.2–3

Effluent BOD mg/L 15–30 7–15 7–15

Effluent NH3–N mg/L – < 2 1–2
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9.5 Reuse of Reclaimed Wastewater

Due to climate change, a significant reduction in
freshwater resources is expected. Additionally,
problems depending on the use of a high per-
centage of the existing freshwater resources for
irrigation and the increasing population will
bring the world to face water scarcity. Reusing
reclaimed wastewater has emerged as a priority
goal besides preserving limited water resources
and the quality of receiving bodies. Reuse
strategies for reclaimed wastewater are often
seeking a solution to water scarcity without
increasing environmental problems. For this
reason, it is crucial to investigate inexpensive
treatment approaches, which do not require a
high level of treatment. In recent years, both
laboratory and full-scale research studies have
been dedicated to wastewater reuse (REF). The
studies are aimed both to develop advanced
treatment processes to be applied depending on
the water quality required in the reuse process
and to investigate the possible effects on soil,
plant, groundwater and public health after reuse.

9.6 Environmental and Public
Health and Economic Impacts

Another issue investigated for the reuse of
reclaimed wastewater is its impact on the envi-
ronment after use. The effects on soil, plants, and
crops are mainly investigated for irrigation
wastewater, as well as the effects on public
health. Studies on soil generally examine soil pH,
salinity, nutrient and heavy metal accumulations,
sodium adsorption, and changes in the microbial
structure of the soil. The studies on public health
are performed on the absence of microbial con-
tamination, potential accumulation of heavy
metal and emerging pollutants on edible parts of
plants. Some of these substances can also pose a
health risk for the farmers, who can be affected
by inhalation.

Furthermore, a significant number of studies
reported that emerging compounds such as per-
sonal care products, endocrine disrupting

compounds and microplastics were detected in
wastewater effluents after secondary treatments.
Using secondary effluents directly for irrigation
can accumulate these compounds on soil and
enter the food chain through uptake by plants
[28, 29]. Most of the biological wastewater
treatment plants are primarily ineffective in
removing antibiotics, and the usage of secondary
effluent can result in antibiotic-resistant bacteria
and affect microbiota on the applied soil [30, 31].
In this regard, the tertiary treatment should be
appropriately managed by the authorities.

9.7 Treatment Technologies
for Wastewater Reuse

In general terms, the treatment technologies for
wastewater reuse aim at removing the remaining
nutrients, suspended solids, and microorganisms
after primary treatment. They are mostly called
tertiary, advanced or reclamation processes and
based on chemical (i.e., coagulation-
flocculation), physicochemical (i.e., desalination
systems such as membrane processes), biological
processes (i.e., fixed biofilms technologies such
as wetlands) and combinations (such as mem-
brane bioreactors (MBRs)). The selection of
these treatment technologies mostly depends on
(1) the water quality specified by regulations or
institutions, (2) the current state of the technol-
ogy, (3) the characteristics and amount of the
wastewater, (4) concentration of the pollutants to
be treated, and (5) the potential by-products after
disinfection. For example, if the treated
wastewater is planned for irrigation purposes
(agricultural or recreational), efficient disinfec-
tion of the wastewater treatment plant’s effluent
may be sufficient after secondary treatment.
However, if the treated water is to be used as
process water, advanced treatment methods such
as membrane technologies (i.e., reverse osmosis,
ultrafiltration, nanofiltration), electrodialysis
systems, activated carbon, advanced oxidation
techniques processes, and MBRs can procure
further treatment of excess pollutants and partial
disinfection before applying final disinfection
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processes. Ensuring microbiological quality for
the reuse of treated water is controlled by legal
restrictions, and several types of disinfection
processes are applied for this purpose. Before
disinfection, the initial concentration of many
pollutants can affect the amount and variety of
by-products to be formed. For this reason, the
effectiveness of the treatment technology to be
applied before disinfection is essential.

Tertiary treatments used for reuse to meet the
quality requirements of reclaimed wastewater are
generally applied to provide the necessary
microbial safety by chemical, physical or radia-
tion disinfection [32]. Chlorine, ozone and
hydrogen peroxide are mainly used in chemical
oxidation processes that provide reclaimed
wastewater suitable for agricultural reuse by
generating less waste [33]. In selecting the dis-
infectant to be used, economical, operator safety,
environmental effects, and ease are the decisive
factors. Emerging compounds (i.e., pesticides,
antibiotics) present in the recycled water may
also affect the choice of disinfectant.

Chemical disinfectants are applied conven-
tionally in the disinfection of both wastewater
and drinking water. Generally, halogen-based
chemicals are used for reclaimed wastewater
disinfection to form strong oxidative species.
Chlorine, sodium hypochlorite, calcium
hypochlorite and chlorine dioxide are the prin-
cipal compounds used in chlorine-based disin-
fection processes. Chlorine can be found as a
liquid or gaseous form and is one of the most
common disinfectants worldwide. The main
disadvantage of chlorine usage in reclaimed
wastewater is the potential production of disin-
fection by-products by reacting with organic
substances. The long-term effects are still not
known when it is discharged to the environment.
In addition, the possible chlorine residue present
in wastewater disinfected with it is toxic to
aquatic organisms even at low concentrations.
Therefore, it will be necessary to treat with
reducing agents (i.e., sulphur dioxide, sodium
bisulphite and sodium thiosulfate) or filter with
activated carbon to remove free or bound chlo-
rine residues from wastewater [34]. Besides
chlorinated compounds, hydrogen peroxide and

potassium permanganate can also be used for
odour and colour control during reuse. Moreover,
while peracetic acid, a mixture of acetic acid and
hydrogen peroxide, is not widely applied due to
the addition of organic matter to wastewater,
disinfection by-products are not formed [35].

The use of ozone in the disinfection of
reclaimed wastewater gains interest due to its
capability to reduce trace components and dis-
infection. Ozone is an oxidising agent that is
soluble in water and has high oxidation potential.
Organic compounds can react with ozone
directly and indirectly through free radicals such
as hydroxy radicals by controlling the pH and
temperature. The oxidation by ozone occurre
through reaction of oxygen atoms with organic
compounds and mineralisation/destruction into
shorter chain by-products. Ozone does not form
chlorinated disinfection by-products; however, it
forms other by-products such as aldehydes and
brominated compounds where bromide exists in
reclaimed wastewater [36]. In the presence of
bromide, UV irradiation could form bromate, a
probably toxic substance [37]. In addition, the
use of ozone is more suitable for the inactivation
of viruses, while UV irradiation is more effective
for controlling inactive bacteria [38]. UV light
can be classified as physical disinfection rather
than chemical disinfection. The effectiveness of
UV irradiation can vary depending on the char-
acteristics of reclaimed water and suspended
particles. The dissolved natural organic matter
can absorb UV light, accumulate on UV lamps,
and cause fouling. In addition, the hardness of
reclaimed wastewater can cause the deposition of
minerals on quartz tubes.

Secondary treatment systems may fail to
remove many compounds from wastewater for
meeting the water quality standards for water
reuse. These compounds include organic and
inorganic substances such as nitrogen, phospho-
rus, soluble organics, hydrocarbons, phenolic
compounds, and suspended organic matter. The
suspended organic matter can result in low
effective disinfection by adsorption of disinfec-
tant and shelter for bacteria. In addition, many of
these compounds cause toxicity to fish and taste
and odour problems in water resources. For this
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reason, tertiary treatments such as coagulation,
filtration and advanced oxidation processes are
applied before disinfection to remove excess
pollutants and suspended matter. While mem-
brane processes can remove these substances
with high efficiency, more economical tech-
nologies such as adsorption, ion exchange,
chemical coagulation, advanced oxidation and
advanced biological treatment can also be
applied alone or in combination with each other.
The basic goal in adsorption applied for
reclaimed wastewater is to remove recalcitrant
compounds, inorganic substances, and odour by
gathering these compounds in a solid form.

Air stripping, coagulation, and flotation pro-
cesses are widespreadly used to remove com-
pounds such as phosphorus, ammonia, and
volatile organics that the secondary treatment
cannot achieve. Chemicals such as aluminum
sulphate, iron sulphate, ferric chloride are used
for coagulation, which can help to flocculate
phosphorus and to remove it from wastewater
through precipitation. For removing volatile
organic compounds that cause odour and taste
problems, adsorption on granular substances are
also widely applied [39]. While many substances
(i.e., persistent organic pollutants, pharmaceuti-
cals) are retained by the adsorption process
before using UV, it provides removal of partic-
ulate matter to prevent the reduction on the effect
of UV. The most used material in the adsorption
process is activated carbon, because it is cheap
and easy to find [40], but ion exchange resins and
membrane processes can also be referred to as
adsorption processes. Generally, granular
adsorption is a process that works by preparing a
bed of granular materials to adsorb contaminants
and/or to filtrate colloidal particles and passing
water to be purified through it. For filtration
purposes, materials such as fine sand and
diatomaceous earth can also be used. By per-
forming backwashing, the solids accumulated in
the filter bed are periodically removed, and by
this filters can be used many times. Activated
carbon adsorption is effective in removing sol-
uble refractory organics from water. Most of
them are organometallic compounds, pesticides,
and chlorinated compounds that conventional

secondary treatment and tertiary filtration cannot
remove. This process takes place in trapping
organic compounds in the pores of the large
surface area of the activated carbon by van der
Waal forces and weak bonds. Afterwards, the
powder activated carbon (PAC) or granular
activated carbon (GAC) is saturated with the
compound to be removed, regenerated, or the
filter bed is replaced with new materials.
Researchers are currently investigating innova-
tive materials with higher adsorption capacity
than activated carbon.

Membranes are the most advanced materials
in filtration systems, acting as selective barriers
that allow the passage of elements of a specific
size. Depending on the selected pore size, they
can selectively separate TSS (total suspended
solids), turbidity and microorganisms as well as
ionized salts. Depending on the purpose of
reclaimed wastewater reuse, membrane processes
such as nanofiltration (NF) or reverse osmosis
(RO) may be preferred following sand filtration,
microfiltration (MF), or ultrafiltration (UF) pro-
cesses. When classifying membrane processes,
(1) pore size, (2) driving force, (3) working
range, (4) removal efficiency, and (5) membrane
material are essential [41]. Membranes are clas-
sified according to their pore sizes as microfil-
tration, ultrafiltration, nanofiltration, reverse
osmosis and electrodialysis. Accordingly, those
with a pore size greater than 50 nm are named
microfiltration, those with a mesopore of 2–
50 nm pore diameter ultrafiltration or nanofil-
tration, and those with a pore size of less 2 nm
reverse osmosis [42]. MF and UF are alternatives
for reclaimed wastewaters that cannot be
removed from their solids by settling and filtra-
tion [43].

MF treatment can remove solids causing TSS,
turbidity, colloids, protozoa, limited bacteria and
viruses. UF systems can hold more bacteria,
viruses and large organic molecules than MF. NF
and RO systems can also be used depending on
the reuse purpose of the reclaimed wastewater.
NF systems can hold smaller molecular organics
and many viruses. Generally, NF systems are
used before RO systems, removing smaller
molecules than NF, ions, and hardness. The main
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disadvantages of membrane systems are the
problem of brine disposal and membrane clog-
ging. The presence of solids in the water or
precipitates of ions such as Fe, Mn, natural
organic substances, accumulation of microor-
ganisms, and strong oxidants such as chlorine
can lead to clogging. Unlike conventional
membrane systems, electrodialysis is a deminer-
alization process, in which electrical potential is
used as driving force, and ions are transferred to
ion-selective membranes [44]. Another process,
in which membrane systems are used success-
fully, is the combination with biological treat-
ment. Membrane bioreactors (MBRs) are
processes, in which MF or UF membranes are
placed submerged in the reactor, where biologi-
cal growth occurs. MBRs have gained significant
attention for reclaimed wastewater treatment
because of the membranes’ function, which
ensures that the sludge required for biological
treatment remains in the reactor and limits the
solid amount of the effluent.

Apart from the aforementioned technologies,
treatment processes that can be used actively are
classified as advanced oxidation processes
(AOPs). Generally, AOPs are the processes, in
which oxidising chemicals are added to form
oxidative species such as hydroxyl radicals.
These species have unpaired electrons on their
valence orbital, which can react with the bonds of
recalcitrant compounds and degrade them into
less toxic compounds. Chlorination, UV irradia-
tion, ozone is also classified as AOPs, mainly
used in combinations to degrade recalcitrant
organic pollutants. In addition, Fenton like pro-
cesses, photocatalytic processes, ultrasonic
treatment, electrooxidation, and cold plasma
technologies can be used according to the type of
pollutant (i.e., phenol-based, long-chain). The
reaction to produce active species (i.e., HO∙,
HOO∙, O3

−∙) via ozone, H2O2 + UV, Fenton,
TiO2 photocatalytic reactions, ultrasonic, per-
sulfate are given in Eqs. (9.2)–(9.11), (9.6)–
(9.7), (9.8)–(9.10), (9.11), (9.12), respectively
[45, 46].

O3 þOH� ! HO�
2 þO2 ð9:2Þ

O3 þHO�
2 ! HO2 � þO�

3 � ð9:3Þ
O�

3 � þHþ ! HO3� ð9:4Þ
HO3� ! �OHþO2 ð9:5Þ

H2O2 þUV ! 2 � OH ð9:6Þ
H2O2 þ � OH ! HO2 � þH2O ð9:7Þ

Fe2þ þH2O2 ! Fe3þ þ � OHþOH� ð9:8Þ
Fe3þ þH2O2 ! Feþ 2 þHOO � þHþ ð9:9Þ

H2O2 ! �OHþHOO � þH2O ð9:10Þ
TiO2 þUV ! e� þ hþ ð9:11Þ
H2OþUS ! �OHþH� ð9:12Þ

9.8 Sewage Sludge Management

Sewage sludge is formed as a by-product in
biological wastewater treatment plants in form of
slurry or semisolid and requires appropriate
handling and disposal. Sewage sludge is gener-
ally classified as primary and secondary sludge,
generated from primary and secondary settling
tanks, respectively. The primary sludge com-
monly comprises inorganic sedimentations and
chemical precipitations, while secondary sludge
is generally composed of organic compounds,
nutrients, pathogens, and many other contami-
nants, and requires sophisticated treatment and
management strategies [47]. Recently, rapid
urbanisation has led to an increase in the number
of treatment facilities required, resulting in a
large volume of sewage sludge. The general
layout of a sludge treatment system from bio-
logical wastewater treatment plants includes
thickening, digestion, dewatering and drying
processes.

Thickening is the first process applied in
sludge management, where the solid settles
mostly by gravity to form a thicker sludge
because of its easiness and ability to lower the
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cost of other possible processes. Raw sludge
collected in wastewater treatment plants contains
a large amount of water. Therefore, the sludge
thickening method is generally used before
sending the sludge to further units such as the
stabilization and conditioning units. Sludge with
low solids content (about 4–6%) from primary
and secondary treatment are kept in a cone type
tank, and the solids are compressed to obtain a
sludge with increased solids content of approx.
10% at the bottom [41]. Generally, gravity
sludge thickening units are designed as circular,
and sludge is fed from the middle and has three
distinct zones: (1) supernatant zone, (2) settling
zone, and (3) compaction zone [41]. The clear
water is gathered via tanks’ weirs and sent back
to the entrance of the treatment plant in the
supernatant region. In the settling zone, the
sludge is conveyed towards the compaction zone.
The sludge in this zone is mixed gently, so the
gases formed and water trapped are carried to the
surface. Finally, the compaction zone is com-
pressed by gravity via the mass of the sludge
itself, and compressed sludge is taken from the
lowest centre point of the gravity thickening
tank. In addition to commonly used gravity
thickeners, Dissolved Air Flotation Thickening
(DAF) is a process used to precipitate small-sized
particles that generally have a very long settling
time (i.e., sludges coming from coagulation-
flotation and suspended growth nitrification
processes). As a general expression, thin air
bubbles are introduced into the liquid in DAF,
causing the solids to float. Except for gravity
thickeners and DAF units, centrifugal thickeners,
gravity belt thickeners, and rotary drum thick-
eners are the generally applied processes for
sludge thickening before sending to sludge sta-
bilization and conditioning processes.

The sludge coming out of the thickening unit
is stabilized by reducing the offensive smell,
pathogenic bacteria and biodegradable organic
materials. The methods used for sludge stabi-
lization can be summarized as (1) biological
methods (aerobic and anaerobic digestion),
(2) chemical methods (chlorination, stabilization
with lime), and (3) physical methods (thermal
stabilization). Primary and secondary sludge,

which contains a high amount of organic solids,
are mostly treated to decompose by digestion.
Digestion can disinfect the sludge from patho-
gens and also lower the solid mass. Aerobic
digestion is mainly used in small plants and is
similar to the activated sludge process. The
thickened sludge is kept for about 40–60 days
[Sludge Retention Time (SRT)] until biologically
stable solids are obtained [41]. Cell tissues are
highly oxidized in aerobic digesters. The most
significant disadvantage of these facilities can be
the cost due to the necessity of continuously air
supply. In anaerobic digestion, microorganisms
degrade the sludge under anaerobic conditions,
in which methane gas is produced and used for
energy recovery. The sludge from anaerobic
digestion is stable, has no odour, and contains
only low amounts of pathogenic bacteria. For
this reason, anaerobically digested sludge is
suitable for use as soil conditioner in the agri-
culture. Anaerobic degradation takes place in 3
phases involving a series of biochemical reac-
tions: (1) the hydrolysis phase, (2) the acidogenic
phase, and (3) the methanogenic phase [41]. In
the hydrolysis phase, complex carbohydrates,
proteins and lipids are degraded into, e.g.,
monosaccharides, amino acids and long-chain
fatty acids. In the acidogenic phase, the com-
pounds produced in the hydrolysis phase are
degraded into short-chain organic acids, i.e.,
acetic acid, butyric acid, etc.. Finally in the
methanogenic phase, these short-chain organic
acids are converted to methane and carbon
dioxide.

Another stabilization method used in small
wastewater treatment plants is the chemical sta-
bilization. In this process, chlorine, hydrogen
peroxide and ozone are used to reduce odours
and microbial activity. However, it is not applied
in large scale facilities, because the chemical cost
increases when the amount of sludge increases.

The fine particles in the sludge have electro-
static charges and cannot coalesce into bigger
particles due to their zeta potential. Therefore,
sludge conditioning methods are applied to bring
the particles closer together to form flocs with
lower content water in the sludge and are divided
into chemical and physical processes. Lime,
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various coagulants and anionic/cationic polymers
are used in chemical processes. In physical pro-
cesses, applications such as heat treatments,
ultrasonic vibrations and microbial fuel cells are
applied [48–50]. However, the most widely used
method is chemical conditioning. In chemical
conditioning processes, where metal salts are
used, metal hydroxides are formed by neutraliz-
ing negatively charged sludge solids, thus disin-
fecting the sludge and reducing odours [51].
Among the sludge conditioning chemicals, fly
ash provides dewatering of the sludge but sig-
nificantly increases the amount of sludge cake
[52]. In addition, cationic polymers are widely
used among organic polymers, since sludges
mostly have negatively charged particles. In case
of polymers, an increase of the sludge amount is
not observed, as in the case of using metal salts
and ashes.

The disposal of the sludge is done after its free
water is removed. To transport these sludges with
trucks, composting and burning them, sludge
dewatering methods are applied. In natural
dewatering methods, sludge after conditioning is
spread on the land and dried under the sun in
small-scale treatment plants with low amounts of
sludge. These methods are called sludge drying
beds or lagoons. Conventional sand sludge dry-
ing beds consist of layers of gravel and sand with
a perforated pipe on the underside. The free
water of the sludge is filtered and collected from
these pipes. Sludge drying beds, which have
been developed in recent years, are dried with
solar energy [53]. Sludge drying lagoons are
cost-effective and consist of shallow soil basins,
in which supernatant is discharged from the
surface. Disadvantages of sludge drying lagoons
are the odour emission and potential groundwater
contamination. In large-scale plants, mechanical
dewatering systems are used. The most often
applied methods are belt filter press and cen-
trifugal filter press.

Therefore, selecting these processes men-
tioned above for sludge management depends on
sludge amount, treatment costs, and disposal
method. There are several options for the treat-
ment and disposal of the sludge, and these
options should be adapted to local conditions,

where the treatment plant is established. Further,
thermal and hybrid treatment processes such as
incineration, pyrolysis, gasification, microwave
treatment, ultrasonic destruction, enzyme
hydrolysis process, and high-pressure homoge-
nization are also used for sewage sludge treat-
ment and help to reduce the volume of sludge to
be handled. Available options for disposal
include landfilling, composting, incineration,
land application, and production of construction
materials [54, 55].

9.9 Institutional Structures

In residential areas and industry, wastewater
should be collected through sewerage systems
and treated with an appropriate treatment method
for the intended reuse, recovery and final dis-
posal by providing that it does not harm human
health and natural life. Although local govern-
ments usually manage these operations, treat-
ment is carried out by private organisations and
supervised by the local government and central
government in some cities. Thus, private organ-
isations are critical to assist the local government
in managing treatment facilities with several
advantages, such as providing local employment
[56]. Nevertheless, the transfer of responsibility
to the private sector can increase environmental
pollution in the absence of adequate regulatory
controls. Therefore, private organisation partici-
pation in the design, construction, and operation
of wastewater treatment plants is reliable with
government regulations and sanctions.

The agricultural reuse of treated wastewater is
controlled by regulations and guidelines deter-
mined by International Organization for Stan-
dardization, World Health Organization,
European Commission, and the countries them-
selves. These regulations and guidelines control
the quality parameters of treated waters by cate-
gorising them with substances affecting human
health (such as chemicals and disease-causing
microorganisms), agronomic parameters (i.e.,
salinity, toxicity, pH) and physicochemical
properties. For treated wastewaters that meet
specified water quality criteria for irrigation,
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approval must be obtained from local, regional
and national authorities. However, these regula-
tions are often insufficient and differ significantly
from country to country regarding emerging
pollutants [57].

9.10 Final Remarks

The use of sewerage systems is of great impor-
tance in terms of population growth in urban and
suburban areas, the diversity of industrial areas,
and the transportation of wastewater from these
regions and their transmission to treatment
facilities in a way that does not threaten public
health. It is essential to design the sewerage
systems according to the region, where they will
be installed or updated, according to the corro-
sive sewage waters, and adapting the developing
satellite technologies to the sewerage systems
and minimizing the installation and operating
costs. In addition, sewerage systems should be
operated in a way that does not damage the
sewerage system and impair the efficiency of the
treatment plants at the end of the sewer network.
For this purpose, legal arrangements should be
regulated. Thus, efficient operation of treatment
plants should be ensured and, if possible,
advanced treatment technologies should be used
for the reuse of wastewater. New techniques
should be developed to minimize advanced
treatment costs, and the reuse of wastewater
treated with these techniques should be encour-
aged not only for irrigation purposes but also for
various industries.
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10Near-Nature Wastewater Treatment
Methods

Elina Domscheit

Abstract

Constructed wetlands (CWs) are non-
conventional treatment methods that have con-
tinuously been developed into a secure wastew-
ater treatment technology for domestic,
agricultural and industrial wastewater as well
as for runoff and leachate waters. These
nature-based systems have some advantages in
comparison to conventional wastewater treat-
ment plants. Furthermore, CWs are of special
interestwhen it comes to the reduction of climate
change impacts. The main disadvantage of CWs
is the comparatively high surface requirement.
According to their properties, contaminants get
removed via several physical, chemical and
biological removal processes. Furthermore,
CWs perform sufficient removal of emerging
contaminants. CW types can be classified
according to the vegetation type and the flow
pattern within the wetland. In this paper, basic
methods and information about CW design are
given. Further, a substantial literature review on
CWsused for riverwater treatment is conducted.
Generally, satisfying removal efficiencies of
standard parameters and emerging contaminants

are reported, and many authors stated that water
quality could be improved with feasible use of
CW systems. Even though there is compara-
tively less maintenance required, the most
important management activities are assumed.
Finally, the case study of a pre-design FWS-CW
for river water treatment is briefly described.

Keywords

Ecological treatment � Emerging organic
contaminants � Natural and constructed
wetlands � Nutrient removal � Wetland types

10.1 Introduction

Sufficient wastewater treatment is important
when it comes to hygienic and environmental
aspects. Different systems were developed over
time to clean up polluted water. Other than the
conventional wastewater treatment methods,
non-conventional systems have also been set
up. A prominent example of non-conventional
wastewater treatment methods are constructed
wetlands (CWs). In comparison with conven-
tional wastewater treatment systems, CWs gen-
erally convince due to their little environmental
impact, strong adaptability [1], low sludge gen-
eration [2], and good self-purification capacity
[3]. In addition, they provide ecosystem services
and improve ecosystem health. As CWs are
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water treatment systems that require low-cost,
low-maintenance and low-energy, they are of
special interest for implementation in developing
countries and rural areas [4]. Moreover, CWs are
of special interest when it comes to the reduction
of climate change impacts [5]. Due to water
regulation, they are able to improve adaption to
extreme weather conditions such as local floods
and droughts [6], which are more likely to occur
with ongoing climate change [7]. When it comes
to floods, CWs function as water reservoirs and
buffers [8, 9]. In case of droughts, which may
lead to water shortage and thus affect water
supply and agricultural yields [10], CWs can
improve water security and access to water [6],
as they can provide water for non-potable pur-
poses such as irrigation. Reusing treated water
saves valuable drinking water [10]. Furthermore,
CWs capture carbon like natural wetlands, which
store the main part of global soil carbon due to
low decomposition rates in anaerobic soils [11,
12]. In the context of global warming, CWs have
a positive effect on local climate parameters such
as precipitation, temperature and humidity [13].
Vegetation in CWs perform evaporative land-
scape cooling [14], resulting into a decrease of
the overall temperature in CWs for about 2 °C
[15]. Many CWs have the ability to function as
temperature buffer [14]. However, in contrast to
conventional watewater treatment plants, CWs
require a comparatively high surface. A minor
disadvantage is that the choice of plant species is
geographically limited. Even though it can be
prevented by proper management, CWs may
support the breeding of disease producing
organisms and insects and may generate odours
[16]. Furthermore, adjustment of certain condi-
tions as oxygen concentrations is less precise
than in conventional treatment systems.

This paper provides an overview about natural
and constructed wetlands. Different ways of
pollutant removal in CWs are described with
particular focus on emerging contaminants. The
categorization of the different CW types is fur-
ther explained and the basic design parameters

are demonstrated. The various range of use for
CW systems is pointed out and highlights the
utilization of CWs for river water treatment.

10.2 Natural Wetlands

Globally, 12.1 million km2 are covered by inland
and coastal wetlands. Wetlands are defined as
“areas of land where water covers the soil”.
Almost 54% of the world’s wetlands are per-
manently flooded, while 46% are flooded sea-
sonally. The water covering wetlands can have
different properties such as static or flowing as
well as fresh, brackish or saline. The term natural
wetland includes rivers and streams, natural
lakes, peatlands, marshes and swamps for inland
wetlands, and estuaries, mangroves seagrass
beds, coral reefs, coastal lagoons, kelp forests,
coastal karst, and caves for coastal wetlands [11].
Wetlands are highly productive ecosystems that
stand out due to their combination of terrestrial
and aquatic habitats [17]. Therefore, they support
a wide range of biodiversity and are habitat for
water birds [17, 18]. Wetlands play a key role for
migratory species, as they are used as feeding,
breeding and stop-over grounds [17]. With a
view to growth of adapted plants and the devel-
opment of characteristic wetland soils are sup-
ported as a result of present water [19].
Typically, emergent aquatic vegetation such as
cattails, rushes and reeds can be found in wet-
lands [16]. Furthermore, wetlands play an
important role in the water cycle. Flows are
regulated, water is received, stored and released
[11], and groundwater gets recharged [17]. These
regulatory properties can help protecting against
extreme weather conditions such as floods and
droughts [17, 20]. Additionally, wetlands serve
many ecosystem services, which can be divided
into cultural, provisioning and regulating ser-
vices. Cultural services refer mainly to aestheti-
cal and recreational aspects [20], while
provisioning services enclose mainly resourcing
of food and energy. Regulating services are
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mainly provided in the sense of carbon seques-
tration, water purification and water regulation
[11].

10.3 Constructed Wetlands

Constructed wetlands are defined by EPA as
“engineered or constructed wetlands that utilize
natural processes involving wetland vegetation,
soils, and their associated microbial assemblages
to assist, at least partially, in treating an effluent
or other water source” [21]. The vegetation of
CWs is similar to the one of natural wetlands and
can be divided according to their growth beha-
viour referring to the water surface into the three
main categories of submerged, emergent and
floating plants (Fig. 10.1) [14]. Due to the ability
of controlling and adjusting hydraulic parameters
and conditions in a constructed wetland, the
positive qualities of natural wetlands can be
adopted and used in an effective way [16]. CWs
offer a secure and sustainable opportunity to treat
domestic, agricultural, and industrial wastewater
as well as runoff and river waters [2, 22].

10.3.1 Pollutant Removal by CWs

Contaminants get removed in CWs via several
physical, chemical and biological removal pro-
cesses according to their properties. Mechanisms

that contribute to the removal of pollutants are
microbial mediated processes, chemical net-
works, volatilization, sedimentation, sorption,
photo degradation, plant uptake, vertical diffu-
sion in soils and sediments, transpiration flux,
seasonal cycles and accretion [14]. On average,
wetlands can remove 60–95% of known pollu-
tants from industry and households [23].

Physical removal mechanisms include sedi-
mentation, filtration and adsorption, and take
place mainly when water passes through sub-
strate or root masses and in settings, where
gravitational settling can take place. Adsorption
occurs on substrate and plant surfaces [24], as
cited in [16]. Additionally, volatile organic
compounds like pesticides can be removed from
the water by volatilization [23, 25].

Precipitation and chemical decomposition are
the main processes of chemical removal. These
are the main processes responsible for removal of
nutrients as nitrogen and phosphorus as well as
removal of heavy metals and pathogens.
Decomposition happens as UV radiation, oxida-
tion and reduction [24], as cited in [16]. Aerobic
processes are supported by provision of oxygen
through the root-system of the plants [26].

Removal due to biological processes can be
categorized into bacterial and plant metabolism,
plant adsorption, predation and natural die-off
[25]. Plant metabolism and uptake removes
refractory organics. Bacteria and viruses may be
eliminated by toxic root excretions. Nutrients as

Fig. 10.1 Classification of
CW types according to flow
pattern within the wetland and
vegetation type [14]
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nitrogen and phosphorus as well as heavy metals
and refractory organics can be taken up by plants
[24], as cited in [16]. Predation mainly refers to
removal of total suspended solids and pathogens
[24, 25]. Removal due to natural die-off is only
relevant for pathogens [24], as cited in [16].
Nevertheless, bacterial metabolism is the main
factor, when it comes to removal of biodegrad-
able compounds such as colloidal solids, BOD5,
nitrogen and refractory organics in CWs [16, 27].

In case of emerging contaminants, such as
pesticides or pharmaceuticals, the removal effi-
ciency depends on different factors. Often there
is a various set of physical, chemical, and bio-
logical processes involved, which can be influ-
enced by the CW design and the selected
operational parameters [28]. Generally, oxygen
concentration is shown to be one of key factors,
since the best performance took place at of aer-
obic pathways [29]. According to Ding et al. [28]
and Kadlec and Wallace [14], possible removal
factors of antibiotics in livestock wastewater and
pesticides in CWs are adsorption to soil particles
and organic matter, sedimentation of particles,
photo degradation, plant uptake, and biodegra-
dation as well as physicochemical degradation.
Especially “old” pesticides, such as DDT, are
very persistent in the environment and partition
to a relevant amount to particulate matter. In this
case, CWs might rather act as a trap for the
particulate matter than provide any very effective
mechanisms for degradation. In contrast, modern
pesticides degrade faster, and studies have shown
that CWs generally reduce concentrations of
many of these compounds [14]. As mentioned
before, the CW design parameters have a con-
siderable influence on the removal of emerging
contaminants. For example, vegetation, primary
treatment, loading mode (e.g., batch mode) and
specific surface area (m2/Person Equivalent) play
an important role. However, a key parameter in
the removal of emerging pollutants in CWs is the
hydraulic retention time (HRT); the greater the
HRT, the higher the removal efficiencies for most
of the selected compounds. The HRT has espe-
cially an influence on the removal rate of
hydrophobic compounds such as hormones [28].

The most relevant removal factors can be
differentiated between the different types of
emerging contaminants. Non-steroidal anti-
inflammatory drugs (NSAID) such as Ibuprofen
and Diclofenac, which are the most common
drugs used in humans, are negatively charged at
environmental pH. Due to that, the process of
sorption was found to be negligible. Instead, their
removal in CWs can mainly be explained by
biodegradation next to photo degradation. Con-
sequentially, oxygen is a key parameter affecting
the removal rates next to water depth. For lipid
regulator drugs and anti-epileptic agents such as
Carbamazepine and Clofibric acid, HRT has the
greatest influence on removal efficiencies [29].
Masi et al. [30] found up to 100% removal rates
of oestrogens in hybrid systems. Removal
mechanisms for these compounds in CWs are
mainly associated with sorption by organic mat-
ter due to its high hydrophobicity, next to biofilm
interaction [29, 30]. According to Matamoros
and Bayona [29], removal of oestrogen could be
improved by an increase in HRT, since it might
increase the interaction time.

10.3.2 CW Types

The different CW types are divided into surface
and subsurface flow CWs [22]. Surface flow
CWs can further be grouped due to the vegeta-
tion type, while subsurface flow CWs can addi-
tionally be classified according to the flow
direction into horizontal and vertical subsurface
flow CWs (Fig. 10.1). These CW types can be
joined with each other in hybrid systems in order
to combine the particular advantages of each CW
type [31]. In few cases, floating treatment wet-
lands are used [32].

10.3.2.1 Free Water Surface CWs
Free water surface CWs (FWS-CWs) are defined
as “wetland systems, where the water surface is
exposed” [33]. Typically, FWS-CWs are per-
formed as shallow basins or channels with veg-
etated soil [16, 25]. Implementation for treatment
of river water or channels can be operated as off-
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stream or on-stream system. Subsurface barriers
like silty soils prevent seepage and keep water
above the soil [6, 16]. The water to be treated
flows in a horizontal pattern through the vege-
tation and top soil from an inlet to an outlet point
(Fig. 10.2) [6, 25]. In very few cases, there is no
effluent due to evapotranspiration and infiltration
within the wetland [25]. Short circuiting is min-
imized by the shallow water depth, low flow
velocity and the presence of plants [16]. FWS-
CWs display the CW type that mimics the
hydrologic regime of natural wetlands the most
[25]. As this treatment system has its highest
efficiency during warmer periods [23], FWS-
CWs fit best for warm climates [31].

FWS-CWs are distinguished by their process
stability and ability to tolerate fluctuating water
levels and nutrient loads. They perform effective
treatment with e.g., high reduction of BOD5 and
solids and moderate removal of pathogens [31].
Due to the passive treatment, mechanical and
technical equipment as well as energy and skilled
operator needs can be minimized [33]. Besides,
the use of chemicals like coagulants is not nee-
ded. Additionally, FWS-CWs can be built with
local materials [31] and are less expensive to
construct than other CW types. Another advan-
tage is that this wetland technology produces
only small quantities of sludge [33]. Therefore,
sludge treatment and disposal is not necessary.
Furthermore, FWS-CWs stand out due to their
possible multiple purpose use. FWS-CWs are
flora and fauna habitats. Besides, they can be

used as a park and for educational, aesthetical as
well as for recreational purposes. Next to that the
effluent might be reused e.g., for irrigation [25].

But, land requirements are high for FWS-
CWs [25]. Therefore, this CW type is most cost
effective in regions, where suitable areas are
available for reasonable prices [33]. Next to that,
starting time for FWS-CWs is long before they
operate at full capacity. The created wetland area
may promote mosquito breeding [31], and faecal
coliforms are introduced into the area by birds
and other wildlife. In contrast to renewable
removal of biodegradable contaminants, pollu-
tants like phosphorus and metals are bound in the
wetland sediments and accumulate over time
[33].

10.3.2.2 Horizontal Subsurface Flow
CWs

A horizontal subsurface flow CW (HSSF-CW)
consists of a filter bed, filled with gravel, sand or
soil, and is planted with wetland vegetation
(Fig. 10.3). From the inlet point, the water to be
treated flows horizontally beneath the surface of
the bed media passing plant roots and rhizomes
to the outlet point [14]. This subsurface flow
avoids mosquito problems as they might be
found in FWS-CWs [7]. Furthermore, the risk of
human or animal exposure to pathogenic organ-
isms is minimized [14]. As the porous filter
medium provides a greater contact surface for
treatment processes, HSSF-CWs require less land
compared to FWS-CWs [31].

Fig. 10.2 Cross section of a free water surface constructed wetland planted with reed [34]
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10.3.2.3 Vertical Subsurface Flow CWs
Vertical subsurface flow constructed Wetlands
(VSSF-CWs) are typically sand or gravel beds,
planted with wetland vegetation (Fig. 10.4) [14].
The water to be treated is intermittently applied
across the surface of the filter medium and then
percolates vertically through the root zone of the
plants towards a drainage system at the bottom
[35]. Due to the intermittently loading, the flow
in VSSF-CWs is unsaturated, which leads to
higher oxygen transfer to the filter medium
compared to HSSF-CWs [32]. This set up results
into smaller area requirement but higher con-
struction and operation costs. VSSF-CWs start
running quickly and operate better than FWS-
CWs under cold weather conditions [36].

10.3.3 Constructed Wetlands Design

Before starting a calculation for CW design, the
following general information should be deter-
mined according to Kadlec and Wallace [14]:

• inlet concentrations and flows,
• target concentrations (regulatory limits and

allowable exceedance factors),
• allowable inflow and seepage rates,
• rain, evapotranspiration and temperature ran-

ges for the project site,
• wetland type (FWS or SSF).

The specific input data necessary for the cal-
culative step of the CW design is shown in
Table 10.1. The presented values are

Fig. 10.3 Cross section of a horizontal subsurface flow constructed wetland planted with reed [34]

Fig. 10.4 Cross section of a vertical subsurface flow constructed wetland planted with reed [34]
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differentiated between suggested literature values
and site-specific values.

The required area for the wetland system can
be calculated in two ways. One option is to
identify the area according to the maximum
BOD5 loading rate (see Table 10.1). To do so,
the BOD5 load of the influent needs to be put in
relation to the maximum BOD5 loading rate
receiving the minimum CW area required for
water treatment:

ACW ¼ BBOD5; in

BBOD5;max

where:

ACW minimum CW area ha½ �
BBOD5; in BOD5 load of influent kg=d½ �
BBOD5;max maximum BOD5 loading rate kg=ðha � d½ Þ�

According to EPA [37], a safety factor should
be applied for buffers and setbacks. Conse-
quently, the resulting area is calculated by mul-
tiplication of the determined CW area with the
safety factor.

In an additional step, the corresponding
hydraulic parameters should be calculated in
order to match them with suggested hydraulic
parameters given in the literature. To do so, the
hydraulic residence time (HRT), (Eq. 10.1), and

the hydraulic loading rate (HLR), (Eq. 10.2)
should be determined for the resulting area
according to the following formulas [14]:

HRT ¼ ACW;s � e � h
Qin

ð10:1Þ

where:

HRT hydraulic residence time [d]
ACW;s CW area including safety factor [m2]
e porosity [−]
h water depth [m]
Qin daily inflow [m3/d]

HLR ¼ Qin

ACW;s
ð10:2Þ

where:

HLR hydraulic loading rate [m3/(ha * d)]
Qin daily inflow [m3/d]
ACW;s CW area including safety factor [ha]

Alternatively, the area can be conducted
according to the hydraulic loading rate e.g., in
cases when the hydraulic parameters do not
match with literature values after CW design
according to BOD5 loading rate. To do so, an
HLR suggested in the literature can be applied.

Table 10.1 Summary of
the required input data for
CW design (suggested
literature values and
necessary site-specific
values). The site-specific
values need to be measured
on site

Unit Value Source

Literature values

Depth m 0.75 [37]

Porosity – 0.65 [37]

Max. BOD5 loading kg/(ha * d) 80 [38–40]

Area safety factor – 1.3 [37]

Max. HLR* (FWS-CW) L/(m2* d) 100 [25, 40–42]

Max. HLR* (VSSF-CW) L/(m2* d) 200 [7]

Basin geometry (aspect ratio) – 1:4 [23, 37]

Site-specific values

Inflow m3/d Must determined

Inlet BOD5 concentration mg/L Must determined

Inlet BOD5 load kg/d Must determined
* HLR: Hydraulic loading rate
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Afterwards, the safety factor according to EPA
[37] should be applied with reference to the
minimum CW area (Eq. 10.3).

ACW ¼ 1
HLR

� Qin ð10:3Þ

where:

ACW minimum CW area [ha]
Qin daily inflow [m3/d]

Depending on the inlet water quality, a pre-
treatment might be considered. The given cal-
culations refer to the design of a single reactor.
For better treatment performance, the “sequential
model” approach should be used considering
three different zones. Furthermore, when con-
ducting the CW design more detailed, attention
should be paid to implementation of the system
in multiple parallel trains. In the best case, it
should consist of three parallel trains in order to
have the possibility to remove any single zone of
one train from service and transfer its inflow to
the same zone kind of a parallel train [37].

10.3.4 CWs for Wastewater
and Leachate Treatment

Nowadays, CWs for municipal wastewater
treatment are most often restricted to small
communities due to their high land area
requirements. Nevertheless, they provide a
nature-based solution for wastewater treatment
and are often used as “polishing” step after
wastewater treatment in a conventional treatment
plant. Generally, a pre-treatment with conven-
tional processes is advised in order to avoid
potential solids or oxygen demand overload.
However, CWs may be used to perform all the
functions of secondary treatment and higher [14].

CW systems might also be used for the
treatment of industrial wastewater. Especially
industries that produce wastewater, which is high
in biodegradable organic and nitrogen content,
such as potato, wine, olive oil, sugar, starch,

alcohol, and meat processing industries, are
potential users of CWs [14].

Using sanitary landfills for solid waste dis-
posal entailsx the treatment and disposal of liquid
leachates. Modern landfills are lined and thus
enable the collection of leachate. The collected
water can differ widely in chemical composition
due to the various natures of solid waste, age
differences as well as differences in decomposi-
tion and taken place reactions within the landfill
[14]. However, studies have shown sufficient
removal efficiencies of leachates with the help of
CW systems [43].

10.3.5 CWs for River Water
Treatment

CWs offer a secure and sustainable opportunity
to treat raw domestic, agricultural and industrial
wastewater. Next to that, they are used for
effluent polishing as well as for treatment of
runoff and river waters [2, 22]. A literature
review on CWs used for river water treatment
was conducted (Table 10.2). It revealed that
mainly the free water surface type or hybrid
systems are used. However, also horizontal
subsurface flow CWs as well as vertical subsur-
face flow CWs were applied. Generally, satisfy-
ing removal efficiencies of standard parameters
were reported, and many authors stated that the
river water quality could be improved with fea-
sible use of a CW system. Next to that, Zheng
et al. [44] reached removal rates of approx. 20%
for four phthalic acid esters (PAEs).

In CWs used for treatment of river water, free
floating, emergent as well as submerged plants
have been used. Phragmites australis and Typha
latifoliawere used most often [44–53]. In addition,
Typha spp., Typha orientalis, Phragmites com-
munis, Sparganium erectum, Juncus effuses, Carex
elata, Chrysopogon, Lythrum salicaria L., Iris
pseudacorus L., Salix integra and Dactylis glom-
erata were utilized in some of the studies. Planting
densities differ from less than 5% of surface cov-
erage [54] up to 90% surface coverage [55].

122 E. Domscheit



Ta
b
le

10
.2

C
ol
le
ct
io
n
of

re
le
va
nt

pa
ra
m
et
er
s
of

C
W

sy
st
em

s
us
ed

fo
r
tr
ea
tm

en
t
of

ri
ve
r
w
at
er

(F
re
e
w
at
er

su
rf
ac
e
=
FW

S,
H
or
iz
on

ta
l
su
bs
ur
fa
ce

flo
w

=
H
SS

F,
ve
rt
ic
al

su
bs
ur
fa
ce

flo
w

=
V
SS

F,
su
bs
ur
fa
ce

fl
ow

=
SS

F)

C
W

ty
pe

L
oc
at
io
n

C
on
st
ru
ct
io
n
an
d

op
er
at
io
n

R
em

ov
al

ra
te
s

So
ur
ce

FW
S-
C
W

Ji
na
n,

N
or
th

C
hi
na

•
M
ed
ia
:
w
as
he
d
ri
ve
r

sa
nd

(p
ar
tic
le

si
ze

<
2
m
m
,
m
ai
nl
y

Si
2O

3,
A
l 2
O
3,
an
d

Fe
2O

3)
•
5
w
et
la
nd

un
its

w
ith

in
fl
ow

of
20

L
,

re
sp
ec
tiv

el
y

T
N

re
m
ov
al

pe
r
m
ec
ha
ni
sm

:
8.
4–
34
.3
%

(p
la
nt

up
ta
ke
)

20
.5
–
34
.4
%

(s
ed
im

en
t
st
or
ag
e)

0.
6–
1.
9%

(N
2O

em
is
si
on
)

ca
.
2.
0–

23
.5
%

(n
itr
ifi
ca
tio

n
an
d

de
ni
tr
ifi
ca
tio

n)

[5
1]

FW
S-
C
W

N
or
th
-e
as
t
It
al
y

•
In
-s
tr
ea
m

•
Fl
oa
tin

g
C
W

M
ed
ia
n:

C
O
D
:
66
%

B
O
D
5:
52
%

T
P:

65
%

[4
8,

50
]

FW
S-
C
W

H
o-
B
ou
-Y

u
D
ra
in
ag
e,

T
ai
w
an

•
1.
55

ha
•
M
on
th
ly

av
er
ag
e
in
fl
ue
nt

fl
ow

ra
te
:
3,
67
2–

5,
35
2
m

3 /
d

•
5
zo
ne
s
in

se
ri
es

A
ve
ra
ge
:

B
O
D
5:
36
.9
%

N
H
4-
N
:
47
.1
%

T
SS

:
71
.8
%

[5
5]

SS
F-
C
W

Ji
nh
e
R
iv
er
,
T
ia
nj
in
,
C
hi
na

•
In
fl
ow

:
0.
16

L
/m

in
•
7
�

0.
19
6
m

2
in

su
rf
ac
e

ar
ea

•
D
ow

n-
fl
ow

w
et
la
nd

un
it
+
up
-fl
ow

w
et
la
nd

un
it

•
M
ed
ia
:
co
ar
se

gr
av
el
,

sh
al
e,

PH
PB

M
ea
n:

C
O
D
:
35
%

N
O
3-
N
:
50
.4
2%

N
H
4-
N
:
71
.2
5%

T
N
:
64
.8
5%

SR
P*

:
67
.3
4%

T
P:

61
.2
4%

[5
6]

H
SS

F-
C
W

H
ai

R
iv
er
,
T
ia
nj
in
,
C
hi
na

•
55

ch
am

be
rs

in
pa
ra
lle
l

(e
ac
h

31
m

�
20

m
�

0.
8
m
)

•
D
ai
ly

tr
ea
tm

en
t
ca
pa
ci
ty
:

17
0
m

3

•
H
yd
ra
ul
ic

re
te
nt
io
n
tim

e:
24

h
•
V
eg
et
at
io
n:

P
hr
ag
m
ite
s

au
st
ra
lis

D
M
P*

:
19
.3
2%

D
E
P*

:
19
.1
8%

D
B
P*

:
19
.4
0%

D
E
H
P*

:
48
.5
6%

PA
E
s*

in
w
at
er
:
35
.3
8–
64
.9
2%

PA
E
s
in

so
il:

1.
02

–
31
.3
3%

PA
E
s
in

pl
an
t:
0.
85

–
36
.5
4%

PA
E
s
in

ai
r
an
d
bi
ol
og
ic
al

tr
an
sf
or
m
at
io
n:

2.
72
–
33
.2
1%

[4
4]

(c
on

tin
ue
d)

10 Near-Nature Wastewater Treatment Methods 123



Ta
b
le

10
.2

(c
on

tin
ue
d)

C
W

ty
pe

L
oc
at
io
n

C
on
st
ru
ct
io
n
an
d

op
er
at
io
n

R
em

ov
al

ra
te
s

So
ur
ce

V
SS

F-
C
W

L
on
gd
ao

R
iv
er
,
B
ei
jin

g,
C
hi
na

•
In
fl
ow

:2
00

m
3 /
d
(1
,2
5%

of
ri
ve
r
ru
no
ff
)

•
O
ff
-s
tr
ea
m

•
60
2
m

2

•
M
ed
ia
:
na
tu
re

so
il

A
nn
ua
l
m
ea
n:

B
O
D
5:
87
.2
%

C
O
D
:
81
.8
%

T
SS

:
85
.1
%

T
P:

98
.8
%

N
H
3-
N
:
77
.4
%

[4
5]

V
SS

F-
C
W

O
ld

C
an
al

of
Z
he
nj
ia
ng
,
C
hi
na

•
H
yd
ra
ul
ic

lo
ad
in
g:

ap
pr
ox
.
75
0
m
m
/d

C
O
D
:
50

–
60
%

T
N
:
40

–
50
%

T
P:

30
–
40
%

[5
7]

H
yb
ri
d:

FW
S-
C
W

+
SS

F-
C
W

C
lo
se

to
co
nfl

ue
nc
e
of

an
ur
ba
n
st
re
am

to
a
la
rg
er

ri
ve
r
in

X
i’
an
,
C
hi
na

•
A
ve
ra
ge

su
rf
ac
e
lo
ad
in
g:

0.
05
3
m

3 /
(m

2 *
da
y)

•
M
ed
ia
:l
oc
al
gr
av
el
,s
an
d

or
sl
ag

•
O
ne

ye
ar

op
er
at
io
n

C
O
D
:
72
.7
%

±
4.
5%

B
O
D
5:
93
.4
%

±
2.
1%

N
O
3-
N
:
54
.0
%

±
6.
3%

T
N
:
53
.9
%

±
6.
0%

T
P:

69
.4
%

±
4.
6%

[4
6]

H
yb
ri
d:

Fi
lte
r
be
ds

+
FW

S-
C
W

Pi
ng
tu
ng
,
T
ai
w
an

Fi
lte
r
be
d:

•
6
�

29
m

2

•
6
�

1,
00
0

m
3 /
d

FW
S

C
W
:

3
�

3
ha

M
ea
n:

B
O
D
5:
83
%

±
15
%

SS
:
81
%

±
25
%

N
H
4+
:
61
%

±
28
%

[5
8]

H
yb
ri
d:

Fl
oa
tin

g-
be
d
C
W

+
H
SS

F-
C
W

+
FW

S-
C
W

Y
ito

ng
R
iv
er
,
C
ha
ng
ch
un
,
C
hi
na

•
Se
qu
en
tia
ls
er
ie
s
sy
st
em

s
•
D
es
ig
ne
d
ca
pa
ci
ty
:
10
0

m
3 /
d

•
H
yd
ra
ul
ic

lo
ad
:
0.
10

m
3 /

m
2 d

•
H
yd
ra
ul
ic

re
te
nt
io
n
tim

e:
ap
pr
ox
.
72

h

A
ve
ra
ge
:

C
O
D
:
74
.7
9%

N
H
4+
-N

:
80
.9
0%

T
N
:
71
.1
2%

T
P:

78
.4
4%

SS
:
91
.9
0%

[5
9]

SR
P:

so
lu
bl
e
re
ac
tiv

e
ph
os
ph
or
us
,
D
M
P:

di
m
et
hy
l
ph
th
al
at
e,

D
E
P:

di
et
hy
l
ph
th
al
at
e,

D
B
P:

di
-n
-b
ut
yl

ph
th
al
at
e,

D
E
H
P:

bi
s(
2-
et
hy
lh
ex
yl
)
ph
th
al
at
e,

PA
E
s:
Ph

th
al
at
e
ac
id

es
te
rs

124 E. Domscheit



10.3.6 Wetland Operation,
Maintenance
and Management

One advantage of CW systems is that there is
generally only infrequent operational control or
maintenance required due to their design and
construction. However, there are some activities
that should be executed daily, such as the mon-
itoring and adjustment of flows, water levels,
inflow and outflow water quality, and biological
parameters [14].

Especially for FWS-CWs, skilled operator
needs can be minimized, since the systems
experience minimal ecological changes due to
the conservative design, passive treatment and
simple mechanical controls [14, 33]. In contrast,
maintenance of HSSF-CWs and VSSF-CWs is
more problematic, since HSSF-CWs require
regular bed maintenance throughout the lifetime
of the system, and VSSF-CWs depend on
loading-and-resting regimes to maintain hydrau-
lic conductivity, unless lightly loaded. Opera-
tions and maintenance activities that need to be
conducted less frequently are, e.g., the repair of
pumps and water control structures, vegetation
management, pest control and removal of accu-
mulated mineral solids.

To enable maintenance, CWs require access
facilities such as dikes and berms, which need
maintenance and mowed [14].

10.4 Case Study “Oued Hamdoun”
River

In many countries, rivers are the main sources of
pollutant transport to the sea. On the one hand,
this is a serious threat to the river and marine
ecosystem. On the other hand, it might be a
concern for public health and tourism develop-
ment, in case the sea discharge is located close to
beaches, as it is the case at the Hamdoun River.
The Hamdoun River is located on the east coast
of central Tunisia at the Gulf of Hammamet and
in the south of the City of Sousse. The river
water quality is affected by the discharge of five
wastewater treatment plants, industrial

wastewater, untreated wastewater, surface runoff
and illegal disposed wastes along river side.
During summer months, more than half of the
river discharge has its origin in the discharge of
the wastewater treatment plants [60]. Because of
polluted river water, the beaches near the river
mouth had to be closed for bathing in several
years resulting into serious economic constraints
[61]. A case study was carried out to pre-design a
FWS-CW in order to clean up the river water.
Since the estimated calculated hydrograph of
Hamdoun River shows clear fluctuation over the
year, the 85% percentile value of 375,645 m3/d
was used according to ATV-DVWK [62] in
analogy to the design of conventional WWTPs.
Additional positive effects could be the possible
reuse of the effluent water for irrigation and the
establishment of a green area, which could also
be used for educational purposes [63].

10.5 Conclusions

Because of their wide range of applications,
constructed wetlands are very suitable for
wastewater, river water and leachate treatment.
They are also cost-effective and require hardly
any energy. They show sufficient removal rates
for standard pollution parameter as well as for
emerging contaminants. Furthermore, in com-
parison with conventional wastewater treatment
plants their little environmental impact, strong
adaptability, low sludge generation and good
self-purification capacity can be highlighted. In
addition, CWs require low maintenance with
generally mostly infrequent operational control
requirements. One major disadvantage is the
need for comparatively large land surfaces. The
utilized vegetation in CWs is similar to the one of
natural wetlands. Generally, pollutants get
removed via several physical, chemical, and
biological removal processes during their pas-
sage through the CW system. With regard to the
removal of newly emerging pollutants, the oxy-
gen input and thus the oxygen concentration is
often a limiting factor.

CWs are often divided into different types
according to their flow characteristics and can be
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combined to form so-called hybrid systems.
FWS-CWs are characterised by their process
stability and ability to tolerate fluctuating water
levels and nutrient loads. This also leads to the
fact that for FWS-CWs less maintenance is
needed. But, FWS-CWs require more land. CWs
that are used for sufficient river water treatment
can be found frequently in China. Here, mostly
FWS and hybrid systems are applied.
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11An Overview of Process
and Technologies for Industrial
Wastewater and Landfill Leachate
Treatment

Marcelo A. Nolasco, Gabriela Ribeiro L. da Silva,
and Vitor Cano

Abstract

Industrial development and high urbanization
are responsible for several environmental
problems, as the effluents generated cause
disturbances to the ecosystems and risks to
people's health due to the release of pollutants
that are not properly treated. Based on the
nature of wastewater, quantitative and quali-
tative aspects, different types of technologies
or combinations of them are necessary and
should be used before final disposal. Thus, to
address the wastewater (industrial and landfill
leachate) is fundamental to design a suitable
treatment process. The combination of differ-
ent processes and technologies in a general
manner can provide advantages over a single
technology or a single process itself. To
ensure the safety, efficacy and quality of the
treated wastewater, laboratory and pilot scale
tests should be deeply explored in order to

improve the performance of the process
already applied at full scale or for the
development of a new treatment system.

Keywords

Bioprocess engineering � Biological
wastewater treatment � Physicochemical
treatment

11.1 Introduction

Fast urbanization growth rates and the increase of
resources demand for the global population
needs are responsible for the most of environ-
mental problems, causing ecosystems degrada-
tion and an increase of global risks [1]. The
significant increase in the volume of industrial
wastewaters and leachates from landfills puts the
environment's self-cleaning capacity at risk. Due
to the need to treat wastewater before disposal,
various methods and technologies were devel-
oped, such as biological treatment, natural sys-
tems, and physicochemical process [2]. Since the
1980s, several physical, chemical, and biological
technologies have been reported such as flota-
tion, precipitation, oxidation, air stripping,
adsorption, ion exchange, membrane filtration,
electrochemically assisted process, biodegrada-
tion, and phytoremediation [3, 4].

So far, there is no direct answer regarding the
best methods, because each treatment has its own
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advantages and disadvantages not only in terms
of financial aspects but also of efficiency and
feasibility for different types of wastewater and
their environmental impacts (energy and carbon
footprint). In general, pollutant removal is carried
out by physical, chemical and biological process,
usually using a combination of different methods
and techniques to achieve the desired effluent
quality[5–8].

11.2 Leachates from Landfills

The prioritization of urban solid waste disposal
in landfills leads to an increase in the generation
of highly polluted liquid material called percolate
or leachate. Globally, 37% percent of solid waste
is disposed of in some form of landfills [9–11].
Even after shutting down the landfill, organic
waste continues to degrade over time, gas emis-
sion and leachate percolation continues to occur,
contaminating air, soil, surface and groundwater
[12, 13].

Landfill leachate is characterized by having
high concentrations of recalcitrant and xenobiotic
compounds, organic matter including humic and
fulvic acids, ammoniac nitrogen, heavy metals,
organochlorines and inorganic salts [14].
Emerging and persistent compounds, such as
endocrine disrupting chemicals, pharmaceuticals,
and personal care products that show adverse
effects on aquatic species in receiving waters and
human health are also found in landfill leachates
[15–17]. However, the characteristics of the
leachate is subject to the following variables:
characteristics and depth of landfilled waste,
degree of decomposition, climate conditions,
season of the year, age of the landfill, type of
landfill operation, and landfill location. All these
must be taken into account, when choosing a
system for leachate treatment [18].

The variation of characteristics is mainly
related to the landfill’s age, which occurs due to
the phenomena of waste digestion during the
aerobic stages, followed by the anaerobic ones
with the acetogenesis and methanogenesis, until
reaching the stabilization of the compounds
present in the leachate. Thus, both pH and high

molecular weight recalcitrant compounds pro-
gressively increase, and consequently the con-
centrations biodegradable compounds decrease
[18, 19]. Due to the leachate characteristics,
removal of organic material and ammonia nitro-
gen along with other toxic compounds are the
main treatment goals [20]. Knowledge about the
biodegradability level of the leachate supports
the choice of treatment technology and
processes.

The biodegradability of landfill leachate is
quantified through the BOD (biological oxygen
demand), COD (chemical oxygen demand) and
their ratio. A broad range of BOD/COD ratio
between 0.05 and 0.7 is found for landfill lea-
chates, while lower values indicate high propor-
tion of recalcitrant compounds (typical for old
landfills). Recalcitrant organic matter consists of
compounds resistant to biodegradation, and they
usually persist and accumulate in the environ-
ment, but they are not necessarily toxic to
microorganisms, such as humic and fulvic acids
[21–26]. Furthermore, the COD/TOC ratio (total
organic carbon) indicates the average oxidation
state of carbon in organic compounds. In landfill
leachates, it tends to decrease as the age of the
different landfills increase. Higher COD/TOC
ratios around 4 are observed for young landfills,
while ratios around 2.7 are found for old land-
fills, indicating higher oxidization state of the
organic carbon, meaning less readily available
energy for microbial growth [27–29].

It is well known that technologies based
solely on biological treatment are not successful
options for the efficient removal of recalcitrant
organic matter from landfill leachates. [30].
Thus, specific treatment goals and conditions of
the landfill leachate must be considered to avoid
problems, such as high maintenance and opera-
tion costs and low efficiencies [12].

11.3 Industrial Wastewater

The use of water by industry can occur in dif-
ferent ways, such as (i) washing machines, pipes,
and floors, (ii) water for cooling systems and
steam generators, (iii) water used directly in the
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stages of the industrial process, and (iv) for
sanitary services of employees. Except for the
volumes of water incorporated into the products
and the evaporation losses, the wastewater may
offer risks to the environment due to contami-
nation by residues from the industrial processes
or due to high temperature. For these reasons,
there is no need to emphasise that industrial
wastewater must be treated in advance at all costs
before it is discharged into a municipal wastew-
ater treatment plant or even untreated into the
environment in order to prevent irreparable
damage to aquatic systems [1].

Water pollution can be defined as any physi-
cal, chemical or biological alteration of a water
body, capable of exceeding the standards estab-
lished for that water body [31]. Traditionally, the
main groups to be considered are physical
materials (solids in suspension) or forms of
energy (calorific and radiation), chemical mate-
rials (dissolved substances or substances with
potential solubilization) and biological material
(flora and fauna) [2].

Pollution originates from losses of energy,
products, and raw materials, and due to ineffi-
ciency of industrial processes. The use of end-of-
pipe techniques is the worst ones of all solutions
and, therefore, also no longer up-to-date. Indus-
try is challenged to make industrial wastewater
treatment more efficient and to expose it to
modern processes. This is not least a competitive
issue, where improving production efficiency is
also a matter of survival on the market. Industrial
efficiency is also the first step towards environ-
mental efficiency. Pollution by industrial liquid
effluents must be initially controlled by reducing
losses in processes, including the use of more
modern processes, optimized general arrange-
ments, reduction of water consumption including
washing of industrial equipment and floors,
reduction of product losses and discharging these
or raw materials into the collecting network.
Maintenance is also critical to reducing losses
from leaks and waste power. In addition to ver-
ifying the efficiency of the process, one must
question whether this is the most modern, con-
sidering its technical and economic feasibility.

11.4 Treatment Technologies
for Leachates and Industrial
Wastewaters

Many technologies are available for the treatment
of landfill leachates and industrial wastewaters,
including conventional/consolidated ones,
emerging technologies and hybrid processes.
These technologies are based on biological pro-
cesses, chemical processes, separation techniques
and some hybrid processes, such as nature-based
systems and bioelectrochemical technologies.
The decision for the most suitable technology
should consider, among other things, the rela-
tionship between technical and economical fea-
sibilities, volume and composition of the
wastewater and permits as well as regulation and
operating capacity.

11.4.1 Biotechnological Processes

In the biological processes, biodegradation of
compounds occurs due to the action of
microorganisms that degrade organic compounds
into carbon dioxide (CO2) in aerobic processes.
Under anaerobic conditions, biogas is generated,
which is a mixture that mainly comprises
methane (CH4), CO2 and hydrogen sulphide
(H2S) [32–35].

Biological processes show good efficiency in
removing carbonaceous organic matter in
wastewater, when BOD5/COD ratio is greater
than 0.5, for both leachate and industrial
wastewater [14]. In addition, microorganisms can
remove also nitrogen based on nitrification–
denitrification, commonly processes in the elim-
ination of nitrogenous compounds from
wastewaters. However, biological treatments are
vulnerable and hampered by toxic substances
and/or the presence of refractory organic com-
pounds [21].

11.4.1.1 Moving Bed Biofilm Reactor
(MBBR)

The moving bed biofilm reactor (MBBR) is a
biological technology aiming at the development
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of compact and highly efficient wastewater
treatment plants (WWTP), combining the pro-
cesses based on the use of attached and sus-
pended biomass [36–38]. Its operation is
characterized using suspended porous polymers
with densities lower than water. They are kept in
free and continuous movement within a tank,
normally aerated, with biofilm growth on their
surface [30, 39, 40]. MBBR can be deployed
either as a new standalone WWTP or as adap-
tation on an activated sludge system already in
operation [41].

The concept of the system is based on the use
of the support medium to create a surface area for
the development of adhered biomass and conse-
quently increase in sludge retention time. The
biomass increase provided by the support med-
ium allows for increased decomposition of car-
bonaceous organic matter and transformation of
nitrogenous compounds, reducing the volume
needed for treatment [38, 41]. The agitation of
the support medium increases the exposure and
contact of the biofilm with the suspended liquid
mass [41]. In the case of aerobic systems, the
support material is kept in motion by the flow of
air injected into the tank, while in the case of
anaerobic/anoxic systems a stirrer is used [38,
42]. An important feature of the support medium
is its surface available for biofilm growth. The
movement of carriers inside the reactor causes
frequent collisions, resulting in loss of biomass
adhered to the external face [38, 42].

One of the main reference parameters of the
carriers is the specific surface area, which is
given by the ratio between the total surface area
and the volume [42, 43]. The importance of this
parameter stems from the relationship it provides
between the amount of support medium inside
the reactor and the potential amount of adhered
biomass [41]. Thus, the rate of degradation of
organic matter and nitrification can proportion-
ally be associated with the specific surface of the
support medium used [22, 25]. However, for
very high specific surface values, the gains in
system performance are less accentuated since it
is limited by mass transfer [23].

The MBBR is versatile and can be applied in
different situations, such as aerobic, anaerobic or
anoxic treatment, and with the objective of oxi-
dizing carbonaceous matter, nitrifying or deni-
trifying [42] in the treatment of various types of
wastewaters, including industrial effluents and
landfill leachates [44–48]. In summary, the main
advantages of the MBBR systems are [14, 44,
49]:

• The entire useful volume of the reactor is
efficiently used for microbial growth;

• High interfacial area between biofilm and
substrates;

• High resistance to overload;
• Operational flexibility;
• The treatment plant requires less area;
• Sludge recycling is not necessary to maintain

the high biomass concentration;
• There is no need for backwashing, as there is

no clogging;
• Short settling period and less sludge

generation;
• Less sensitivity to toxic compounds;
• Possible occurrence of denitrification in

anoxic zones in the deep layers of the biofilm;
• Operational stability.

However, the main disadvantages are associ-
ated with operating costs. The higher concen-
tration of biomass in the reactor demands a large
amount of dissolved oxygen (DO), in addition to
the need for aeration to move the media,
increasing expenses with aeration of the system
due to the energy cost. In addition, the media
used in the system has a high cost, which is an
important issue in the final decision for treatment
technologies [49, 50].

Despite their similarity to activated sludge
systems, MBBR has specific characteristics of
attached biomass reactors. In this sense, it is
common to associate the organic load applied to
the reactor with the total surface area of the
carriers. The control parameter that best applies
in this case is the superficial organic loading
(SOL), Eq. 11.1, (Table 11.1) [51, 52], expressed

as:
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SOL g BOD or COD/m2
� �

¼ BOD or COD applied load g=d1
� �

Total surface of the medium ðm2Þ ð11:1Þ

11.4.1.2 Constructed Wetlands
The constructed treatment wetland, a nature-
based solution, is an alternative engineering
system, designed and constructed to use the
natural functions of microbial populations, soil
and vegetation to treat contaminants in surface,
groundwater or wastewater [54–59]. The impor-
tance of vegetation in the system is due to
complex chemical, physical and biological
activity in the rhizosphere, which is the region
influenced by the plant root [60]. The rhizo-
sphere is an area densely populated by diverse
organisms, in which plants compete for space
and nutrients with microorganisms, insects and
invading root systems from other plants [61].

Another important feature is the interaction of
vegetation with the rhizosphere through decom-
position processes and exudates [62, 63]. The
release of organic matter can occur due to plant
death, senescence processes and environmental
conditions [64]. Wu et al. [62] observed a greater
variety of organic acids and their release rates in
plants exposed to conditions of low phosphorus
availability and/or competition with other spe-
cies. Thus, the organic component release
mechanism can be applied to improve denitrifi-
cation in the treatment of effluents with low
biodegradable organic load, as in the case of
landfill leachates and some types of industrial
effluents [58, 59, 65, 66].

11.5 Physical and Chemical
Treatment Technologies
and Processes

11.5.1 Physicochemical Processes

These processes enable the removal of suspended
solids, colloidal particles, floating material, col-
our and toxic compounds, having a pre-treatment
character, sometimes increasing the biodegrad-
ability of the effluent or as a polish, providing
efficiencies that were otherwise not achieved
with biological treatments through processes
such as flotation, coagulation/flocculation,
adsorption, chemical oxidation and counter cur-
rent gas desorption (air stripping). Physical–
chemical treatments for leachates are used in
addition to conventional biological treatment or
in order to treat a specific substance and usually
to achieve greater efficiencies against both iso-
lates [14, 67, 68].

11.5.1.1 Flotation
The flotation process makes the density of solid
particles less than that of water by agglomerating
the particles, forming gas bubbles, and fixing the
solid particles inside the formed bubbles. In
dissolved air flotation, bubbles are produced by
reducing the pressure in a stream of water satu-
rated with air. It has been used for the treatment
of wastewater with considerable concentrations
of oils and greases as it is a well efficient process
to separate low density particles in the form of
flocs [2].

Table 11.1 Superficial
organic loadings applied to
MBBR

References Type of wastewater SOL (g/m2d)

BOD COD

Welander et al. [23] Landfill leachate – 1.13–3.96

Gaul et al. [47] Sludge digester centrate – 2.66–10.65

Luostarinen et al. [48] Dairy industry – 0.38

Oliveira et al. [51] Sewage 6.4–9.6 –

Oliveira et al. [53] Cellulose industry 43.8 –

Vanzetto [52] Cellulose industry – 2–60.4
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Flotation systems have their efficiency
enhanced, when a physicochemical process of
coagulation and flotation is applied before
entering the floater. This occurs due to the for-
mation of flakes with greater capacity to accu-
mulate suspended solids and separating water
present in the effluent from solid particles more
efficiently [69].

11.5.1.2 Coagulation and Flocculation
The coagulation process associated with floccu-
lation in wastewater treatment provides the
removal of organic and inorganic pollutants,
insoluble material, heavy metals, non-
biodegradable organic matter, suspended solids,
and colour, among others. It has the property of
conferring primary character, in many cases
preceding biological purification treatment with
the purpose of reducing the dimensions of
effluent treatment plants [70].

Coagulants cause a reduction in the repulsion
potential between the colloids present in the
effluent, that is, they destabilize the colloidal
particles resulting in the formation of micropar-
ticles, usually followed by flocculation of these
unstable particles which, when colliding with
each other, form larger structures called flocs,
promoting removal of suspended solids and
colloidal particles as they group more easily [67,
71]. The control of pH in the process is essential,
since the coagulants react with the alkalinity of
the effluent, forming hydroxides that destabilize
colloids due to the reduction of the zeta potential,
tending to zero, that is, the isoelectric point. Iron
(III) salts used as coagulants dissolve in water.
During the dissolution process, several soluble
complexes with high positive charges are
formed, which are adsorbed on the surface of
negative colloids [71].

Coagulation and flocculation depend on sev-
eral factors to generate and to maintain process
efficiencies, namely the choice to use the process
as a pre- or post-treatment step, the nature and
dose of the coagulant used, the pH of coagula-
tion, time and speed gradient of rapid mixing and

flocculation, leachate characteristics, for example
age and pH, among others [67, 72].

In relation to other coagulants, those which
are based on aluminum sulphate or ferric chloride
are more efficient in removing organic matter and
have little sensitivity to temperature changes
[71]. In the treatment of landfill leachates, the
removal of organic substances is mainly based on
the precipitation (coagulation) of organic com-
pounds that are difficult to biodegrade (e.g.,
humic acids). The bivalent and trivalent cations
such as Fe2+ and Fe3+ interact with the humic
acids and form complexes that lose their dis-
solving capability, leading to precipitation of
these compounds as their molecular weight
increases [67].

11.5.1.3 Adsorption
In the adsorption process, the transfer of sub-
stances from the liquid or gas to the solid phase
occurs. The adsorbed substance is the one to be
removed from the liquid or gaseous phase, and
the adsorbent is, where the adsorbed substances
accumulate [2]. Adsorption treatment is com-
monly used after biological treatment for effluent
polishing purposes to remove the non-
biodegradable compounds that are recalcitrant,
and residual inorganic compounds such heavy
metals, and substances that cause odour [4].

11.5.1.4 Air Stripping
Air stripping consists of the removal of volatile
compounds from the effluent through the passage
of atmospheric air through the liquid. This phe-
nomenon usually occurs at high pH, favouring
the transformation of the dissociated ammonium
ion (NH4

+) into free ammonia (NH3). It provides
the transfer of phases from liquid to gas and
finally the release into the atmosphere [73–75].

11.5.1.5 Membrane Processes
Membrane filtration processes are often used
after biological and/or conventional chemical
treatments. Membranes aims to remove fine
particulate matter, pathogens, recalcitrant
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compounds from organic matter, nutrients and
dissolved substances that are not removed by
conventional treatment processes [2].

Regarding the operational concepts, such as
during treatment, the generation of permeate
occurs, a portion of the influent that passes
through the membranes and is filtered, and of
concentrate, which is the portion of the influent
that is rejected in the process and returns to the
beginning of the system. There is also a differ-
ence between the Cross-flow and Dead-end sys-
tems. In the first, the concentrate is generated as
described above, and in the second, the influent
is filtered without the generation of concentrate
[76].

Another recurrent concept when it comes to
membranes is flow, which is the unit that mea-
sures how much of the influent passes through
the membrane per unit of time and area, thus
expressing the rate of permeate production. The
flow rate varies according to the characteristics of
the effluent to be treated, the possible pre-
treatment applied, the feed rate and the charac-
teristics of the membrane system [77, 78].

Membrane treatment processes for wastewater
treatment purposes are: Microfiltration (particle
sizes 0.02–2.0 mm), Ultrafiltration (0.002–
0.2 m), Nanofiltration (0.001–0.02 mm), and
Reverse Osmosis (0.00001–0.005 mm) [2].
Among the recalcitrant compounds known to be
present in some industrial effluents and landfill
leachate, the ultrafiltration process can remove
part of the humic acids, nanofiltration reaches a
portion both fulvic and humic acids, and only
reverse osmosis can remove both compounds
that impart colour and recalcitrance.

The application of coagulation/flocculation
process prior to the ultrafiltration membranes
helps to reduce the fouling in the membranes and
can increase the final efficiency, while the ultra-
filtration process is able to remove some haz-
ardous substances that are not completely
removed by traditional physicochemical pro-
cesses [18, 78]. According to Marañón [79],
through the process of coagulation and floccu-
lation, it is possible to remove recalcitrant
organic matter without pH adjustment.

11.5.2 Chemical Oxidation

In this process, oxidizing chemical compounds
that react with the substances present in the
effluent are added into the process, promoting the
degradation of synthetic toxic substances or
those resulting from anthropogenic activities.
Advanced oxidation processes cause the forma-
tion of hydroxyl radicals (HO−), thus aiming at
its reaction with the substances present in the
effluent, resulting in a more powerful oxidation
than conventional oxidizing chemical com-
pounds [2].

Advanced oxidation processes are quite effi-
cient and enable a high degradation rate. That is
one of the main reasons, why they have become
feasible processes in landfill leachate and indus-
trial wastewater treatment. AOPs provide the
ability to eliminate colour, to reduce organic load
and to increase the biodegradability of recalci-
trant compounds from those wastewaters [80].

11.5.3 Bio-Electrochemical Process

A bio-electrochemical system with enzymes and
microorganisms acting as biocatalysts can con-
vert—based on the synergy between microbial
metabolism and a solid electron acceptor—the
chemical energy of a biodegradable substrate into
electrical energy [81–84]. One of the best-known
examples of bio-electrochemical process is the
microbial fuel cell (MFC), also called biofuel
cell. In the MFC, biochemical reactions are cat-
alyzed by bacteria on the surface of an electrode,
called anode, under anaerobic condition, pro-
ducing protons and electrons from the degrada-
tion of organic or inorganic substrates [85].
A typical MFC consists of an anaerobic anode,
oxidizing organic matter, and an aerobic cathode,
separated by a proton transfer system [86].

Electrons produced by the oxidation of the
organic substrate migrate from the anode to the
cathode through an external circuit, generating
electrical current. The protons migrate from the
anode to the cathode through a proton transfer
system (usually a proton exchange membrane,
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PEM), where they are consumed by an electron
acceptor (usually oxygen) in a reduction reaction,
thereby closing the loop [87, 88]. The electron
flow and the potential difference between the
respiratory enzymes of anodic microorganisms
and the oxygen reduction reaction (or another
electron acceptor) at the cathode generate the
current and voltage respectively [85]. Fig-
ure 11.1 schematically illustrates a typical MFC,
consisting of an anodic chamber and a cathodic
chamber, separated by a PEM.

Due to its operating mechanism, the MFC has
important advantages over conventional tech-
nologies used for wastewater treatment and/or
energy generation from organic matter [82, 85,
89]. Some MFC characteristics are (i) direct
conversion of the organic substrate into the
electrical energy without intermediate steps,
avoiding losses and enabling greater efficiency,
(ii) stable operation in different temperature
ranges, (iii) does not demand biogas treatment,
since under ideal conditions the final gaseous
product is mainly composed of CO2, (iv) there is
no need for additional energy input with aeration
for oxidation of organic matter, since a number
of electron acceptors can be used, and (v) low
sludge production rate, reducing the costs of its
treatment and final disposal.

The energy generation in the MFC depends on
microorganisms present in the anaerobic anodic
compartment. During the metabolization of

organic matter, they generate the electrons and
protons used in the cathodic compartment. These
microorganisms are called exoelectrogen (an-
odophilic) microorganisms due to their ability to
transfer electrons outside their membranes to the
surface of an electrode or a soluble or insoluble
electron acceptor (minerals) [86].

The traditional electroactive microorganisms
consume organic substrates and produce energy
that is stored intracellularly in the form of
NADH. The growth and maintenance of these
microorganisms is possible by the energy
recovered from the potential difference between
electron donor and electron acceptor [82].

The final products of the biochemical reac-
tions carried out by electrogens in an MFC are
H2O and CO2, with no considerable contribution
to global warming [82]. The half redox reactions
that characterize the bio-electrochemical system
are presented here, considering glucose as the
organic substrate [90]:

C6H12O6 þ 6H2O ! 6CO2 þ 24Hþ þ 24e�

E� ¼ �0:43V vs: SHE at pH7

O2 þ 4Hþ þ 4e� ! 2H2O

E� ¼ 0:82V vs: SHE at pH7

Oxygen is the most widely used electron
acceptor for cathodic reactions due to its easy
availability, high redox potential, non-toxicity,
and non-generation of greenhouse gases as a by-

Fig. 11.1 Diagram of a
typical double chamber MFC,
including the exoelectrogen
bacteria in the anode chamber
and an aerated cathode
chamber separated by a
proton exchange membrane
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product of the reduction reaction [85, 90]. Oxy-
gen reduction provides a standard cathodic
potential of +0.82 V versus Standard Hydrogen
Electrode (SHE) under typical operating condi-
tions [86].

The anode must have a greater potential than
the NADH to allow the transfer of electrons from
the microorganism to the electrode. As the redox
potential of NADH is −0.32 V versus SHE, a
potential difference of less than 1.14 V (consid-
ering O2 as an electron acceptor) is expected
between the two MFC electrodes, regardless of
the oxidized substrate [82].

The main group of bacteria belongs to the
electrogens, which can use insoluble or solid-
state electron acceptors with a mechanism to
transport electrons out of the cell toward the
electron acceptor, entitled extracellular electron
transfer (EET) [86]. The EET can be carried out
by two mechanisms: (i) direct and (ii) mediated
electron transfer.

For the direct electron transfer, a direct con-
tact between microbial cell and the solid-state
electron acceptor is established by membrane
redox proteins and/or cell appendages. It is
reported that a large number of microorganisms
are able to use the anode as an electron acceptor,
but for most of them it remains unclear, how
electrons are transported out of their cells in the
direction of the electrode [91].

11.6 Conclusions

The aims of wastewater management are the
protection of the environment, the public health
and address the socio-economic demands. Based
on the nature of wastewater in terms of quanti-
tative and qualitative aspects, different types of
technologies or combinations are feasible and
should be used before the final disposal. Thus, to
understand the nature of wastewater (leachates
and industrial wastewater) is fundamental to
design suitable treatment process, but also, local
climate, topography, and sustainability criteria
such as carbon footprint are important and recent
elements for decision making. The combination
of different process and technologies can provide

advantages over a solo technology or a process
itself. To ensure environmental security and
acceptable quality of treated wastewater, labora-
tory and pilot scale tests should continue to be
studied in depth in order to improve cleaning
performance, but also to explore new efficient
and safe treatment systems.
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12Modelling and Control
of Wastewater Treatment Processes:
An Overview and Recent Trends

Victor Alcaraz-Gonzalez

Abstract

In this study, some modelling and process
control approaches used in Wastewater Treat-
ment Plants (WWTP) are recalled. Two prin-
cipal kinds of WWTP are used as frameworks:
continuous anaerobic and aerobic. The highly
nonlinear nature of the system models repre-
senting such processes is highlighted. In addi-
tion, parametric uncertainties that characterize
them, and disturbances to which they are
subject and that affect their performance are
also underlined. Thus, mention is made of how
various modelling and process control tech-
niques have been used to face such issues in
different ways. Typical deterministic models
proposed by the International Water Associa-
tion (IWA) are recalled, but some useful
simpler models and even knowledge-based
ones, like neural networks and fuzzy
approaches, are also mentioned for specific
applications. Particular emphasis is placed on
the main parameters and variables to be mon-
itored and controlled in order to ensure the
optimal performance of WWTP: In the case of
anaerobic digestion, alkalinity, and in the case
of aerobic processes oxygen transfer efficiency.

Thus, unlike classical Proportional Integral
Derivative (PID) controllers, two kinds of
nonlinear control approaches, namely adaptive
and predictive, which are robust against uncer-
tainties, nonlinearities, and perturbations are
cited as the most used in this kind of process.
Finally, some implications are highlighted in
terms of energy consumption and cost opti-
mization, and howdifferent control strategies in
the frame of benchmarking are used to mini-
mize their impact.

Keywords

Automatic control � Operating conditions �
Operational difficulties � Process control �
Process optimization � Wastewater treatment
simulation

12.1 Introduction

Wastewater Treatment Plants (WWTP) com-
monly involve a series of biological transforma-
tion processes that are usually very complex in
terms of biochemical and biokinetics under-
standing [1], and therefore, also in terms of
everything related to its modelling, optimization,
and automatic control [2, 3]. The type of waste
treated is mostly organic, including urban sewage
and agricultural effluents with a multi-variety of
organic compounds like carbohydrates, lipids,
and proteins. These compounds are typically
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expressed as Chemical Oxygen Demand
(COD) and are the main substrate for a wide
variety of microorganisms working in a symbi-
otic relationship. WWTP may be classified into
two large groups: Aerobic (in the presence of
oxygen), and Anaerobic (in the absence of oxy-
gen), although Anoxic units [4] (anaerobic, but
oxygen is available from nitrates, nitrites, or NO)
are also included in industrial and municipal
WWTP. The most representative aerobic WWTP
include Activated Sludge (AS) [2] and Aerated
Lagoons [5], while Anaerobic Digestion (like
Upflow Anaerobic Sludge Blanket (UASB) [6])
and Dark Fermentation [7] are among the most
common anaerobic WWTP [8]. Other WWTP
configurations also combine anaerobic and aer-
obic units [9]. In these processes, organic matter
is degraded and converted into microbial bio-
mass, residual organic matter, and eventually in
biogas in the case of Anaerobic Digestion
(AD) processes [10, 11], being this last the only
biological WWT process capable of treating
directly wastewater with an organic load higher
than 15–20 gCOD/L [9]. In the following in this
contribution, in order not to disperse the infor-
mation too much, efforts will be concentrated
mainly on AS and AD continuous processes.

Whether in industry, in the countryside, or in
cities, WWTP technologies are undoubtedly
indispensable elements to ensure the conditions
of industrialization, urbanization, and sustain-
ability of modern society. Thus, their good
enough functioning is necessary to meet all kinds
of required standards. However, talking about
proper operation involves more than just periodic
monitoring and maintenance. In reality, WWTP
are subject to several disturbances and uncer-
tainties that make difficult to meet such objec-
tives. Effluents that reach the WWTP have a
varying and changing composition affecting their
physical, chemical, and physicochemical char-
acteristics. Variations in flow, temperature, pH,
organic compounds concentration and even the
presence of inhibitors affect the biological per-
formance of microbial communities, which are
very sensitive to all these parameters, and
therefore, also impact their efficiency. Changes in
these parameters represent serious disturbances

of different nature. The most typical example is
seasonal abrupt flow rate step changes (e.g., in
the rainy season), but important steps in all these
parameters can also occur weekly or even daily
simply by changes in environmental conditions
and even by the effect of human activity. Most of
these disturbances are difficult to foresee or are of
a relatively high monitoring cost.

Taking into account these issues, it is clear
that current WWTP operate under important
uncertainty conditions from a process control
point of view, which may cause serious problems
in their industrial, agro-industrial or urban
implementation. These features, together with the
ecological norms requirements, make evident
the importance to implement Instrumentation,
Control, and Automation (ICA) systems in
WWTP [3].

In order to show the benefits of the application
of modern control approaches to WWTP, this
paper is intended to present different approaches
that have proved their usefulness in the mod-
elling, parameter estimation, and regulation of
WWTP. These approaches certainly have
demonstrated to be robust against process input
disturbances, and uncertainties, and have a strong
potential for optimizing the performance of
WWTP. Actual application examples and suc-
cessful cases are also shown and demonstrate
that they are a useful and efficient alternative that
may be implemented at a relatively low cost.

12.2 Modelling

Modelling WWTP can become a difficult task
mainly because their growth kinetics exhibit a
highly nonlinear behavior [12], which in turn is
due to the involved microbial consortia being
among the most diverse ecosystems in nature
[13]. An additional disadvantage is that the high
complexity in the microbial populations leads
also to high uncertainty in the kinetic parameters
of current WWTP models.

Certainly, the attempt to adapt microbial
communities to different operating conditions,
and to the abovementioned disturbances makes
them very changeable. The constant distribution
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of the different species in the consortium causes
that their kinetic parameters are also uncertain
and change over time. For these reasons, the first
step to control and to optimize WWTP is to have
models as closely as possible to reality in such a
way that the sources of uncertainty are reduced,
but at the same time, a relative simplicity is
preserved to facilitate the application of control
techniques.

Nowadays, one of the most complete and
ambitious AD model is the ADM1 (Anaerobic
Digestion Model) [14], while concerning AS, the
most used models are the series ASM (Activated
Sludge Model) [2]. Both models have been
developed by the International Water Association
(IWA). Several updates and reviews have been
developed until now and still remain an active
research field. For instance, in [15, 16] seven
variants of the ASM series are exhaustively ana-
lyzed, verified and evaluated concerning aspects
like stoichiometric and kinetic rate expressions,
fermentation features, autotrophic and hetero-
trophic microbial growth, phosphorus removal,
nitrification and denitrification, alkalinity, and
others. Model parameter estimation and recali-
bration are also carried out frequently as in [17–
19], where stochastic parameter estimation
approaches togetherwithMonteCarlo simulations
and sensitivity analysis are used tofit ASMmodels
to industrial actual data. Theoretical advances
have been also further developed recently in [20].

Regarding AD, an additional issue in com-
parison to aerobic WWTP is its high sensibility to
pH variations, and more exactly to alkalinity.
Certainly, inlet concentration disturbances may
affect partially or even completely the so-called
System Operational Stability (SOS) [21, 22].
Such disturbances may compromise the physico-
chemical equilibrium that is directly related to the
SOS preservation [23]. Furthermore, it is known
that the presence of strong ions provokes a
physicochemical unbalancing that affects directly
microbial activity [24, 25]. Even when ADM1
consider anion-cation balancing, pH is not explicit
in their equations [14, 26]. In this concern, some
efforts have been developed for taking into
account a more physicochemical framework [27,

28]. However, even with these modifications, the
ADM1 model remains very large to be useful for
control purposes, but it is still used rather for state
variables estimation [29], experimental validation
[30], and monitoring. Thus, in order to obtain
greater applicability, reduced order AD models
have been also proposed [31, 32]. Particularly, the
so-called AM2 Model [33] has taken on great
importance not only for being easier to handle
from a mathematical point of view, but for taking
into account specifically the strong ions concen-
tration, which at pH 7 is very close to alkalinity
[34, 35]. Without demerit of any other model
described in the literature, and only for illustrating
one of them in this contribution, AM2 model is
depicted as follows [33]:

_x1 ¼ l1 � aDð Þx1
_x2 ¼ l2 � aDð Þx2
_S1 ¼ D Sin1 � S1

� �� k1l1x1
_S2 ¼ D Sin2 � S2

� �þ k2l1x1 � k3l2x2
_Z ¼ D Zin

1 � Z
� �

_C ¼ D Cin � C
� �� kL

Cþ S2 � Z � kHPCO2ð Þþ k4l1x1 � k5l2x2

ð12:1Þ

with

l1 ¼
lmax1S1
kS1 þ S1

; l2 ¼
lmax2S2

kS2 þ S2 þðS2kI Þ
2 ð12:2Þ

where x1 (g/L) and x2 (g/L) represent the
acidogenic and methanogenic biomass concen-
trations respectively, S1 (g/L) is the organic
matter concentration expressed as COD, and S2
(mmol/L) is the volatile fatty acids concentration.
C (mmol/L) is the total inorganic carbon and Z
(mEq/L) is the strong ions concentration. The
superscript in represents “input concentration”
for these variables. kL (1/d) is the liquid–gas
transfer coefficient, PCO2 is the CO2 partial
pressure, while kH is the Henry’s constant. l1
(1/d) (Monod type) and l2 (1/d) (Haldane type)
are the microbial specific growth rates for aci-
dogenic bacteria and methanogenic archea,
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respectively, where lmax1 and lmax2 (1/d) are the
maximum growth rates, kS1 (g/L), and kS2
(mmol/L) represent the half saturation constants,
while kI [(mmol/L)]1/2 represents the inhibition
constant. The parameters k1 to k5 are yield
coefficients in the corresponding units. D (1/d) is
the dilution rate, which usually is used as
manipulable control input in several control
approaches. The parameter a (dimensionless)
denotes the biomass fraction that is retained for
the reactor bed, i.e., a ¼ 0 stands for an ideal
fixed-bed reactor, while a ¼ 1 stands for an ideal
continuous stirred reactor tank [33].

This model has been also used for optimiza-
tion, state and parameter estimation, and process
control purposes (see for instance [36–39]), and
for modeling the alkalinity spatial distribution in
an up-flow fixed bed anaerobic digester [40].

12.3 Control and Optimisation

It is important to remark that the application of
modern control approaches (i.e., those developed
from the 60s) to WWTP is relatively recent.
Control algorithms used in the past in the field of
WWTP were basically on/off type, Proportional
Integral (PI) or Proportional Integral Derivative
(PID) [41]. However, this situation is changing
very quickly. Even when classical control
methods may offer satisfactory results in rela-
tively simple systems, more recent approaches
nowadays do take into account specifically the
nonlinear features of biological WWT systems.
For instance, adaptive control or predictive con-
trol, which are better adapted to face nonlinear
behavior, are finding more and more applications
in this field. Furthermore, as it has been men-
tioned before, the main “SOS” lack indicator in
AD is alkalinity, because it involves all the
physical–chemical equilibria, and therefore,
several studies have been developed for regulat-
ing it [42].

One of the most typical control variables in
WWTP is the COD, since its reduction is cer-
tainly the ultimate goal in these processes.
However, due to the uncertainties and distur-
bances, to which treatment plants are exposed in

terms of process inputs, it has become necessary
to include control approaches being robust
against such disturbances and lack of knowledge
[22]. In [43], for example, interval observers
have been included to estimate ranges of values
in biomass concentrations, as these cannot be
measured, and then they were combined with an
adaptive control approach for regulating COD,
also within a preset control interval. But, uncer-
tainties in the growth kinetics of microbial pop-
ulations in WWTP often lead researchers to
propose different nonlinear type control tech-
niques, see for instance [44, 45]. Moreover, some
types of nonlinear tracking controls have been
proposed. For instance in [46], an adaptive
nonlinear tracking control was proposed for
regulating the concentration of biomass in an
AS-type WWTP based on the input flow, and
thus, proportional to it, using a simplified model.

Furthermore, in particular in relation to aero-
bic processes such as AS-type WWTP, it is well
known that in order to maintain adequate oxygen
levels, the main parameter to be controlled is
oxygen transfer efficiency, and therefore, the
main unit operation is aeration. This demands
high levels of energy consumption and other
costs that need to be optimized [47–49]. Different
adaptive and predictive control strategies have
been proposed in the past for this purpose [50,
51]. In addition to COD reduction, and not less
important, the removal of nitrogen and phos-
phorus from wastewater is also one of the main
targets in WWTP [52]. Several classical and
advanced control techniques proposed in this
sense have been used and applied successfully
[53]. However, as the efficiency of the operation
is closely related to the aeration energy, which is
a costly process, control objectives are compro-
mised at the same time with concentration set-
points and minimal use of energy, and thus, with
cost reduction. For instance in [54], adaptive
control techniques were used to improve the
removal of these nutrients, while reduced the
aeration energy required in three WWTP in
Switzerland. Nevertheless, Model Predictive
Control and other optimization approaches seem
to be preferred [55, 56]. However, it is important
to note that a common feature in many of the

146 V. Alcaraz-Gonzalez



strategies used today, both for AS and
AD WWTP is the use of benchmarking [57–59].
In such strategies, accumulated knowledge in
monitoring, modeling, and control is used to
provide a framework for assessing both well-
known techniques to be industrially implemented
and new approaches to evaluate its correct per-
formance. Certainly, it is in the systematic cur-
rent form more efficient to simulate WWTP and
to take profit from models representing them.

Many modern applications include artificial
networks as well lagged regression models,
among other methods, that have been used for
preventing indirectly the failure of the system
due to alkalinity mismatches [60, 61]. These
approaches has been also used in cases, when
bioreactors have been stopped and then launched
after a long time of starvation for bacterial
communities in order to recover their correct
functioning [62]. Fuzzy logic approaches have
also seen a growing interest in the last three
decades. For instance in [63], it is depicted how
fuzzy logic based modules are used to assess the
state of an up-flow fixed bed AD bioreactor,
while in [64] similar approaches together with
expert systems are proposed and experimentally
validated as a methodology for assessing and
improving the efficiency of agricultural biogas
plants. Neural network and fuzzy approaches
have been also used for optimizing energy con-
sumption [65] and regulating the dissolved oxy-
gen concentration [66] in AS processes. Finally,
it is important to mention an important current
trend in nonlinear control of WWTP, consisting
of Sliding Mode approaches that have been used
together with models both classical deterministic
type [30], and those described by neural net-
works and fuzzy logic as well [67–69]. Finally, it
is important to underline that modern control and
optimization approaches are currently possible
thanks to the existence of Supervisory Control
and Data Acquisition (SCADA) systems that
play a preponderant role in real-time ICA
approaches implementation.

12.4 Conclusions

The use of Instrumentation Control and Automa-
tion (ICA) approaches in WWTP has allowed a
greater development of these technologies for
wide-scale implementation. The modeling, which
is complemented and fed back with monitoring, as
well as parameter and state estimation techniques
have allowed for a greater understanding of the
chemical, physicochemical and biological pro-
cesses that are carried out in WWTP. The most
widely disseminated models, e.g., the ADM1
models and the ASM series of the International
Water Association (IWA), are of deterministic
type, butmodels developed from other approaches
such as neural networks and diffuse logic have also
had extensive development.

As these models are highly nonlinear, the
great majority of researchers have developed
robust and nonlinear predictive adaptive control
approaches. Such approaches allow capturing
this nonlinear nature and admitting variations in
kinetics and other parameters as well as in
operating conditions, which make them robust in
the face of these variations as well as in the face
of uncertainties and disturbances. This paper has
underlined the most important variables to con-
sider in anaerobic and aerobic processes, being
alkalinity and oxygen transfer efficiency,
respectively, and examples of the main approa-
ches developed for modeling and controlling
such variables have been cited.

Advances made in these approaches and
technologies over the last 3 decades have enabled
good practice reference frameworks in modeling,
monitoring, and control of WWTP, which have
been validated in different scenarios and have
given way to the development of benchmarking
strategies that are widely used nowadays. Thus,
the use of these techniques has allowed both
biological technologies to remove contaminants
increasingly efficiently as well as to achieve
continuous optimization and improvement of
WWTP.
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13Fingerprint of Persistent Organic
Pollutants (POPs)
in the Environment: Ecological
Assessment and Human Health
Effects
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Abstract

Persistent organic pollutants (POPs) are con-
sidered as emerging contaminants due to their
bio-accumulative, persistent and toxic natures.
These chemicals are present everywhere in the
environment including human tissues. These
priority organic pollutants are released to the
environment during their intended use and/or
their production unintentionally. The POPs
regulation aims to prohibit production and use
of POPs, and to ensure safe management of
POPs’ contaminated wastes. POPs containing
effluents of Wastewater Treatment Plants pose
risk for receiving water bodies. In this study, it
is aimed to review recent literature in order to
give an overall picture about continuing risks
of POPs.

Keywords
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13.1 Introduction

Negative effects of environmental pollutants on
human health and ecological balance have
reached terrifying levels. Babies are born with
environmental pollutants in their tissues and
further continue to accumulate these chemicals
during their lifetimes [1, 2]. A new type of pol-
lutant is on the agenda of researchers every day.
Persistent organic pollutants (POPs) are among
most emerging priority pollutants, created inter-
national public opinion. They are persistent to
chemical or biological degradation, and exist in
every compartment of the environment for a long
time [3]. These pollutants are transported to long
distances and can be determined in poles, where
never been produced [4].

POPs are halogenated organic compounds,
including aldrin, chlordane, DDT, dieldrin, end-
rin, heptachlor, mirex, and toxaphene from the
group of pesticides; polychlorinated biphenyls
(PCBs) and hexachlorobenzene (HCB) from the
group of industrial chemicals; polychlorinated
dibenzo-p-dioxins and dibenzofurans
(PCDDs/PCDFs) produced by combustion of
chlorine containing materials as well as in oxy-
chlorination reactions in the chemical industry as
unintended by-products, e.g., while copper cat-
alyzed synthesis of vinyl chloride for PVC
polymerization. The preliminary list, namely
“dirty dozen” was announced in the Stockholm
Convention in 2001. New POPs, including
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polybrominated flame retardants, and some other
chemicals entered the list in the course of time.
Alternative chemicals substituted POPs to meet
the needs in production processes. For example,
organophosphate esters (OPEs) were introduced
as flame retardants to replace polybrominated
diphenyl ethers (PBDEs). Organophosphorus
pesticides (OPPs) were also alternatives to
organochlorine pesticides (OCPs). It is not
known, what will be the result of bulk con-
sumption of these substituted chemicals, but it is
known that POPs list will cover more chemicals
in the course of time.

POPs are characterized through their persis-
tency, lipophilicity, bioavailability, and toxicity
[1, 5–7]. They resist to physical, chemical, and
biological degradation processes in the environ-
ment. Therefore, monitoring POPs are important
in order to reduce their occurrence in the envi-
ronment. Studies about POPs generally focus on
resource, exposure and adverse effects of mother
compounds, however, a variety of more toxic by-
products have potential adverse effects as well
[8].

While water demand is increasing for
domestic, industrial and agricultural use in par-
allel to population growth, clean water sources
are decreasing as a result of climate change,
improper wastewater management, agricultural
activities, excessive abstraction of surface and
ground water, etc. Contamination of limited fresh
water sources by toxic chemicals is a major
environmental concern. Shortage of clean water
sources pushes the countries to use treated
wastewater as an alternative water source.
Utilizing treated wastewater for irrigation pur-
poses is a spreading solution of water scarcity. It
seems sure that clean water shortage is going to
be a common problem of more and more coun-
tries in the world as a result of climate change.

Regulations for discharge or reuse of
reclaimed water mainly include conventional
parameters, such as chemical oxygen demand
(COD), biological oxygen demand (BOD), total
nitrogen (TN), total phosphorus (TP), total sus-
pended solids (TSS), bacteria etc. While sec-
ondary effluents of Wastewater Treatment Plants
(WWTPs) can generally meet most of the

criteria, effluents of tertiary treatment can suc-
cessfully meet all criteria set for conventional
parameters. However, a significant number of
emerging pollutants are not commonly moni-
tored in wastewater, since their presence in the
environment is not regulated by legislations.
While pesticides, PAHs, PCBs, nutrients and
heavy metals are regulated contaminants, phar-
maceuticals and microplastics are candidates for
future regulations. Fates of emerging pollutants
in the environment or their human health effects
are not well characterized. Lack of good under-
standing of potential risks to human health
results in conflicting opinions about regulatory
frameworks and measures. Besides, there is also
a need for highly qualified analytical laboratories
for determination POPs at low detection limits.
Sampling and analysis restricts are important
factors affecting regulatory frameworks and
measures of emerging pollutants.

POPs mostly pass through WWTPs unchan-
ged or unaffected, since conventional wastewater
treatment methods are insufficient to remove
POPs from wastewater [9]. Urbaniak et al. [10]
evaluated effluents of 14 conventional WWTPs
in central Poland in the means of PCDDs/PCDFs
concentrations. 2.99–177 pg/L PCDDs and
6.05–51.3 pg/L PCDFs were determined in
samples taken during stable conditions of
WWTPs. Research studies show that some
advanced treatment methods are also not suffi-
cient to produce ecologically safe reclaimed
water [11]. Özcan et al. [12] reported on PAHs
and PCBs in sewage sludge samples taken from
two WWTPs in Konya (Turkey). These sludges
from WWTP were not suitable for using in
agriculture as soil conditioners due to their high
PAH contents (

P
PAHs: 1,077–17,509 µg/kg

dry matter). The origin of PAHs in sewage
sample from WWTP-1 is petroleum combustion,
while the possible source of PAHs in sludge
samples from WWTP-2 was combustion of ker-
osene, grass, coal, and wood. The ecotoxicolog-
ical tests examined on Vibrio fischeri (luminous
bacteria) and Lepidium sativum (garden cress)
showed that these sludge samples had acute toxic
properties. Effluents of WWTPs are generally
discharged to surface water bodies. POPs
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containing effluents pose risk for vegetation and
biota in receiving ecosystems [13]. Aydin et al.
[14] found 0.015−0.065 µg/L RHCHs and n.d.–
0.047 µg/L RDDTs in samples taken from 9
monitoring stations in Konya Closed Basin in the
central part of Turkey. DDE isomer was reported
to be in the highest concentration ranged from
not detected (n.d.) to 0.037 µg/L. This finding
shows not new, but old use of DDT as a result of
restrictions.

Although the production of POPs has declined
as a result of elimination and restriction con-
sensus between the parties, exposure risk for
some of the recently phased out POPs has not
started to decline. Hence, in this study it is aimed
to review the fingerprint of POPs in the envi-
ronment from source to receiver, and to draw
attention to their adverse health effects.

13.2 POPs and New POPs

The Stockholm Convention is a global agreement
that entered into force on 17 May 2004. The
Convention on POPs prohibits and restricts the
use of chemicals that adversely affect the envi-
ronment and human health. Preparing a national
implementation plan for POPs and updating this
plan periodically, taking measures to reduce or
eliminating the stocks and releases of these
chemicals, keeping a record of the special
exemptions granted under the contract and reg-
ularly reporting the data to the contract secre-
tariat are among the obligations to be fulfilled by
179 parties consented to be bound by the
Stockholm Convention.

POPs are classified in 3 categories in Stock-
holm Convention.

Annex A: Subjected to elimination: Aldrin,
chlordane, dieldrin, endrin, heptachlor, hex-
achlorobenzene, mirex, toxaphene, polychlori-
nated biphenyls (PCBs), chlordecone, lindane,
hexa- and penta-bromodiphenyl ethers, tetra- and
penta-bromodiphenyl ethers, a- and b-
hexachlorocyclohexane, technical endosulfan
and its related isomers, pentachlorobenzene,
hexabromobiphenyl.

Annex B: Subjected to restriction: DDT
(1,1,1-trichloro-2,2-bis (4-chlorophenyl)ethane),
Perfluorooctane sulfonic acid (PFOS), its salts
and perfluorooctane sulfonyl fluoride (PFOSF).

Annex C: Unintentionally produced and sub-
jected to reduction: Polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDDs/PCDFs),
hexachlorobenzene (HCB), pentachlorobenzene
(PeCB), polychlorinated biphenyls (PCBs).

In recent years, halogenated organic com-
pounds have received increased attention,
including polybrominated diphenyl ethers
(PBDEs) used as flame retardants and perfluori-
nated compounds (PFCs) used as surfactants, and
oil and water repellents for consumer products.
Chemicals under evaluation are chlorinated
naphthalene, hexabromocyclododecane (HBCD),
short-chained chlorinated paraffin, hex-
achlorobutadiene, and pentachlorophenol.

13.3 Fingerprints of POPs

There is a global concern about long term
chronic exposure to POPs that result in possible
bioaccumulation in lipid rich tissues of biota and
human [15]. POPs can be detected in serum,
adipose tissue and breast milk samples taken
from human [2, 16]. Sources of POPs are pesti-
cide applications in agricultural activities,
industrial wastes and by-products of industrial
production [17]. People are exposed to POPs by
consuming contaminated food and drinking
water, inhalation, and dermal contact. Besides,
infants are exposed to POPs during intrauterine
development and breastfeeding [18].

POPs adhere to aerosols in air and to sediment
in water, and can be transported over very long
distances, where they are released from to the
environment. Wind, water currents, and migratory
animals help for this transportation [19]. These
slowly metabolized contaminants biomagnificate
in food web and bioaccumulate in adipose tissues.
Majority of POPs have high lipid solubility and
semi-volatility. High lipid solubility of POPs
enables them to pass through placenta. Unlikely,
PFCs accumulate in the blood and liver.
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Even POPs are not in use any more, they can
be determined in every compartment of the
environment; in wastewater, sediments, air, ani-
mal tissues, etc. Since POPs have hydrophobic
character, they bind to the particle fraction in
water media and accumulate in sediment.
Remobilization of POPs from sediment to water
media makes sediment a second source for water
contamination. Kilunga et al. [20] evaluated
POPs contamination levels of surface sediments
in three rivers from Democratic Republic of the
Congo. 169 µg/kg total PCBs and 270.6 µg/kg
total OCPs were determined in Makelele River,
reported as the most polluted river in the region.
Sakan et al. [21] reported DDT and its byprod-
ucts as the most abundant OCPs in sediment
samples taken from rivers and lakes in Serbia.
Highest total DDT and its by-products (DDE and
p,p′-DDD,) was determined as 295 µg/kg. DDT/
(DDE + DDD) ratio is generally being used to
evaluate recent or historical usage of DDT. In the
study, DDT/(DDE + DDD) ratio over 0.1 is
attributed to recent applications. These studies
reveal the still continuing usage of DDT either
because of stocks or illegal productions.

Sediments are defined as contamination
sources of water living organisms. Organic
fraction and texture (silt/clay fraction) of the
sediment also affect accumulation and trans-
portation of POPs in water media. Baran et al.
[22] determined the levels of polychlorinated
dibenzo-p-dioxin and polychlorinated dibenzo-
furan (PCDD/F) in sediment samples taken from
Rybnic Reservoir in Poland. PCDD/F concen-
tration levels in sediment samples were 2–38
folds higher than sediment quality guidelines in
Poland. PCDD/F concentrations were highly
correlated with organic matter, especially humic
substances in sediment samples. PCDD/F
movement potential was reported to be posi-
tively correlated with silt/clay fraction and neg-
atively correlated with sand fraction.

Defining source of contaminant exposure for
biota is generally conflicting for multiple con-
taminant sources. Obtaining satisfactory infor-
mation is especially harder for migrating animals.
O’Neill et al. [19] reported polybrominated
diphenyl ether (PBDEs) flame retardants and

polychlorinated biphenyls (PCBs) exposure of
natural and hatchery origin Juvenile Chinook
salmon in US Pacific Northwest. This Pacific
Salmon is exposed to water contaminants from
multiple sources on its migration route. Collected
samples were analyzed for PBDEs, PCBs,
nitrogen (15 N/14 N ratio, d15N), carbon (13C/12C
ratio, d13C), and sulfur isotope (34S/32S ratio,
d34S) ratios. Higher PBDEs were determined for
natural origin type, while PCBs were equal for
natural and hatchery origin salmon. A correlation
between depletion of stable nitrogen isotopes
(d15N) of the salmon and higher PBDE concen-
trations revealed common wastewater source for
both nitrogen and PBDEs. Tracking stable iso-
topes of carbon (d13C), nitrogen (d15N), and
sulfur (d34S) besides POPs help to define eco-
logical process, migratory patterns, diet, trophic
level, exposure to sewage, and wastewater etc.
[23].

While bioaccumulation of POPs in aquatic
species is well documented, there are limited
studies about bioaccumulation potential of POPs
in terrestrial species [24]. Aydin et al. [25]
reported traceable amounts of OCPs, PCBs, and
PBDEs in raw and ultra-high temperature
(UHT) cow’s milk samples from Turkey. Food
and feed crops are also defined as important
OCPs sources studied [26]. Aydin and Ulvi [27]
reported residue levels of 227 pesticides in 13
different types of dried nuts and fruits. Prohibited
pesticides were detected in nuts, and among
them, cypermethrin, chlorpyrifos and
chlorpyrifos-methyl were determined as to pose
an acute and chronic risk for children and adults.

Bioaccumulation of POPs is related with body
size, lipid content, and trophic level of biota,
while trophic magnification factors of POPs is
highly related with logarithmic n-octanol/water
(log Pow) and n-octanol/air (log Poa) partition
coefficients. Degradation rates and bioaccumu-
lation of POPs in tissues of the organism depends
not only on chemical structure of POPs, but also
on biological structure of the organism itself.
Pesticides accumulation was reported to be in
male gonads, eggs, liver, and muscles of Pacific
salmon species (ordered from the highest to
lowest concentrations) [28]. Species in upper
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trophic levels bioaccumulate POPs in higher
concentrations. When invertebrates and fishes in
aquatic media are evaluated in the means of
POPs accumulation, concentrations of POPs
were 2–22 times greater in fish samples than in
invertebrate samples [29]. Cetacea (marine mam-
mals like whales, dolphins, etc.) defined as high
trophic level species store contaminants in their
lipid-rich tissues. POPs level in these organisms
varied according to species, sex, age, geographic
region, and temporal scale [30]. Long life span of
these top predators result in binding the contami-
nants to fatty acids in their blubber, and female
dolphins make gestational and lactational offload of
their pollutants by lipid rich milk [31].

There is a similar transfer from mother to
infant through gestation and breastfeeding.
16 different OCPs were determined in breast milk
samples collected from eastern and central cities
in Saudi Arabia [32]. Average concentrations of
P

HCHs,
P

DDTs,
P

PCBs and
P

PBDEs in 45
individual human milk samples collected from
Konya City, Turkey, were reported to be 22.6,
37.1, 105 and 67.3 ng/g lipid wt., respectively
[33]. Among urine samples taken from 111
infants, metabolites of organophosphate esters
(OPEs) were determined for >70% of samples
[18].

POPs can be transferred over long distances
from its source. Many studies revealed the arctic
marine ecosystem as a global sink of POPs, even
there are nearly no POPs production sources in
these regions of the world [4]. Low volatility and
low degradation of POPs in arctic media was
attributed to the very low temperatures. Besides,
arctic organisms have slower metabolism and
higher lipid storage, resulting in higher levels of
POPs bioaccumulation [23, 34]. A 25 years
temporal air monitoring study conducted by
Arctic Monitoring and Assessment Program
(AMAP) in eight arctic stations gave promising
results that POPs in the arctic air had a declining
trend [35]. Similar POPs declining trend was
reported also for biota. Samples taken from male
bowhead whales from Alaska were analyzed for
POPs. Declining concentrations were reported
for the 2006–2015 period [36]. Conducted anal-
yses and obtained results confirmed the

effectiveness of control measures taken by the
Stockholm Convention.

13.4 Health Effects

POPs are responsible for many lethal diseases,
including diabetes, neurodevelopmental disor-
ders, endocrine disturbance, cancer, reproductive
and cardiovascular problems, etc. [6, 37, 38].
Adverse effects are more severe in case of fetal
and childhood exposure than on adults [39, 40].
Halogenated POPs are more resistant to envi-
ronmental degradation processes. Among them,
chlorinated POPs show the most consistent
results in human health studies [41].

PBDEs in flame retardants were proved to
have neurodevelopmental disorders on children.
Lam et al. [39] evaluated intelligence and atten-
tion related deficits of children exposed to
PBDEs during their perinatal period and child-
hood. Results of the work showed that PBDEs
exposure caused decrements on IQ (3.7 points in
tenfold). Sex is a factor affecting neurodevelop-
mental disorders caused by PBDEs. Azar et al.
[1] conducted a research work to evaluate sex
difference on cognitive ability of 592 children
exposed to PBDEs. Maternal plasma samples
taken in early pregnancy were analyzed for
PBDEs. IQ scores of children were evaluated in
three years old. Prenatal exposure to PBDEs was
found to decrease IQ scores of boys, but not of
girls.

It is known that the synergistic effects of
chemicals reach a much different dimension than
their effects alone [38]. Humans account for
continuous combined exposures to POPs.
Davidsen et al. [42] studied on 29 different POPs
mixtures to evaluate neurodevelopmental disor-
ders in human. Results showed that mixtures of
POPs, especially those including brominated and
chlorinated compounds had adverse effects on
human neural stem cells. POPs mixtures altered
synaptogenesis and neurite outgrowth in human.
These neurodevelopmental disorders result in
impairment of memory and learning in children.

POPs have defined as potential endocrine
disrupting chemicals (EDCs) [5]. Many
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epidemiological and experimental studies well
documented endocrine disrupting effects of
POPs, not only for livestock, but also for
humankind [43, 44]. Exposure to POPs adversely
affects reproductive functions of both male and
female [45, 46]. POPs bind to steroid receptors
and disrupt biosynthesis or metabolism of steroid
hormones [47]. Hormonal disruptions make dis-
orders for genital development, sperm production
and quality, etc. Warembourg et al. [40] reported
disruption of hormonal levels in cord blood as a
result of POPs exposure in prenatal period.
Highest adverse effects were attributed to
phthalates, bisphenol-A and PCBs; especially
pesticides such as DDT, PCB153, HCB, PBDEs,
and PFCs [48, 49]. Studies in males have shown
decreased testosterone production as a result of
PCBs exposure [50]. PCBs congeners have dif-
ferent endocrine disrupting effects. Pliskova et al.
[51] reported estrogenic effects for lower chlori-
nated congeners of PCBs, while higher chlori-
nated congeners of PCBs, such as 138, 153, 170,
etc. behaved as anti-estrogens.

There are studies that reveal a correlation
between increased cancer cases and exposure to
POPs [52, 53]. Park et al. [54] determined an
association between serum concentration of
chlordane and PCBs, and lung cancer risk in the
general population. A dose-dependent effect was
reported for PCBs, regardless of their chlorina-
tion degree. POPs accumulated in adipose tissues
can influence tumor type and stimulate metastasis
[55].

POPs cause chronic inflammation in adipose
tissues, affecting key mechanisms of obesity and
increasing the risk for type 2 diabetes [56]. The
increase in the incidence of obesity in recent
years has increased concerns about public health.
Obesity is also the main risk factor for cardio-
vascular diseases. Both epidemiological and
experimental studies give substantial evidence
about multi-dimensional relation between POPs
and obesity [57, 58].

13.5 Conclusions

POPs are still in traceable amounts in every
compartment of the environment. Although mit-
igative and preventive measures resulted in
declining of production and use of these chemi-
cals, they can still be found even in human tis-
sues. There are new candidate chemicals to
extend the POPs list. Hence, it is understood that
these chemicals will continue to threaten human
health. Although it is known that many health
problems are caused by these chemicals, there
are not enough awareness about food and
drinking water contamination. There is also a
need to develop effective and economic
wastewater treatment technologies so as to pro-
tect clean water sources.
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14Wastewater-Based Epidemiology
(WBE) Studies for Monitoring
of Covid-19 Spread

Bilge Alpaslan Kocamemi, Halil Kurt,
Esra Erken, and Ahmet Mete Saatçi

Abstract

Severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) started in Wuhan,
China, in December 2019 and was announced
as a worldwide pandemic spread by WHO on
March 11, 2020. The countries have started to
monitor surveillance of SARS-CoV-2 through
medical tests. However, people with no or
very light symptoms are usually not medically
tested or never hospitalized, and their test
results missed. In March 2020, it was recog-
nized that the urine and feces of all infected
people contain SARS-CoV-2. After that,
wastewater-based epidemiology studies have
gained significant importance around the
world. This chapter aims to describe the
basics of wastewater-based epidemiology
(WBE) studies, the current situation in the

world together with the post-Covid-19
approaches. Additionally, the major chal-
lenges in Covid-19 WBE studies are
discussed.
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14.1 Introduction

Covid-19, which is an infectious disease caused
by a newly discovered corona virus, became a
global pandemic in about two months after out-
break in Wuhan, China, in December 2019. The
Covid-19 pandemic differs from previous pan-
demics in terms of its impact and prevalence
across countries and sectors. Due to easy trans-
portation around the world and the broad com-
munication network, no pandemic has spread so
fast or led to such extensive information-sharing.

As of 15th of July 2021, there have been
188,128,952 confirmed cases infected by SARS-
CoV-2 and 4,059,339 people lost their lives
globally [1]. Diagnosis of Covid-19 cases has
been performed through polymerase chain reac-
tion (PCR) test of samples from nasopharyngeal
and throat swabs. But there are numerous studies
that detected SARS-CoV-2 in feces of both
symptomatic and asymptomatic patients [2–6].

B. A. Kocamemi (&) � E. Erken
Environmental Engineering Department, Marmara
University, Göztepe, Turkey
e-mail: bilge.alpaslan@marmara.edu.tr

H. Kurt
International Faculty of Medicine, Department of
Medical Biology, Saglik Bilimleri University,
Istanbul, Turkey

A. M. Saatçi
Turkish Water Institute (SUEN), Üsküdar, Turkey

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Bahadir and A. Haarstrick (eds.), Water and Wastewater Management,
Water and Wastewater Management, https://doi.org/10.1007/978-3-030-95288-4_14

163

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95288-4_14&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95288-4_14&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95288-4_14&amp;domain=pdf
mailto:bilge.alpaslan@marmara.edu.tr
https://doi.org/10.1007/978-3-030-95288-4_14


Moreover, some studies suggested the possibility
of extended duration of viral shedding in feces
after the patients’ respiratory samples were neg-
ative [7–12]. In this respect, SARS-CoV-2
wastewater-based epidemiology (WBE), i.e.,
wastewater surveillance, aiming to estimate the
distribution of asymptomatic and symptomatic
individuals in a specific region has received
worldwide attention. Various research groups
worldwide have started SARS-CoV-2 detection
in wastewater, since WBE provides tracking the
whole population by testing a small number of
wastewater samples in a specific region and can
predict SARS-CoV-2 RNA in human feces a few
days to a week before the onset of symptoms
[13–53]. This makes WBE a quite economic tool
for continual tracking of decreasing or increasing
trend of the Covid-19 in a particular region.
Many countries have been defining hot spots,
e.g., dormitories, metro stations, and airports to
develop an early-warning tool for determining
the presence of Covid-19 in a community [54,
55]. However, wastewater surveillance studies
have not been properly integrated into the Covid-
19 management strategy by decision-makers yet.
There are only few countries in the world (e.g.,
Turkey, The Netherlands, and Canada) applying
WBE studies nationwide. A major challenge of
WBE studies for tracking Covid-19 is the dura-
tion and recovery efficiency of SARS-CoV-2
RNA in wastewater prior to real time quantitative
polymerase chain reaction (RT-qPCR) measure-
ments. The recovery of SARS-CoV-2 from
wastewater samples has been accomplished
through recovery methods (e.g., polyethylene
glycol (PEG), Ultrafiltration (UF), skimmy milk),
which are in use for other viruses. However, all
these methods have some deficiencies in the
application of WBE studies for routine Covid-19
tracking. Additionally, new primers are under
development for the mutant variants of SARS-
CoV-2 including B.1.1.7., B.1.351, P1 and
B.1.617.2 that have been identified up to now.

This chapter provides a brief overview of the
WBE studies applied to track Covid-19 by dis-
cussing the major benefits, current activities in

the world, molecular methods applied and post-
covid approaches.

In view of the recent Covid-19 pandemic, this
chapter will also highlight future perspectives for
the management of water and wastewater sys-
tems under conditions of public health crises.

14.2 Corona Viruses and SARS-CoV-2

Viruses are microscopic pathogenic agents that are
abundant in water and wastewater [56]. Trans-
mission of viruses to humans generates several
diseases and epidemics that affect all age groups,
being fatal for children in some cases (e.g., gas-
troenteritis leading to mortality during the first five
years of life) [57]. The most common groups of
viruses generating disease and epidemics for
human being are Picornaviridae (e.g., polioviruses,
echoviruses, and hepatitis A), Reoviridae (e.g.,
reoviruses, rotaviruses), Adenoviridae (e.g., aden-
ovirus A.), Coronaviridae (e.g., corona viruses),
Caliciviridae (e.g., caliciviruses), small round
viruses (e.g., astroviruses, Norwalk), and bacte-
riophages [56, 58–63]. Among these, corona
viruses cause respiratory and intestinal infections
in animals and humans [64].

Corona viruses, which are important patho-
gens for human and vertebrates, belong to the
subfamily of Coronavirinae. According to ICTV
2020 classification (https://talk.ictvonline.org),
Coronavirinae subfamily consist of four genera:
Alphacoronavirus, Betacoronavirus, Gamma-
coronavirus, and Deltacoronavirus. Virions are
spherical shape of 120–160 nm diameter. The
particles are classically covered with large, club-
or petal-like surface spike proteins. Under elec-
tron microscopy, spherical particles generate an
impression similar of the solar corona. Thus,
entire family of this virus are called coron-
aviruses. Nucleocapsids of virus are helical and
can be removed by detergent treatment.

So far, six types of coronaviruses have been
identified that can infect humans. Among them,
HCoV-229E and HCoV-NL63 belong to
Alphacoronavirus, while HCoV-OC43, HCoV-
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HKU1, SARS-CoV, MERS-CoV belong to
Betacoronavirus (Fig. 14.1). They are considered
to be highly pathogenic to humans with the
outbreak of severe acute respiratory syndrome
(SARS) in 2002 and 2003 [65]. Ten years after
SARS, another highly pathogenic coronavirus,
Middle East respiratory syndrome coronavirus
(MERS-CoV) emerged in Middle Eastern coun-
tries [66]. Emerging human pathogens of SARS,
MERS-CoV and SARS-CoV-2 viruses are
members of Betacoronavirus.

SARS-CoV-2 is an enveloped, non-
segmented, positive-sense RNA virus, which is
broadly distributed in humans and other mam-
mals. Its diameter is about 65–125 nm, contain-
ing single strands of RNA and provided with
crown-like spikes on the outer surface [67].
Structurally, SARS-CoV-2 has four main struc-
tural proteins including spike (S) glycoprotein,
small envelope (E) glycoprotein, membrane
(M) glycoprotein, and nucleocapsid (N) protein,
and also several accessory proteins [68]. SARS-
CoV genome structure and functional domains of
S protein are shown in Fig. 14.2.

14.3 Covid-19 Pandemic

In December 2019, a local outbreak of pneu-
monia caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) was
detected in Wuhan (Hubei, China) [61].The
outbreak has spread so quickly that on March 11,
2020, the World Health Organization
(WHO) announced the Coronavirus Disease
2019 (Covid-19) outbreak as a global pandemic.
John Hopkins Coronavirus Resource Center
interactive dashboard has been reporting global
confirmed cases and deaths [70].

Different tools (Fig. 14.3) are used to monitor
Covid -19, (a) RT-qPCR for SARS-CoV-2 RNA
in rhinopharyngeal swabs, (b) serological
surveillance through testing the blood of indi-
viduals for antibodies against SARS-CoV-2, and
(c) wastewater surveillance for detection of
SARS-CoV-2 RNA. It is noteworthy to mention
that, while swab test and serological surveillance
are used to diagnose Covid-19, wastewater
surveillance helps to monitor the spread of the
disease. RT–qPCR tests can detect the RNA

Fig. 14.1 Phylogenetic relationships among the mem-
bers of the subfamily Coronavirinae. A rooted Neighbor-
joining tree was generated from amino acid sequence

alignments of the spike protein. The tree reveals four main
monophyletic clusters corresponding to genera Alpha-,
Beta-, Gamma- and Deltacoronavirus [66]
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genome of SARS-CoV-2 by nucleic acid assays,
however, the detection of the analyte requires
that a sample contains sufficient viral genome
copies or levels of viral proteins that exceed the
limit of detection for a given assay. Moreover,
the abundance of these viral analytes varies sig-
nificantly between different anatomical locations
and different stages of infection. The sensitivity
of tests for detecting SARS-CoV-2 can be
dependent on the time and site sampled as well as
on the technical performance of the assay [71].
One systematic review reported false negative
rates in the range of 2–33% in repeated sample
testing [72]. Moreover, technical problems
including contamination during sampling, con-
tamination by PCR amplicons, and contamina-
tion of reagents could also result in false positive
results. Therefore, a reliable detection method is
required for sustainable monitoring of Covid-19
spread.

Serological tests help to monitor and to
understand, how many individuals in a popula-
tion have been infected with SARS-CoV-2.

However, serosurveillance is a retrospective tool,
as the development of an immune response and
detectable antibody levels in blood require sev-
eral weeks [73]. Wastewater surveillance has
been proposed as a complementary approach for
tracing the virus transmission within human
population connected to a wastewater network.
A large fraction of infected individuals shed
SARS-CoV-2 in their stool [8]. Also, SARS-
CoV-2 RNA from urine and respiratory secre-
tions (from handwashing, showering, nasal
lavages, tissues) may contribute to the load of
SARS-CoV-2 into the sewer system [29, 73].
The virus may survive for up to several days out
of the human body, therefore, its measurement in
wastewater could provide a complementary tool
for preventive tracking and diagnosing Covid-19
across communities [74]. Wastewater surveil-
lance could be especially informative considering
that asymptomatic patients cannot be detected
during clinical surveillance [75]. Further details
regarding wastewater surveillance are described
under Sect. 14.4.

Fig. 14.2 SARS-CoV and MERS-CoV genome structure
and functional domains of S protein. 16 non-structural
proteins (nsp1–nsp16) are encoded by the ORF1a and
ORF1b genes. Spike (S), envelope (E), membrane (M),
and nucleocapsid (N) genes are encode structural proteins.
Spike protein has two subunits called S1 and S2. CP,

cytoplasm domain; FP, fusion peptide; HR, heptad repeat;
RBD, receptor-binding domain; RBM, receptor-binding
motif; SP, signal peptide; TM, transmembrane domain
[69]. (This picture is licensed under the Creative Com-
mons Attribution 4.0 International license.)
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14.4 Wastewater-Based
Epidemiology and Its Use
for Covid-19 Track

Wastewater is all the water from homes and
urban public facilities (hospitals, schools, etc.) as
well as from certain industries (if it does not
require specific treatment). This water is con-
veyed, via the “sewer-age system” to treatment
plants, where it is treated and then discharged
into the environment. WBE is an approach based
on the chemical analysis of pollutants and
biomarkers in raw wastewater in order to obtain
qualitative and quantitative data on the activity of
inhabitants within a given wastewater catchment
[76]. Figure 14.4 summarizes the major appli-
cations of WBE. At the moment, majority of the
studies on WBE are focused on the assessment of
the presence and consumption of illicit (e.g.,
cocaine, heroin) and licit (e.g., caffeine, nicotine,
alcohol) drugs in different areas [76]. However,
community-wide exposure to pharmaceuticals
and personal care products (PPCPs), toxicants,
contaminants and carcinogens (e.g., nicotine,
plasticizers, pesticides, PAFS, phthalates) are
already in their incipient stages. It is also known
that the health status of the population (e.g.,
diabetes, oxidative stress, cancer) may be eval-
uated by monitoring a number of biomarkers.
Epidemiology of some pathogens (e.g., cryp-
tosporidiosis, giardiasis), antibiotic resistance
genes and viruses is also possible. WBE moni-
toring is a tool to guide epidemiological
surveillance and mitigation efforts for infectious

diseases, such as the Global Polio Eradication
Initiative [77]. Figure 14.5 presents distinct
milestones in the use of WBE studies for public
health.

In WBE studies, representative wastewater
samples (24-h composite) are collected at the
influent of a wastewater treatment plant
(WWTP). These samples are considered a com-
plex matrix with relatively high concentrations of
other compounds that might interfere with the
determination of target biomarkers present at
trace or ultratrace levels (ng/L range). The sam-
ple preparation processes commonly include
sample filtering or centrifugation and precon-
centration steps, usually by solid-phase extrac-
tion (SPE). Recently, there has been an increase
in none target analysis studies to identify new
substances susceptible to be used as biomarkers
in WBE [8]. While extracts are mainly analyzed
by liquid chromatography and mass spectrometry
(LC–MS), RT-qPCR analyses are performed to
detect the presence of specific genetic material in
any pathogen, including viruses.

WBE has been shown to have an excellent
potential for early detection of the outbreak of
diseases, e.g., of Covid-19. Considering the
spread rate and high population in various parts
of the world, surveillance of disease prevalence
during pandemic such as Covid-19 is a crucial
task. The massive testing of the population to
monitor the spread of the virus is a challenge.
Moreover, as majority of the infected individuals
are asymptomatic, it is not possible to obtain
reliable data just with testing approach. Asymp-
tomatic and symptomatic infections result in

Fig. 14.3 Various Covid-19
surveillance methods
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Fig. 14.4 Major applications of WBE studies

Fig. 14.5 Distinct milestones in WBE studies
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significant uncertainty in the estimated extent of
SARS-CoV-2 infection [64]. A high proportion
of cases had persistently positive viral tests from
rectal swabs even after nasopharyngeal swab
results became negative, suggesting that the
duration of virus shedding in the gastrointestinal
tract could be longer than in the respiratory tract
[78]. Viral shedding by asymptomatic or mild
cases of Covid-19 are common [79]. In particu-
lar, asymptomatic transmission route of SARS-
CoV-2 challenges contact tracing efforts [80].
Regarding the testing capacity and costs as well
as the limitations in availability of these tests
equally throughout the world countries, there is a
need for alternative strategies to assess the spread
of the disease. WBE provides a response to
emerging infections [81–83]. Furthermore,
wastewater surveillance can be used to determine
the burden of undiagnosed infections at the
population level. Circulation of SARS-CoV-2
can be monitored within communities, both large
communities such as inhabitants of a large city or
smaller communities, such as nursing homes,
university campuses, prisons, touristic locations
and airports. It is a very cost-efficient tool for
population surveillance. Also, it does not require
repeated sampling of individuals (such as nursing
home inhabitants) to survey for (absence of)
SARS-CoV-2 circulation in that community.
Sewage surveillance has been suggested for areas
with limited access to health or testing facilities
provided that adequate sewage collection system
is available [73]. Few studies demonstrated that
virus RNA could be detected in the wastewater
before the cases were clinically reported [34, 49,
73, 84]. These studies prove the power of WBE
as an early warning system of increased trans-
mission potential of the disease and identification
of mutants. Based on WBE studies, decision
makers may implement more significant mea-
sures to protect public.

14.5 Covid-19 Wastewater-Based
Epidemiology Studies
in the World

Detection of RNA fragments of SARS-CoV-2 in
untreated wastewater has been reported in a
number of studies including The Netherlands
[13–15], USA [7, 16–21], Australia [22], France
[23–25], China [26], Spain [27–31], Italy [32–
34], Israel [35], Turkey [36–39], Germany [40],
Japan [41, 42], India [43, 44], Pakistan [45],
Brazil [46, 47], Chile [48], Denmark, France,
Belgium [49], Ecuador [50], Sweden [51], Czech
Republik [52] and Bangladesh [53]. However,
majority of these studies were conducted either in
only a couple of treatment plants or in a confined
area. Nationwide studies are limited to few
countries like Turkey and The Netherlands [15,
38, 39]. An important point to consider is that in
most of the studies influent samples are screened
for SARS-CoV-2, whereas effluent and sludge
samples also need to be monitored for a com-
prehensive understanding of the fate of the virus
[21, 24, 25, 37, 42–44, 48, 50, 84, 85]. Efforts are
ongoing to establish a correlation between
wastewater SARS-CoV-2 RNA concentrations
and Covid-19 clinical case reports. As of now,
very few countries have been using the infor-
mation from surveillance studies to support
decision making about whether to adjust public
health and social measure, and few of them have
been sharing their data with dashboards.

Although, wastewater based epidemiological
surveillance can be used as an efficient early
warning tool for outbreaks such as Covid-19,
there are some challenges such as the sampling
strategy, measurement methodology and avail-
ability of required facilities and reagents. Selec-
tion of the sampling methods is a longstanding
challenge. For wastewater and sludge, grab
samples represent a single time and are highly
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influenced by daily fluctuations in wastewater
flow and composition. Composite samples are
collected by pooling multiple grab samples at a
specified frequency over a set time period—
typically 24 h for wastewater surveillance.
Moore swab method, which is another surveil-
lance method, has been suggested to be more
sensitive than the grab sampling method and can
easily be applied at any building level, like
schools, nursing homes, prisons, and
public/private buildings [78]. Dilution of
wastewater due to precipitation or larger flows in
the morning and stability of virus and genome
fragments in sewage may lead to inconsistent
results [86]. Also, conflicting results have been
obtained between manual sampling and auto-
mated sampling approaches [16]. Another chal-
lenge is the requirement of a large sample
volume in low infected regions or time periods,
when the virus concentration is low. In such
cases, sampling location within a treatment plant
(influent, effluent or sludge) gains more impor-
tance. Sludge is an important compartment to
monitor SARS-CoV-2, particularly, during surge
declining phases. Turkey is the first country that
demonstrated SARS-CoV-2 surveillance with
sewage sludge samples [37]. Absence of a stan-
dard or optimized protocol for SARS-CoV-2
detection or quantification in sewage is also an
important challenge [9]. Besides difficulties
associated with isolating culturable viruses from
feces to the different protocols have ended up
with contradictory results [87].

Various virus concentration methods (ultra-
filtration, filtering through electronegative mem-
branes, PEG precipitation, ultracentrifugation,
aluminum-driven flocculation) have been used
to improve the maximum recovery efficiency of
SARS-CoV-2, however, issues such as cost,
availability of reagents and access to instruments
as well as scalability have been major challenges
in this context. In addition, previous studies have
shown that some standard virus concentration
methods are inefficient to recover enveloped
viruses from environmental water samples,
since most of these studies have established
the methods for non-enveloped enteric viruses
[8, 88].

In fact, the RT-qPCR assays used in
wastewater based epidemiology have been
developed for clinical testing, and thus not meant
for a heterogeneous sample matrix like wastew-
ater [8]. The sample complexity is a challenge, as
it can lead to PCR inhibition due to impurities or
irrelevant genes. Access to laboratories with
advanced containment capabilities, meaning
those with a biosafety level (BSL) of 2 or higher
to conduct RT-qPCR test for SARS-CoV-2 is
also a challenge.

14.6 Quantification of SARS-CoV-2
and Mutant Variants

Effective and reliable extraction of SARS-CoV-2
virus from wastewater is the most important step
in wastewater-based epidemiological studies.
Thus, different concentration methods such as
ultracentrifugation, PEG 8000 adsorption, ultra-
filtration, aluminum-driven flocculation,
skimmed-milk flocculation and electronegative
membrane have been used [22, 23, 37, 89–91].
Using rapid, cost-effective, and sensitive meth-
ods for concentrating SARS-CoV-2 RNA in
wastewater are vital for SARS-CoV-2 studies.
There is no standard or optimal methods for
concentrating SARS-CoV-2 RNA in wastewater.
Comparisons between different concentration
methods are very difficult as each study uses
different methods and different surrogate coron-
avirus. Methodological studies were carried out
to eliminate this deficiency and to compare dif-
ferent methods [92–95]. LaTurner et al. tested
electronegative filtration (HA filtration) with
bead beating, electronegative filtration with elu-
tion, ultrafiltration, PEG precipitation, ultracen-
trifugation and direct extraction [92]. They found
HA filtration with bead beating was best in terms
of sensitivity and cost. Barril et al. tested specific
recovery of SARS-CoV-2 with 11 concentration
techniques [93]. They found PEG precipitation
and aluminum polychloride flocculation have
high efficiency with 62.2% and 45.0%, respec-
tively. Ahmed et al. compared seven concentra-
tion methods [94]. They showed adsorption-
extraction methods could provide rapid recovery
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of SARS-CoV-2 from wastewater. Best recovery
was observed in electronegative membrane with
the addition of MgCl2. Philo et al. also compared
different methods for virus concentration [95].
They concluded that skimmed milk flocculation
was best due to its detection consistency and
simplicity. Despite all the work done, unfortu-
nately, consensus among the methods could not
be achieved. Skimmed milk flocculation, PEG
8000 and electronegative filtration stand out,
because they are easy to use and cheap.

Quantitative virus analyses are performed
using primers, which are targeting genes encod-
ing N, orf1ab and S protein by RT-QPCR
approach. Currently, Kitajama et al. summa-
rized available primers and probes for SARS-
CoV-2 [8]. The performance of seven primer sets
targeting RdRp, E, and N genes were evaluated
in clinical samples by van Kasteren et al. [96].
The authors found that RT-qPCR assays target-
ing N and E gene performed best and showed the
highest sensitivity. Due to the low amount of
virus in wastewater and the presence of various
inhibitors in the wastewater matrix, care should
be taken when evaluating the results. Mutations
in the regions targeted by the RT-qPCR primers
reduce the effectiveness of the primers used.
Because of all these difficulties, it is very
important to use molecular process controls
while experimenting. Because of all these diffi-
culties, it is very important to use synthetic DNA
fragments of target with known copy number as a
control for RT-qPCR experiment.

The main purposes of WBE studies are the
quantification of SARS-CoV-2 in wastewater as
well as the detection of new and potential future
virus variants. For this purpose, the detection of
variants with new generation sequencing tech-
nologies such as illumina amplicon sequencing is
becoming widespread along with RT-qPCR with
special primers to detect variants [97–99].

Although, the RT-qPCR method is considered
the gold standard for the quantification of
viruses in wastewater, using electrochemical
immunosensors methods has the potential to
provide faster results and is more practical than
using the conventional PCR-based approach
[100].

SARS-CoV-2 viral RNA synthesis is exe-
cuted by the nsp12 RNA- dependent RNA
polymerase (RdRP). Coronaviruses has unique
RNA proof-reading activity. Nsp14 is responsi-
ble for the 3′–5′ exonuclease activity. Because of
error-correcting nature of Nsp14 protein, repli-
cation error rates are more than tenfold lower
than that of other RNA viruses [101]. Dilucca
et al. showed different selective pressure over
viral proteins [102]. For example, M and E
integral proteins are under low natural selection.
However, the S protein is under high selective
pressure due to host response [102]. Simultane-
ous emergence of SARS-CoV-2 variants on dif-
ferent continents creates a great concern about
latest pandemic. The SARS-CoV-2 variant with a
single D614G mutation in the S protein was
detected in March 2020 and became the global
dominant variant within the next few months due
to increased transmissibility [103, 104]. The
emergence of three SARS-CoV-2 variants
[B.1.1.7 (UK), B.1.351 (SA), and P.1
(B.1.1.28.1) (Brazil)] since the last months of
2020 has raised further concerns [105]. Lastly,
B.1.617.2 variants are emerged in India. Those
are recent Variants of Concern due to increased
transmissibility and virulence of Covid-19 epi-
demiology. World Health Organization
(WHO) start using Greek alphabet to assign
variants. Alpha, beta, gamma and delta are
assigned to B.1.1.7, B.1.351, P.1 and B.1.617.2,
respectively. Along with Variants of Concern,
Variants of interest were also listed in the WHO
variant web site (https://www.who.int/en/
activities/tracking-SARS-CoV-2-variants/).
These variants have become dominant variants
due to their advantages in virus replication,
transmissibility and ability to escape from the
immune system. For this reason, excessive
monitoring should be performed for SARS-CoV-
2 variants in wastewater.

14.7 Post-Covid-19 Approaches

Decision makers are the most critical players in
protection of the population from the Covid-19
disease. Though reliable information on the virus
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and its transmission mechanisms are limited, the
rational policy decision should be built on the
best available scientific evidence such as dash-
boards based on wastewater based surveillance
studies along with the direction of scientific
committees including public health specialists.
Turkey is the first country presenting the results
of nationwide Covid-19 wastewater surveillance
study results with dashboards on a governmental
web page [106].

Biosensors provide a great advantage to detect
the minimal level of viruses in complex matrices,
such as wastewater, provided that appropriate
concentration methods are applied. Furthermore,
biosensors can potentially provide rapid and real-
time data for government agencies to monitor
wave trends and to establish an effective early
warning system to prevent community-based
disease outbreaks [107].

The SARS-CoV-2 is a serious concern for the
irrigation uses, particularly for the wastewater
stakeholders of the world. In developing coun-
tries, the unregulated use of wastewater for irri-
gation demands has to be considered for the
WBE. In this case, methods for irrigation with
wastewater without proper treatment may be
advised to operate with caution in order to avoid
contact with SARS-CoV-2. Currently, there is no
evidence confirming the survival of SARS-CoV-
2 virus after the disinfection process for both
drinking water treatment plant and centralized
WWTP. However, medical wastewater may
concentrate the SARS-CoV-2 RNA, hence, dis-
infection of treated effluent in medical WWTP
should follow specific guidelines that include the
concentration of SARS-CoV-2 RNA copy num-
ber in such water matrix.

WWTPs have been identified as an important
reservoir of antibiotic resistance genes (ARG),
which are often expressed in antibiotic resistance
bacteria (ARB) and thus posing significant risks to
human health and ecosystem. Thus, the extensive
experience gained in monitoring and quantifica-
tion of the SARS-CoV-2 virus in wastewater
should be adapted to detect ARGs as well.

Interdisciplinary studies that include epi-
demiological, environmental, social, and eco-
nomic interaction as well as transformative

innovation are necessary to create strategies to
new challenges of possible future pandemics.
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15Pharmaceuticals, Benzotriazoles
and Polyfluoroalkyl Substances:
Impacts and Potential Reduction
Measures

Elke Fries, Manuela Helmecke,
and Christoph Schulte

Abstract

Daily life products like medicines, dishwasher
detergents or textiles contain various organic
chemicals. According to use and disposal of
such products pharmaceuticals, benzotria-
zoles, and polyfluoroalkyl substances (PFAS)
appear among many other organic chemicals
in municipal wastewaters. Carbamazepine,
sulfamethoxazole, 4-methyl-1H-benzotriazole
(4Me-BT), perfluoro carboxylic acids like
perfluorooctanoic acid (PFOA) and perfluoro
sulfonic acids like perfluorooctane sulfonic
acid (PFOS) are not biodegradable and,
therefore, classified as persistent in wastewa-
ter. Ibuprofen, paracetamol, 1H-benzotriazole
(1H-BT) and 5-methyl-1H-benzotriazole
(5Me-BT) are principally degradable, but they
can be classified as pseudo-persistent when
delivered continuously. Discharge of wastew-
ater effluents is thus an important source of
pharmaceuticals, benzotriazoles and PFAS,
among other organic chemicals, in river water,
where concentrations are usually at trace
levels due to dilution. Thus, they belong to

the so-called micro-contaminants. Bank filtra-
tion and irrigation of agricultural fields with
reclaimed water or wastewater-impacted
river water are potential sources of pharma-
ceuticals, benzotriazoles and PFAS in soil
and groundwater resources. Paracetamol,
sulfamethoxazole, 1H-BT and PFOA can
be classified as mobile in the environment.
Carbamazepine, ibuprofen, 4Me-BT, 5Me-BT
and PFOS are less mobile and sorb principally
better to solid matrices. In the environment,
toxic or endocrine effects, development of
antibiotic resistances, uptake by biota and
plants, accumulation in the food chain, transfer
into edible parts and fodder, impact on ecosys-
tem functioning or drinking water contamina-
tion can be attributed to organic micro-
contaminants posing risks to human and
ecosystem health. Hence, the entry of pharma-
ceuticals, benzotriazoles and PFAS into the
environment should be generally prevented. To
avoid high expenses for water treatment and
being in line with the precautionary principle,
reduction at the sources is prioritized. Never-
theless, a cost-effective combination of
measures is needed that also includes efforts
targeting the use of substances and end-of-pipe
solutions. Risk assessment should take into
account ecological functions but also potential
water usages. Finally yet importantly, stake-
holder involvement is important to ensure data
availability, the implementation and financing
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of measures as well as for the communication
of potential risks.

Keywords

Antibiotics � Tolyltriazoles � Irrigation �
PFOS � Wastewater

15.1 Introduction

Organic chemicals are manufactured and used in a
variety of industries for daily life products around
the globe. For example, medicines contain phar-
maceutical active compounds, dishwasher deter-
gents contain benzotriazoles as corrosion
inhibitors and textiles contain poly- or per-
fluoroalkyl substances (PFAS) as water and grease
repellent agents or coatings. According to product
use and disposal, organic chemicals occur ubiq-
uitously in municipal wastewater influents [1].
Input loads in wastewater are still increasing with
population and standard of living. Municipal
wastewater treatment plants can eliminate organic
chemicals only to a limited extent, depending on
treatment conditions [2], input loads,mobility, and
biological degradability. Persistent organic
chemicals are recalcitrant in conventional
mechanical–biological water treatment processes,
whereas pseudo-persistent ones are principally
degradable. However, when delivery is continu-
ous and residence times are lower than degradation
rates, pseudo-persistent organic chemicals are also
not removed completely from wastewater. In
addition, transformation products might be even
more stable. Duringwastewater treatment, organic
chemicals, in particular those of high polarity,
remain in the aqueous phase due to their low
adsorption capacity to sewage sludge. Conse-
quently, organic chemicals are ubiquitously pre-
sent in municipal wastewater effluents. Surveys on
organic chemicals in wastewater were published
for the United States [3, 4], for Europe [5–10], and
for Southern Mediterranean countries [11–14].

Figure 15.1 shows sources, sinks and effects
of wastewater-borne organic chemicals in the
environment. Discharge of wastewater effluents
is an important source of organic chemicals in
river water systems. In rivers, persistent com-
pounds are poorly biodegradable, whereas
pseudo-persistent chemicals are present due to
continuous input from effluents. Persistent and
mobile chemicals are in particular hazardous for
the water cycle, because these substances might
reach drinking water resources [7, 15]. In con-
trast to well-regulated persistent, bioaccumula-
tive and toxic (PBT) chemicals, persistent and
mobile chemicals are not removed from water by
sorption processes due to an excellent water
solubility (S) [15]. The partition coefficient
between n-octanol and water (log POW) is an
appropriate parameter to estimate the sorption
tendency for uncharged compounds. In general,
Log POW is inversely related to water solubility
and directly proportional to molecular weight of
neutral substances. Log POW provides a much
better estimator for sediment–water partitioning
than does the simple water solubility [16].
Chemicals with low log POW values show gen-
erally less tendency to sorb to solids like soils,
suspended particles, and sediments. The mobility
of ionic or dissociating compounds can be esti-
mated, however, in a very simplified manner, by
their acid dissociation constant (pKa) and pH
value [15]. Compound mobility is expected to
increases with decreasing pKa according to
stronger dissociation.

Concentrations of organic chemicals in river
water are usually lower than in effluents of
wastewater treatment plants due to dilution with
less contaminated upstream water. Because of
typical concentration in the µg/L range and
below, they are called micro-pollutants [17] or
micro-contaminants [18]. In river water, mobile
micro-contaminants remain preferentially in the
aqueous phase, whereas less mobile ones sorb to
sediments and to suspended particles. In partic-
ular, persistent polar ones are not fully retained
by any of the natural or technical barriers, and
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dilution may be the only mechanism, by which
their concentrations decrease along the water
path from wastewater to the raw water used for
drinking water production [7]. However, one has
to mention that in areas, where a high population
and a high density of wastewater treatment plants
hit low natural discharges due to low precipita-
tion and high temperatures, rivers consist largely
of wastewater effluents. During low flow condi-
tions, wastewater contributions in European riv-
ers are often around 50% or even higher [19, 20].

Since the last decade, significant advancement
of knowledge on micro-contaminants in river
water and groundwater has been achieved [21–
26]. Bank filtration of river water might result in
a transport of micro-contaminants into ground-
water [27, 28]. Agricultural irrigation with
reclaimed water impacts soil health and ground-
water quality in general [29–32], but it is also a
potential source of micro-contaminants [11–13,
33, 34]. Water reuse in agriculture poses several
risks related to micro-contaminants [18]. In
contrast to planned irrigation with reclaimed
water, surface water irrigation is often uncon-
trolled and unregulated [19] resulting potentially
in an input of micro-contaminants into ground-
water and soil. In particular, mobile micro-
contaminants can be quite problematic as they
may travel along the water path to water used for

drinking water production [7]. Usually, micro-
contaminants are still not monitored routinely at
irrigated sites.

Once discharged into the environment, micro-
contaminants might have hazardous effects
(Fig. 15.1). Some compounds are toxic, have
endocrine effects or may foster the development
of antibiotic resistances. Uptake of toxic or
endocrine active chemicals by aquatic and ter-
restrial biota or plants—often followed by accu-
mulation in the food chain—poses risks to human
and ecosystem health. If groundwater is abstrac-
ted from wastewater-impacted wells for irrigation
of other crops, micro-contaminants can be haz-
ardous. Although uptake into plants cannot be
excluded, impact on crop growth is only expected
at concentrations much greater than would be
currently expected in treated wastewater [35].
Ecosystem and soil functions might also be
affected by wastewater reuse in irrigation [36]. To
avoid all these impacts, the entry of organic
chemicals into wastewater needs to be reduced to
prevent the occurrence of micro-contaminants in
the environment. This is particularly important in
areas strongly affected by water scarcity, reported
for example by the International Water Manage-
ment Institute [37], where direct or indirect water
reuse is highly important. Potential reduction
measures can target different phases in the life

Fig. 15.1 Sources, sinks and effects of wastewater-borne organic chemicals in the environment
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cycle of the relevant substances at the source,
during the use of substances and end-of-pipe to
decrease further spreading of organic chemicals in
the environment.

15.2 Pharmaceuticals

Major pharmaceutical groups are antibiotics,
analgesics, psychiatric drugs, x-ray contrasting
agents, anti-infectives, anti-inflammatories, and
cardiovascular system-related drugs. Market
revenues of pharmaceuticals show an historic
growth worldwide motivated by the increase on
the drug demand [38]. In 2017, pharmaceutical
market revenue was 1,143 USD and will reach
1,462 billion USD in 2021 worldwide [39].
Pharmaceuticals and their degradation products
can enter the environment mainly via excretion
and disposal in wastewater [40]. In raw urban
wastewater, the variability of analgesics/anti-
inflammatories ranged between 0.0016 and
373 lg/L (ibuprofen) and of antibiotics between
0.001 and 32 lg/L (ofloxacin) [8]. Concentra-
tions of paracetamol in wastewater influents were
between 4.8 µg/L (United Kingdom) and
246 µg/L (Spain) [41].

Halling-Sorensen et al. [42] reviewed the
occurrence, fate and effects of pharmaceuticals in
the environment already at the end of the
20th century. Since then, research on pharma-
ceuticals in wastewaters, natural waters, soils,
environmental fate, impacts and concerns, human
health risks, and development of treatment
technologies has been increased worldwide in
particular in North America and Europe and
lately in China [38].

Biological degradation of pharmaceuticals in
municipal wastewater treatment plants was
reported to be varying [6]. Information on the
biological degradability in municipal wastewater
treatment of paracetamol (analgesic), sul-
famethoxazole (antibiotic), carbamazepine
(antiepileptic drug) and ibuprofen (analgesics) is
given in Table 15.1.

In sludge of municipal wastewater, carba-
mazepine and sulfamethoxazole were not
removed to a significant extent (<20%) with

degradation rates < 0.1 L/[gss d] [6]. Both com-
pounds can be classified as persistent in
wastewater. In contrast, ibuprofen and paraceta-
mol were transformed by > 90% with degrada-
tion rates > 10 L/[gss d] in sludge of municipal
wastewater [6]. However, both compounds were
frequently detected in wastewater effluents at
concentrations >1 lg/L [9, 10, 41]. These find-
ings indicate that ibuprofen and paracetamol
represent pseudo-persistent pharmaceuticals
having high input loads combined with low res-
idence times in wastewater treatment plants.

In a monitoring survey on effluents from 90
European wastewater treatment plants carba-
mazepine (4.6 µg/L), ibuprofen (2.1 µg/L) and
sulfamethoxazole (1.7 µg/L) were among the
emerging organic contaminants being detected
with highest concentrations [9]. Concentrations
of paracetamol in wastewater effluents ranged
between 0.07 µg/L (Malaysia) and 6 µg/L
(Germany) [41]. Nikolaou et al. [40] reviewed
the occurrence of a variety of pharmaceuticals in
sewage treatment plant effluents with concentra-
tions between 0.01 µg/L and 2.97 µg/L
(ibuprofen). In the review of Fatta-Kassinos
et al. [45], concentrations of antibiotics in
urban wastewater effluents were reported in the
range of 0.02 µg/L and 9.46 µg/L (sul-
famethoxazole). Concentrations of
analgesics/anti-inflammatories and antibiotics in
secondary effluents ranged between 0.001 and
57 lg/L (tramadol), and between 0.001 lg/L and
6.7 lg/L (trimethoprim), respectively [8]. In
effluents from four selected municipal wastewa-
ter treatments plants in northeastern Tunisia,
sulfamethoxazole, carbamazepine, ibuprofen,
paracetamol, atenolol, naproxen, ketoprofene,
diclophenac and furosemide were most abundant
among 14 pharmaceuticals with concentra-
tions >1 µg/L [13]. Transformation products of
ibuprofen were detected frequently in wastewater
[46, 47]. In municipal wastewater effluents in
northeastern Tunisia, the two transformation
products of ibuprofen 1-OH-ibuprofen and 2-
OH-ibuprofen were detected at maximum con-
centrations of 0.421 µg/L and 11.06 µg/L,
respectively. The concentration of 2-OH-
ibuprofen exceeded even that of ibuprofen [13].
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Discharge of wastewater effluents is an
important source of pharmaceuticals in the aquatic
environment. Pharmaceuticals and their transfor-
mation products occurred frequently in river water
in different countries [14, 48–51]. In general,
concentrations in surface waters are in the µg/L
range [52]. Lower concentrations are attributed
mainly to dilution. It is important to mention, that
in certain areas, climate change results in
decreasing river water levels, and hence in
less dilution processes. A total of 57 pharmaceu-
ticals were detected in the aquatic environment of
ten Latin American countries [14]. Concentration
of naproxen was highest at 75.8 lg/L in a Mexi-
can river [53], followed by ibuprofen (36.8 lg/L)
in Costa Rica [54] and acetaminophen
(30.4 lg/L) in Brazil [55]. In the United States, a
total of 93 pharmaceuticals have been reported to
be present in surface water with concentrations
between 0.0035 and 15 µg/L (sulfadimethoxine)
[56]. In the Ebro river basin in Spain, concentra-
tions of pharmaceuticals were between 0.0004
and 0.712 µg/L (acetaminophen) [57]. In Tunisia,
13 pharmaceutical compounds were detected in
the Melian River, where concentrations of
ibuprofen (1.024 µg/L) and paracetamol
(2.073 µg/L) were highest [13]. These high sur-
face water concentrations indicated a great

proportion of wastewater in the river during
periods of low precipitation. As reported for
wastewater effluents, the concentration of 2-OH-
ibuprofen (4.050 µg/L) exceeded that of ibupro-
fen in the river [13].

Pharmaceuticals have been also frequently
detected in groundwater [21, 24, 58–62]. In
ground water samples collected from 23 European
Countries, carbamazepine (frequency of detec-
tion: 42%; maximum concentration: 0.390 µg/L)
and sulfamethoxazole (frequency of detec-
tion: 24%; maximum concentration: 0.038 µg/L)
were among the most relevant compounds [21].
Sulfamethoxazole is a critical trace pollutant in
bank filtration due to its enhanced persistency
compared with that of other antibiotics [42, 63].
Carbamazepine was also reported to be relatively
persistent during subsurface flow [64–67]. In a
study carried out at a riverbank filtration site in
Poland, carbamazepine (max. 145 ng/L), sul-
famethoxazole (max. 20 ng/L), diclofenac (max.
99 ng/L), naproxen (max. 21 ng/L) and iohexol
(max. 146 ng/L) were detected in groundwater
collected from a well located 82 m away from the
river [28]. However, a significant attenuation of
pharmaceuticals was observed at travel times of
40–50 days and distances of 60–80 m; in an
observation well located 250 m away from the

Table 15.1 Water solubility (S), n-octanol–water portioning coefficient (log POW), dissociation constant (pKa), and
biological degradability of selected pharmaceuticals, benzotriazoles and PFAS selected compounds (ss: suspended
solid, nm: not measurable). Physical–chemical properties are from https://pubchem.ncbi.nlm.nih.gov/, SRC PhysProp
datasheets, ECHA website, and EPA Technical Fact Sheets

Compound S (mg/L) Log POW pKa Biological degradability

Paracetamol 14000 0.46 9.38 Degradation rate > 10 L/[gss d] [6]

Sulfamethoxazole 610 0.89 1.6 (pKa1) 5.7 (pKa2) Degradation rate < 0.1 L/[gss d] [6]

1H-benzotriazole 19800 1.44 8.37 37% [43]

5-methyl-1H-benzotriazole 3070 1.71 8.85 11% [43]

4-methyl-1H-benzotriazole 9.15 No degradation [43]

Carbamazepine 18 2.45 13.9 Degradation rate < 0.1 L/[gss d] [6]

Ibuprofen 21 3.97 5.3 Degradation rate > 10 L/[gss d] [6]

Perfluorooctanoic acid 9500 nm 1.3 Persistent [44]

Perfluorooctane sulfonic acid 680 nm <1 Persistent [44]
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river only carbamazepine (max. 81 ng/L and
iohexol (max. 184 ng/L) were detected [28].
Paracetamol was reported to be present in
groundwater at concentrations between 0.01 µg/L
(France) and 1.89 µg/L (United States) [41].

Agricultural irrigation using wastewater-
impacted river water is a potential source of
pharmaceuticals in soil and groundwater [68].
Some pharmaceuticals that are used also in vet-
erinary medicines can be released directly to the
agricultural environment due to manure applica-
tion [69]. The fate and removal during soil pas-
sage depends strongly on hydrogeological
conditions and irrigation practices as well as on
compound persistency and mobility. In ground-
water collected from a wastewater reuse site,
carbamazepine concentrations showed high
variability and ranged from 0.01 to 0.114 µg/L
[70]. Two metabolites were also detected, but
about tenfold and 20-fold lower for 10,11-
dihydro-10,11-dihydroxycarbamazepine and
carbamazepine-10,11-epoxide, respectively. In
the same area, carbamazepine was still detected
five years later with a maximum concentration of
0.155 µg/L [13]. Sulfamethoxazole was also
detected in groundwater but with a much lower
concentration of max. 0.046 µg/L whereas
ibuprofen and paracetamol were absent. How-
ever, ibuprofen was present in the wastewater
stored in a basin before irrigation at a maximum
concentration of 3.041 µg/L [13]. This is an
indication that ibuprofen was not removed during
wastewater storage but during soil passage.

Concentration of pharmaceuticals found in
soils in different countries ranged between
0.02 µg/kg (carbamazepine, China) and
60.1 µg/kg (trimethoprim, Mexico) [49]. Carba-
mazepine was the most frequently detected
compound in soil among five studies. Carba-
mazepine was reported to accumulate in soils
[71, 72]. Before irrigation, the carbamazepine
concentration in soils was 0.28 µg/kg. An
increase was observed with irrigation, and the
concentration reached 0.94 µg/kg after
6 months. A slight decrease to 0.82 µg/kg was

observed one month after the end of irrigation
[70]. Carbamazepine and sulfamethoxazole were
reported to be persistent in irrigated soils [58,
73], whereas ibuprofen was not [72, 73]. Barber
et al. [61] suggested, using sulfamethoxazole as a
tracer for subsurface contamination by wastew-
ater because of natural attenuation is insignifi-
cant. In addition to sulfamethoxazole,
carbamazepine was suggested as an indicator for
pollution of groundwater resources at sites,
where wastewater is reused for irrigation in
agriculture [13].

The occurrence of pharmaceuticals was rec-
ognized as an environmental concern and human
health risk [18, 38]. When contaminated
groundwater is used again for irrigation of edible
crops or for drinking water production, pharma-
ceuticals might pose risks to human health.
However, public policy treaties, protocols and
agreements still lack demands to decrease the
presence of pharmaceutical in water, and there is
not sufficient commitment to eliminate discharge
or to generate environmentally friendly medi-
cines. Key parameters for pollution of soil and
groundwater resources are compound mobility
and persistence. In addition to information on
biodegradability, values of S, log POW and pKa
of paracetamol, sulfamethoxazole, carba-
mazepine and ibuprofen are shown in Table 15.1
in order to give an overview on their mobility.
Paracetamol and sulfamethoxazole have
rather low values log POW of 0.46 and 0.89,
respectively, indicating high mobility. Carba-
mazepine and ibuprofen have higher values of
log POW of 3.45 and 3.97, respectively, indicat-
ing lower mobility. Regarding pKa, in particular
for ionic forms of sulfamethoxazole, dissociation
processes might additionally increase mobility.
Carbamazepine had a low leaching potential in
irrigated soils based on adsorption [74]. How-
ever, it is ubiquitously present in groundwater as
mentioned above. According to its persistence,
carbamazepine is a potential pollutant of soil and
groundwater. Chen et al. [75] observed a high
mobility of sulfamethoxazole in saturated porous
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media. Sulfamethoxazole has a low biodegrad-
ability and a high mobility (Table 15.1). As
mentioned above, it occurs frequently in soil and
groundwater. One can conclude that sul-
famethoxazole is much likely to pollute soil and
groundwater. During the soil passage, paraceta-
mol did not efficiently sorb to soil particles and
was still persistent [76]. Although, paracetamol is
principally biodegradable (Table 15.1), it occurs
frequently in groundwater as mentioned above.
In conclusion, it has to be also considered as a
potential groundwater pollutant. Only for
ibuprofen, which is biodegradable and has low
mobility (Table 15.1), pollution of soil and
groundwater seems to be unlikely. Indeed,
ibuprofen was mostly not detected in soil and
groundwater resources.

Ecotoxicological effects of pharmaceuticals
have to be also considered. Fent et al. [77]
reviewed the ecotoxicology of pharmaceuticals
and concluded that very little is known about
their long-term effects to aquatic organisms. In
order to assess risks posed by pharmaceuticals
detected in surface water to living organisms, the
risk quotient (RQ), a ratio of the highest con-
centrations of pharmaceuticals detected in sur-
face water (PEC) and the predicted no-effect
concentration (PNEC) has been established.
Values of RQ were categorized into low risk
(RQ < 0.1), medium risk (0.1 � RQ < 1), and
high risk (RQ � 1.0) [56]. In the US, carba-
mazepine and sulfamethoxazole were among the
compounds at medium risk with RQ values of
0.14 and 0.47, respectively. Ibuprofen was at low
risk with an RQ of 0.06. In the study of Stuer-
Lauridson [78], the PEC/PNEC ratio exceeded
one for paracetamol and ibuprofen in an envi-
ronmental risk assessment study in Denmark.

The occurrence of antibiotics in the environ-
ment additionally leads to the risk of forming
antibiotic resistances. Wang et al. [79] found a
positive correlation between antibiotics and
antibiotic resistance genes commonly detected in
wastewater worldwide. Antibiotics serve as a
selective pressure to increase the abundance of
resistance genes in soil communities as reported
for sulfamethoxazole [80]. However, the occur-
rence of antibiotic resistance genes and antibiotic

resistant bacteria in groundwater is not likely to
pose human health risk, but their presence in
groundwater, especially when used for drinking
water provision, might contribute to the devel-
opment of antibiotic resistance in humans [81].

15.3 Benzotriazoles

The corrosion inhibitors 1H-benzotriazole (1H-
BT), 4-methyl-1H-benzotriazole (4Me-BT) and
5-methyl-1H-benzotriazole (5Me-BT), both iso-
mers are often summarized to tolyltriazoles (TT),
belong to the group of benzotriazoles. Benzotri-
azoles are mainly added to dishwasher detergents
and aircraft anti-icing fluids to inhibit corrosion.
They are also found in dry cleaning equipment
and a number of plastics. Due to the widespread
use of dishwasher detergents in households,
benzotriazoles are disposed of in municipal
wastewater treatment plants. When sewer sys-
tems of airports are connected to municipal sewer
systems, loads of benzotriazoles in wastewater
can be expected to be seasonally high according
to high application volumes of aircraft anti-icing
fluids. However, their use in dishwasher deter-
gents is a main source of benzotriazoles in sur-
face waters in Germany [82], Switzerland [83]
and the United Kingdom [84]. The occurrence of
1H-BT and TT in urine samples from people
resident in countries such as China, the USA,
Korea and India provides a new insight on
additional sources of benzotriazoles in wastew-
ater [85].

The removal of benzotriazoles during
wastewater treatment was reported to be incom-
plete [42, 86]. Information on the biological
degradability in municipal wastewater treatment
of 1H-BT, 4Me-BT and 5Me-BT is given in
Table 15.1. 4Me-BT was of very low
biodegradability resulting in an insignificant
removal in conventional activated sludge
municipal wastewater treatment [43]. 4Me-BT
can be classified as a persistent organic chemical.
In contrast, 1H-BT and 5Me-BT were degraded
in conventional activated sludge municipal
wastewater treatment to a certain extent of 37%
and 11%, respectively [43]. Both compounds are
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pseudo-persistent organic chemicals when
delivered continuously to wastewater treatment
plants.

Benzotriazoles occurred widely in wastewater
effluents in Europe with mean concentrations of
1H-BT and TT of 6.3 µg/ and 2.9 µg/L, respec-
tively [9]. In Tunisia, concentrations of 1H-BT
and TT in municipal wastewater effluents were
varying with concentrations between 0.244 µg/L
and 65.5 µg/L for 1H-BT and 0.139 µg/L and
10.4 µg/L for TT [13]. 1H-BT and TT were also
detected frequently in river water [13, 82, 86, 87].
Concentrations in the Rivers Main, Hengstbach
and Hegbach ranged from 0.038 to 4.521 µg/L for
1H-BT, from 0.024 to 1.766 µg/L for 5Me-BT,
and from 0.025 to 4.345 µg/L for 4Me-BT [82,
87]. In winter, the concentrations of all three
compounds were higher than in summer indicat-
ing an influence from the use of anti-icing fluids in
the river catchment area [82]. In Tunisia, TT were
measured in the estuary of the Meliane River with
concentrations between 0.2 µg/L and 0.407 µg/L,
whereas 1H-BT was not detected [13].

The entry of benzotriazoles in river water may
have negative effects on aquatic organisms [88].
In vitro anti-estrogenic activity was reported for
1H-BT, but concentrations up to 1,000 µg/L
used in the studies far exceeded those reported in
surface waters [89]. Acute and chronic toxicity of
benzotriazoles to aquatic organisms revealed
lowest effect concentrations (EC10) of
0.00097 µg/L for 1H-BT and of 0.0004 µg/L for
5MeBT indicating that these compounds pose no
risk for aquatic ecosystems at regularly found
concentrations [90]. However, due to the sea-
sonality of input sources, field investigations are
required to study exposure concentrations in
rivers in particular under different temperature
conditions.

1H-BT and TT can also affect groundwater
quality. In a European groundwater monitoring
study comprising of 23 European countries, 1H-
BT (frequency of detection: 53%; maximum
concentration: 1.032 µg/L) and TT (frequency of
detection: 52%; maximum concentration: 0.516
µg/L) were among the most relevant chemicals
found in groundwater in terms of frequency of
detection and maximum concentrations [21].

1H-BT was detected in groundwater collected
from an area, where reclaimed water is used for
irrigation, at concentrations up to 0.040 µg/L,
whereas TT were absent. Hence, 1H-BT was
suggested as an indicator for pollution of
groundwater resources by benzotriazoles at sites,
where wastewater is reused for agricultural irri-
gation [13]. Values of S, log POW and pKa of 1H-
BT, 4Me-BT and 5Me-BT are shown in
Table 15.1 in order to give an overview on their
mobility. The log POW of 1H-BT (1.44) is lower
than of 5Me-BT (1.71) indicating a higher
mobility. The mobility of 4Me-BT is difficult to
estimate, since information on log POW is lacking
but might be similar to that of 5Me-BT according
to its same molecular formula. 1H-BT was
regarded as a polar compound, and according to
Reemtsma et al. [7], belonging to the group, for
which a later contamination of compartments of
the water cycle is most likely. 1H-BT was esti-
mated to have a high mobility in soil and
groundwater [91]. Although 1H-BT is principally
biodegradable, it occurs frequently in groundwa-
ter as mentioned above. In conclusion, it has to be
also considered as a groundwater pollutant
according to its mobility. It has to be focused on in
particular, since it has been reported to inhibit
nitrification [91].

15.4 Per- and Polyfluoroalkyl
Substances (PFAS)

According to an OECD survey, approximately
4700 different per- and polyfluoroalkyl sub-
stances (PFAS) are manufactured worldwide
[92]. Not all of them are of high importance for
uses in consumer products like impregnating
agents or non-stick cookware. Due to the high
stability against temperature, chemical degrada-
tion and the surface active properties [93], many
PFAS were used as such, in mixtures, and in
various products like coatings to introduce the
unique properties into these products. Cer-
tain PFAS, e.g. perfluorooctanoic acid (PFOA),
ammonium-4,8-dioxa-3H-4,8-perfluornonanoat
and hexafluoropropylene oxide dimer acid were
also used to produce fluoropolymers like
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polytetrafluoroethylene (PTFE). PTFE and other
fluoropolymers are materials for many technical
applications in automotive, coatings, construc-
tion, medicine products, membranes in certain
textiles or special lubricants, e.g., for bicycle
chains. A recent study showed that approxi-
mately 1400 PFAS are on the market in a high
variety of industries, uses and products [94],
which could be categorized in more than 200
categories. Another study concluded a high
commercial relevance of 256 PFAS [95]. The
analysis of all of these substances in an aqueous
environment is challenging [96]. Standard
methods usually include certain perfluoroalkyl
carboxylic acids (PFCAs) like PFOA and per-
fluoroalkyl sulfonic acids (PFSAs) as PFOS with
a perfluorinated chain of 4–12 C-atoms, and
some more individual substances. Hence, the risk
of overlooking substances contributing to the
complete picture of water contamination with
PFAS is high. This is especially the case, because
many polyfluorinated compounds (precursors)
might degrade to stable products in the environ-
ment. When PFAS are released to the environ-
ment, abiotic and microbial degradation of
polyfluoroalkyl moieties can result in PFCAs,
such as PFOA [44]. PFAS in general, and also
PFOA and PFOS are extremely persistent
(Table 15.1) due to the high stability of the C–F
bond [44, 97]. One method to include these pre-
cursors in analytical schemes is the Total Oxi-
dizable Precursors (TOP) assay [98]. By a pre-
treatment of the samples, precursors were oxi-
dized to the homological PFCAs with an identical
chain length. Using this method, Göckener et al.
[99] demonstrated increasing concentrations of
PFCAs in samples of biota and soil indicating that
precursors deliver a relevant contribution to the
PFAS contamination of the samples. A similar
effect of pre-treatment by the TOP assay was
demonstrated for river water [100].

In wastewater treatment plants, especially
PFCAs and PFSAs resist completely against
degradation. Concentrations of PFCAs in the
effluent were often higher than in the influent of
the sewage treatment plants [96], because certain
precursors were transformed during the treatment
procedure to the respective PFCAs with an

identical perfluoro chain length [101]. Depending
on the chain length and active groups, PFAS are
also distributed to the air (very short volatile
PFASs) or to the sewage compartment of a
treatment plant. This is especially the case for
PFOS and other long chain PFSAs. Short chain
PFAS like perfluorobutane sulfonic acid (PFBS)
preferably persist in the aqueous phase and reach
the river system with the effluents of the plant.

For PFOA and PFOS, log POW is not mea-
surable because of multiple layer formation in an
n-octanol–water mixture. Thus, they do not
behave like traditional hydrophobic chemicals.
Very low values of pKa indicate that they are
highly mobile in the aquatic environment
(Table 15.1). The undissociated acid and anionic
forms of PFCAs and PFSAs are different with
regard to physical and chemical properties.
Hence, it is essential to distinguish between the
undissociated acid and the anionic form to select
the appropriate physical and chemical parameters
for fate and transport modelling [102].

Standard monitoring programs of rivers and
other surface waters in Europe usually include
PFOS as a priority hazardous substance of the
Water Framework Directive 2000/60/EC and
Directive 2008/105/EC [103], setting environ-
mental quality standards in the field of water
policy. The study of Loos et al. [9] with 90
wastewater treatment plants all over Europe
analyzed 156 organic chemicals including seven
environmentally relevant PFAS. In 99% of the
effluents, PFOA was detected, and also other
PFCAs included in the study (perfluoro hexanoic
acid—PFHxA, perfluoro heptanoic acid—
PFHpA, perfluorononanoic acid—PFNA,
perfluorododecanoic acid -PFDA) were found in
more than 70% of the samples exceeding the
detection limits of 0.001 µg/L (PFHxA, PFOA,
PFDA, PFHxS), respectively, 0.0005 µg/L
(PFHxA, PFNA, PFOS) with maximum con-
centrations of 23.9 µg/L for PFHxA and
15.9 µg/L for PFOA. The PFSAs were domi-
nated by PFOS in 93% of the samples with a
maximum concentration of 2.1 µg/L [9].

In a study analyzing effluents of 49 municipal
wastewater treatment plants of different magni-
tudes representing the plants in Germany, 16
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PFAS were analyzed using solid phase extraction
and HPLC–MS–MS [104]. Seven substances
were detected at concentrations exceeding the
quantification limit of 0.01 µg/L.

According to Buck et al. [105], the PFCAs
like PFBA, and PFHxA, and PFBS as s PFAS
were defined as short chain PFAS. These three
substances were determined in 89–98% of the
effluents at concentrations up to 0.092 µg/L
(PFBA), 0.067 µg/L (PFHxA) and 0.17
(PFBS), respectively. Also PFOA as a long chain
PFCA was found in 90% of the samples up to
0.11 µg/L. The long-chain PFOS was determined
in 84% of the effluents at concentrations up to
0.17 µg/L. Due to the sorptive properties, this
substance was also found in the sludge com-
partment in 33 of 57 samples up to 50 µg/kg The
detection frequency of the longer-chain PFCAs
and PFPeS, PFHxS, PFHpS as short chain
PFSAs in effluents was low, probably because
these substances are only used in few processes
and not primarily in the production of consumer
products. These studies indicate that most of the
PFAS included in the analysis were able to pass
wastewater treatment plant in the water phase
without degradation or were transformed to
stable PFCAs. For certain PFCAs like PFHxA,
the concentrations in the effluents (0.72 µg/L)
were up to one magnitude higher than in the
influents (0.067 µg/L), indicating for transform-
ing processes of precursors in the treatment
process. Only PFOS was distributed to the sludge
compartment in relevant amounts due to
adsorption, and hence eliminated from the water
phase to a certain degree.

With regard to use treated water for irrigation
purposes, the further fate and distribution of
PFAS need to be considered in order to assess
the risk for the environment and the human
health. While the more adsorptive substances of
the group are expected to accumulate in soil, the
mobile short chain PFAS will leach into
groundwater or could be up-taken by plants and
distributed also in edible parts of the plants [106–
108]. In general, due to the extreme stability of
PFAS and their behavior during wastewater

treatment in combination with the toxic proper-
ties of certain PFAS, emissions of PFAS into the
environment need to be restricted.

15.5 Potential Reduction Measures

A comprehensive approach to protect water
resources from organic chemicals needs a com-
bination of multiple measures along the relevant
pathways to minimize the entry into the envi-
ronment [109]. An overview on potential mea-
sures to limit emissions of micro-contaminants
into surface and groundwater is given in
Fig. 15.2. This approach includes measures at
the source of emissions (e.g., manufacturing of
substances, preparation of formulation and mix-
tures), during the intended use, technologies for
reducing downstream emissions as well as reg-
ulatory and economic measures.

There has been a growing understanding that
reduction efforts need to be implemented at the
source, and that wide ranges of stakeholders (e.g.,
producers, authorities, users, water providers, etc.)
need to be engaged and committed. Acknowl-
edging this, in Germany, the Federal Ministry for
the Environment has established a stakeholder
dialog, which brings relevant stakeholders toge-
ther in order to identify and to implement volun-
tary measures to reduce micro-contaminants
[110]. Similarly, The Netherlands has established
a “Chain Approach” to reduce pharmaceutical
residues in water involving regional authorities
and stakeholders, representing the healthcare,
pharmaceutical and water sectors [111]. The
activities can complement regulatory measures,
but restrictions, threshold values or economic
instruments are nevertheless important tools.

In line with the precautionary principle, due to
limitations of wastewater treatment and also
taking cost-effectiveness into account, measures
at the source are key to reduce organic contam-
inants in the aquatic environment [109, 112,
113]. This includes legal restrictions of manu-
facture, import, distribution and uses of certain
substances or substance groups, or incentives for
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their substitution and reduction, aiming espe-
cially at uses of chemicals of concern identified
as non-essential. This can be fostered by aware-
ness raising campaigns, e.g., in the health care
sector, by product fees or by environmental
information systems as on pharmaceuticals [114–
116]. When users are aware about the potential
environmental impacts of chemicals in consumer
products, they can favor more environmentally
friendly options, e.g., dishwashing detergents
free from benzotriazoles or water-repellent tex-
tiles without PFAS. Approaches for substitution
are supported by new developments within green
and sustainable chemistry, which aim to design
organic chemicals and products in a way that
allows for biodegradability during treatment
processes or in the environment. Consequently,
the release of hazardous chemicals can be
reduced. A better reuse and recycling can also be
enabled. These concepts include “benign by
design”, “sustainable chemistry”, “safe and
sustainable-by-design chemicals” or “green
pharmacy” [113, 116–119].

These approaches might be effective for
chemicals in many consumer products. However,
limitations exist for chemicals of concern in pro-
fessional uses or complex use chains including
uses in preparations or mixtures with other sub-
stances. Also, for uses of chemicals identified as
“essential” due to missing effective alternatives

[120], voluntary measures and information of
consumers are not helpful enough. Examples are
specific uses of certain PFAS in semiconductor
production, metal plating, medicinal products,
workers protection or lightweight construction in
the high-tech sector. To foster the development of
sustainable alternatives, substantial funding of
research and incentives are needed [109, 116].
Current developments within the EU as, e.g.,
outlined in the “Chemicals Strategy for Sustain-
ability - Towards a Toxic-Free Environment” can
contribute to that [121, 122].

Further potential measures at the source relate
to the regulatory context, e.g., the establishment
of environmental quality standards or the pre-
scription of effective risk reduction measures
during authorization or restriction processes
[109]. Reemtsma et al. [15] identified a regula-
tory gap for persistent mobile organic chemicals
in the EU; closing this is another step towards
reduction. Often, limited monitoring, analytical
challenges and lack of data on substance prop-
erties hamper further reduction measures, if rel-
evant sources, usages and entry pathways to the
aquatic environment are not well understood.
The German Environment Agency (Umwelt-
bundesamt) stated that improved access to envi-
ronmental data from substance authorization
processes, especially for pharmaceuticals could
help in this regard [109].

Measures at source
• Subs tu on
• Safe by design
• Manufacture
• Formula on of prepara ons

Analysis & monitoring
• More focussed monitoring of 

MOC Data availabilty

Measures during use
• Reduced usage
• Informa on on adequate 

usage
• Proper disposal 

Regulatory measures
• Restric ons
• Threshold values

Stakeholder 
enegagement

Awareness & 
communica on
• Labelling
• Awareness raising

End-of-pipe measures
• Water treatment
• Drinking water treatment

Risk assessment & 
management

Fig. 15.2 Overview on
potential measures to limit
emissions of micro-
contaminants into surface and
groundwater (MOC: Mobile
organic compounds)
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During the usage phase, there is a need for
better awareness and information about the
appropriate and sustainable application and dis-
posal of substances. The improper disposal of
unused pharmaceuticals via toilets or sinks is
estimated to attribute to 10% of the discharges to
the environment [109]. However, the main
source of human medicinal products is excretion
of patients. Overall, only 15–20% are released in
health care facilities [109, 113], but for radio-
contrast agents, certain antibiotics and cytostatics
the portion introduced from hospitals is higher.
As radiocontrast agents are hardly eliminated by
advanced water treatment technologies [123], a
separate disposal offers reduction potentials.

Municipal wastewater treatments plants are a
main entry pathway for micro-contaminants into
water bodies. Thus, advanced wastewater treat-
ment plays a significant role to reduce inputs.
Common advanced treatment methods include
ozonation and the use of activated carbon.
However, depending on their specific properties,
there are limits to eliminate organic chemicals.
Rizzo et al. [123] compiled data for removal in
advanced treatment processes for selected con-
taminants of emerging concern. While for car-
bamazepine, abatement is >80% with ozone and
powdered activated carbon (PAC), abatement for
the benzotriazoles 1H-BT and TT was reported
50–80% for both treatment technologies.
For PFOA and PFOS, both PAC treatment and
ozonation were found to be inefficient. Consid-
ering the variety of organic chemicals in
municipal wastewaters, usually a combination of
several treatment methods is needed. The deci-
sion to upgrade wastewater treatment plants
should take into account the size of the treatment
plant and the receiving water bodies. Especially
in large water treatment plants and those dis-
charging to waterbodies used for drinking water
supply, an advanced treatment can significantly
reduce the emissions of organic chemicals.
However, these treatment steps are often energy
and cost-intensive. With regard to additional
costs that occur for advanced treatment, the
concept of extended producer responsibility
gains more attention, e.g., charges in relation to
substance properties can secure financial

contributions for additional treatment processes
or create incentives for substitution or more
sustainable applications [124]. One has also to
bear in mind that the level of water treatment
differs largely worldwide. While in high-income
countries, 70% of municipal and industrial
wastewater are being treated, in low-income
countries this applies to only 7% of wastewater
[125]. Considering the infrastructure, political
will and financial resources needed, an advanced
treatment stage is often far away from reality.

Even in favorable conditions, none of the
potential reduction measures will directly result
in an elimination of all organic chemicals enter-
ing the aquatic environment; necessary changes
often require a longer time span to be imple-
mented. Water safety planning and systematic
risk management play a crucial role to prevent
adverse impacts of micro-contaminants in
drinking water, but also in other uses as irriga-
tion. The concept of the World Health Organi-
zation (WHO) on Water Safety Planning [126]
allows analyzing potential hazards in the system,
assessing risks, and deriving measures and
monitoring criteria. This is especially relevant for
cases of so-called “unplanned water reuse”,
where rivers with high contributions of treated
effluent are sources of irrigation and of drinking
water. Regulations or threshold values consider-
ing the wastewater impact are often missing [19].
For the assessment of risks in bank filtration,
Karakurt et al. [20] highlighted the need to
understand better site-specific hydrogeological
factors. Using oxypurinol, valsartanic acid and
carbamazepine as indicator chemicals, which are
highly persistent and commonly present in
wastewater influenced rivers, it was shown that
even low contributions of bank filtrate to raw
water can be critical, when wastewater effluent
contributions in the respective river are high [20].

15.6 Conclusions

Organic chemicals like pharmaceuticals, benzo-
triazoles and PFAS are present in municipal
wastewaters worldwide. According to high input
variations as well as varying performances and
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technical states of wastewater treatment plants in
different countries, estimations of effluent loads
are difficult. Irrigation with wastewater effluents
and river water are common responses to combat
water scarcity strengthened by climate change. In
addition to other human activities, e.g., applica-
tion of sewage sludge and manure or pesticides
usage, irrigation of reclaimed water can be an
important source of micro-contaminants in nat-
ural resources. At irrigated sites, persistent but
also pseudo-persistent micro-contaminants might
occur in soil and groundwater. In general, soil
passage can decrease or even remove micro-
contaminants. However, this is only true for
healthy soils. Consequently, irrigation should be
accompanied and monitored carefully in order to
sustain healthy soils and thus groundwater
quality. Risk assessment needs to consider fate
and transport characteristics of both, precursors
and transformation products. Representative
substances of different persistence and mobility
characteristics should be used as indicators for
the potential of contamination of soil and
groundwater resources, in particular when irri-
gation of wastewater effluents is practiced or
river water or groundwater is used without
quality control. Carbamazepine, sulfamethoxa-
zole, 1H-benzotriazole and selected PFAS are
suggested as indicator substances combining
(i) persistence with a certain adsorption capacity,
(ii) persistence with mobility, and (iii) pseudo-
persistence with mobility. Future transport and
fate studies should also address transformation
products of pharmaceuticals as well as resistance
genes. Uptake of micro-contaminants by plants
and their accumulation in the food chain should
be also studied more in detail in the future.

Treatment procedures based on adsorption are
not effective to eliminate especially short chain
PFAS, and they will be translocated with (irri-
gation) water through the soil compartment to
groundwater or taken up by plants, where they
might enrich in edible parts. Hence, appropriate
reduction strategies for this group of hazardous
PFAS need to be developed further. One way
forward is the intended restriction of manufac-
ture, import, distribution, sale and use of the
complete group under the REACH regulations

(Registration, Evaluation, Authorisation and
Restriction of Chemicals) allowing only a
minority of uses identified as essential.

Measures at the source generally play a crucial
role to reduce the entry of micro-contaminants
into the environment. They should be comple-
mented by measures along the whole life cycle.
Depending on the specific substance properties,
entry pathways as well as site-specific conditions,
potential hazards and risks, a cost-effective com-
bination of measures could include efforts to
substance substitution, awareness rising cam-
paigns, voluntary commitments by producers or
decentralized treatment or disposal. While
advanced wastewater treatment can significantly
reduce pressures especially for sensitive waters or
those receiving high loads of effluents, there are
also limitations (and costs) that call for the
engagement of several stakeholders including
producers, authorities, users. This is further
encouraged by the precautionary and polluter
pays principle. In general, a transformation to a
more sustainable chemistry is needed in future.
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16Wastewater-Based Epidemiology:
Overview of Covid-19 Tracking
in Brazil

Juliana Calabria de Araújo, Andreas Haarstrick,
Sávia Gavazza, Lourdinha Florêncio, and
Elvis Carissimi

Abstract

It is undoubtedly that Covid-19 pandemic
disrupted massively our earthly lives. Besides
the washing of hands, use of masks, social
distancing and constant application of hand
sanitizers, this pandemic accentuated the san-
itation problems in developing countries,
where water and sewage collection and/or
treatment lack in many areas. Sewage can
reveal true scale of the population contamina-

tion outbreak. Thus, in places, where clinical
testing is deficient, SARS-CoV-2 sewage
monitoring can be of paramount importance
to proceed with accurate public health policies
to prevent the spread of the contamination. In
this paper, the main goal was to overview the
Covid-19 tracking in Brazil among the distinct
research networks formed in this continental
country. An overview of the beginning and
the status regarding this disease tracking in
Brazil via wastewater and environmental
monitoring was discussed. Results showed
that at least seven research groups’ leaders in
four of the five regions of Brazil are conduct-
ing decentralized monitoring of covid-19 in
sewage trough Wastewater Based Epidemiol-
ogy (WBE) and monitoring the affected areas.
All official information were centralized in the
federal government agency, National Agency
for Water and Sanitation. A consolidated and
centralized center with this information is
important to pave the way for the develop-
ment of guidelines for a future and permanent
National Wastewater Surveillance Plan. This
information is especially useful to precede
future needs for hospitalizations and establish
a rigorous control in terms of biosafety
protocol and lockdown. These efforts and
research along with continuous monitoring
showed also to be of paramount importance to
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verify vaccine effectiveness and to detect
outbreaks in specific areas.

Keywords

Covid-19 � Sanitation � Epidemiology �Water� Wastewater

16.1 Introduction

Wastewater contains a wide variety of microor-
ganisms, some of which are pathogens that cause
the so-called waterborne diseases, such as hep-
atitis A, polio, typhoid and paratyphoid fever,
cholera, salmonellosis, giardiasis, amoebiasis,
gastroenteritis, cryptosporidiosis, and worms.
These diseases can debilitate or even lead to
death, especially in the most vulnerable groups
(elderly and children). Therefore, it has become
worldwide a good practice in water distribution
companies to monitor the presence of enteric
microorganisms. However, wastewater can carry
many other constituents, besides those tradition-
ally expected to be excreted in feces and urine.
For this reason, wastewater-based epidemiology
has been used in several countries as an impor-
tant tool to evaluate the circulation of illicit drugs
and their metabolites, pathogenic enteric
microorganisms, and other hazardous
constituents.

In the recent COVID-19 pandemic caused by
the SARS-CoV-2 coronavirus, several studies
have revealed that the main route of transmission
is carried by droplets and aerosols from the res-
piratory secretions of infected people [1]. The
presence of SARS-CoV-2 viral RNA was
detected in stool samples from both symptomatic
and asymptomatic patients [2–4]. However, to
date, no infectious SARS-CoV-2 has been found
in feces and sewage samples. The earliest studies
published in 2020 in several countries, such as
The Netherlands [5], Spain [6], and France [7]
reported that viral particles of SARS-CoV-2 were
detected in wastewater even before the detection
of clinical cases of COVID-19. The virus was
excreted in the feces of the infected people

(symptomatic and asymptomatic) since the
beginning of the infection and then reached the
sewage system.

The dynamics of contamination of the popu-
lation by SARS-CoV-2 in Brazil showed that the
limitation of data quality has been evident, as
their collection has been more in an emergency
context (incidence, hospitalizations, deaths,
lethality, among others), thus, not necessarily
reflecting the reality of the pandemic. It would be
desirable to apply mass clinical testing in com-
bination with contact tracking and isolation of
those infected people (symptomatic and asymp-
tomatic). But there are practical and economic
limitations that preclude this approach, which is
focused on individual testing.

Monitoring the presence of viral particles in
wastewater can provide valuable information on
the prevalence of COVID-19 in the population of
a particular sewershed, including those asymp-
tomatic and underreported by the health system;
focus is, therefore, on the collectivity. For this
reason, monitoring of SARS-CoV-2 in sewage as
an epidemiological tool (Wastewater Based
Epidemiology—WBE) has been used in many
parts of the world such as in Germany [8],
Australia [9], Spain [6, 10], United States [11–
15], France [7, 16], The Netherlands [5], and
Italy [17, 18], among others, and in several cities
in Brazil (Belo Horizonte, Brasília, Foz do
Iguaçu, Niterói, Porto Alegre, Recife, Rio de
Janeiro and São Paulo) that will be discussed in
this work. Some research groups have included
urban drainage waters, as these are contaminated
by sanitary sewage, since the level of service
provided by public sewage and treatment sys-
tems in Brazil is still low.

Sewage monitoring works as an initial warn-
ing system for peaks in cases and complements
the information from the tests carried out by the
health system on those infected. With this
approach, it is possible to follow the epidemic
evolution or the resurgence of cases in the dif-
ferent regions of the cities and in places of large
circulation of the population (bus and train sta-
tions, airports, shopping malls, and universities,
among others). The Brazilian experience will be
detailed in the Sect. 16.3 of this chapter.
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16.2 Sanitation in Brazil

Brazil has a huge availability of surface water,
which is estimated to be at least 12% of the total
world reserves. SNIS [19] data shows that Brazil
has a total of 83.7% of water supply coverage,
however, 16.3% of the population still does not
have access to clean drinking water, which
means an estimated population of 34 million
inhabitants. The situation of sewage collection
and treatment is shown in Table 16.1. According
to the data in this Table, 78.5% of the sewage is
collected, but only 49.1% is treated, which
means that more than 50% of the sewage pro-
duced is basically discharged into water resour-
ces. In the Southeast and Midwest regions,
sewage treatment rates are the highest and reach
above 55% of the urban population. By contrast,
in the Amazon region the values are below 22%.
However, this inequality in sanitation infras-
tructure is also observed in rural and peri-urban
areas of all Brazilian cities. This precarious sit-
uation, due to the lack of investments in basic
sanitation infrastructure, is more evident with the
COVID-19 pandemic, and simple measures such
as recurrent hand washing can be a great chal-
lenge for those who do not have access to clean
water [19, 20].

The absence of sanitation infrastructure
increases the transmission of waterborne dis-
eases, such as infectious gastrointestinal diseases,
yellow fever, dengue, leptospirosis, malaria and
schistosomiasis, whose prevalence is higher in
the poorest population. In 2019, the number of
cases due to waterborne diseases reached

258,826 hospitalizations, resulting in 2,340
deaths, shown in Table 16.2 [19]. These data
reveal that Brazil has serious deficiencies in both
drinking water supply and sewage treatment
systems.

To overcome the deficit in sanitation services,
the Brazilian government created an action plan
(National Basic Sanitation Plan—Plansab) to
promote by 2033 the supply of drinking water
and sewage treatment to 99% and 90% of the
population, respectively. For this, new legislation
was established (Brazilian Regulatory Frame-
work for Sanitation—Law 14,026/2020 [21]),
which provides and encourages competition and
privatization of state sanitation companies. One
of the fundamental principles adopted was the
regionalization of basic sanitation services, con-
sidered as an important step towards achieving
universal service. With this, it will be possible to
achieve gains in scale and technical and
economic-financial feasibility in order to serve
several municipalities at the same time. Fig-
ure 16.1 summarizes the goals of the new Sani-
tation Regulatory Framework (SRF).

16.3 Brazilian Research Group
Experiences: Case Studies

In low-income countries, such as Brazil, due to
its continental size, economic diversity, poor
coverage by sanitation and health services, and
where the clinical testing is deficient, WBE can
be used as a complementary and possibly early
tool to detect pathogens in a community,

Table 16.1 Water and
sewage service levels of
municipalities, according to
geographic macro-region
and Brazil (Source
National Sanitation
Information System—SNIS
[19])

Macroregion Water Supply (%) Urban sewage rate (%)

Total area (rural and
urban)

Urban area
only

Treatment Collection

North 57.5 70.4 22.0 82.8

Northeast 73.9 88.2 33.7 82.7

Southeast 91.1 95.9 55.5 73.4

South 90.5 98.7 47.0 94.6

Midwest 89.7 97.6 56.8 93.2

Brazil 83.7 92.9 49.1 78.5
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considering that specific and representative
sampling points in areas with and without sew-
erage systems are chosen [22]. Specifically in
urban agglomerations, such as slums and con-
fined communities, where the sanitation coverage
is very low, WBE has enormous potential to be
used as an epidemiological tool, and sometimes
the main tool to understand SARS-CoV-2 cir-
culation in a population [22]. In addition, due to
scarce resources, sewage monitoring in devel-
oping countries should consider methodologies
that are easy to use in any laboratory. In this
sense, not all laboratories are capable of carrying
out viral concentration using ultracentrifugation
(a method commonly used in virology laborato-
ries, which requires expensive equipment); and
therefore, simpler methods such as RNA
extraction method using electronegative

membrane can be a suitable option for SARS-
CoV-2 concentration requiring standard labora-
tory equipment found in sanitary and environ-
mental engineering labs, being therefore feasible
for low-income countries [22, 23].

Table 16.3 shows that there are at least seven
different research groups in Brazil conducting
SARS-CoV-2 sewage monitoring. Some of the
results and initiatives are described below in
chronological order. In April 2020, three groups
started collecting sewage in different locations
(Belo Horizonte-MG, Niteroi-RJ and São Paulo-
SP) to monitor viral loads over time and to assess
virus circulation in different regions of the
respective cities [23, 24]. The strategy adopted in
these monitoring studies was that of decentral-
ized monitoring (considering points in the sewer
network as well as sewage pumping stations), in

Table 16.2 Number of
hospitalizations and deaths
due to waterborne diseases
in Brazil (Source National
Sanitation Information
System—SNIS [19])

Hospitalizations Deaths

Brazil 258,826 2340

Northern (N) 44,984 198

Northeast (NE) 124,609 928

Midwest (CO) 41,904 752

Southern (S) 28,474 325

Fig. 16.1 Goals of the new Sanitation Regulatory Framework (Law 14,026 [21]) to improve sanitation services in
Brazil until 2033
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addition to centralized monitoring the Sewage
Treatment Plants (STPs). This strategy is espe-
cially important in developing countries, such as
Brazil, because in these, it is quite common that a
significant part of the sewage generated by the
community does not reach the STPs, making it
difficult to extrapolate the results of centralized
monitoring to the entire population. In this way,
decentralized sewage monitoring approach
allows to assess the circulation and prevalence of
the virus in different areas and neighborhoods,
and indirectly, the number of contaminated
people in these different regions—a kind of
“indirect testing” that includes both symptomatic
and asymptomatic Covid-19 carriers. This
information is of vital importance in the Brazilian
context, given the excessively low number of
clinical testing, extreme social differences, and
restricted access to water supply and sanitation
services [25, 26].

In the case of Belo Horizonte (Minas Gerais),
the SARS-CoV-2 RNA sewage monitoring pro-
gram was started as a Pilot Project called:
Detection and quantification of the new coron-
avirus in sewage samples in the cities of Belo
Horizonte and Contagem, a joint initiative of the
National Agency for Water and Sanitation
(ANA) and the National Institute of Science and
Technology in Sustainable Sewage Treatment
Plants (INCT Sustainable STPs—UFMG), in
partnership with Sanitation Company for Minas
Gerais (Copasa), Minas Gerais Institute for
Water Management (Igam) and Minas Gerais
State Health Authority (SES). This monitoring
program started in April 2020, with sewage
collection from the inlet of two STPs and from a
total of 15 different points in the sewers [25, 26],
representing the sewage generated by 1.5 million
inhabitants chosen to collect sewage from
regions with different socioeconomic and health
vulnerability indicators. The objective was to
assess temporal and spatial information on viral
load in different neighborhoods to help local
health authorities in decision-making through
weekly bulletins (available online at www.ana.
gov.br) [26]. The results of one year of sewage
monitoring (from May 2020 to March 2021)
revealed that the viral concentration in sewage

followed the same trend as the COVID-19 cases
(reported cases), shown in Fig. 16.2. This is
shown in the first peak of the epidemic curve
(epidemiological weeks 24 to 33, from May to
July 2020), and in the reduction of cases (weeks
33 to 42, from August to September 2020), when
viral levels also dropped. However, since Octo-
ber 2020 (epidemiological week 42), the viral
signal in sewage has increased several days (7 to
14 days) before the resurgence of COVID -19
cases (see the distance between the peaks) and
the collapse of the local health system, which led
authorities to adopt stricter circulation measures
to prevent the spread of the virus (June and July
2020 and mid-January 2021). Therefore, the
Covid Sewage Project in Belo Horizonte showed
that sewage monitoring can be used as an
important epidemiological tool [26], which can
give an early warning for spikes of cases, thus
helping health authorities to implement control
measures of the pandemic before the uncon-
trolled increase in cases and potentially pre-
venting the collapse of the health system. All
project results can be accessed on the dashboard
(Painel Dinâmico Monitoramento Covid Esgo-
tos) and in the published weekly reports (see also
Report No. 34, available in Portuguese at: https://
www.gov.br/ana/pt-br/assuntos/acontece-na-ana/
monitoramento-covid-esgotos).

In the case of Sars-CoV-2 sewage monitoring
in the municipality of Niterói (RJ), twelve sew-
age samples were weekly collected from two
STPs and from 17 sewer pipes (SP) from sur-
rounding neighborhoods and slums throughout
20 weeks (April 15th to August 25th, 2020) [26].
SARS-CoV-2 RNA was detected in 84.3% of
samples with a positive rate ranging from 42% in
the first week of monitoring to 100% during the
peak of epidemic. Positive rates were higher in
STPs, when compared with SP, being a useful
tool for monitoring trends in the evolution of the
COVID-19 curve, while SP data were more
effective, when health public interventions were
needed. Heat maps based on SARS-CoV-2 data
from sewage samples were built (and were
weekly updated) and available online to the
general population as an indicator of the ongoing
epidemic situation in the Niterói city [23, 26].
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In case of monitoring carried out by CETESB
(Environmental Company of the State of São
Paulo), this also started in April 2020, and con-
tinues until present. Samples of raw sewage and
treated effluent from the five main STPs in the
metropolitan region of São Paulo (Barueri, Par-
que Novo Mundo, São Miguel, ABC and
Suzano) are being monitored, in addition to the
ETE of Paraguaçu Paulista in the interior of the
state and EPC Rebouças do Santos Submarine
Outfall, which receives sewage from the cities of
Santos and São Vicente in Baixada Santista.
Surface waters of the Tietê, Tamanduateí and
Juqueti rivers (in some points) are also being
monitored, which correspond to the main sani-
tary sewage basins in the metropolitan region of

São Paulo, to consider the portion of the popu-
lation that does not have access to the sewage
collection network.

Drainage sub-basins (sewage) of the commu-
nities (slums) of Heliópolis, Paraisópolis, Cidade
Tiradentes, Brasilândia and São Remo are also
being monitored, which even presented high
rates of COVID-19. All results are available on
the CETESB website (https://cetesb.sp.gov.br/
sars-cov-2/).

In the following months, other initiatives
emerged in Brazil. In the Northeast Region, in
Recife (PE), since May 2020, the Environmental
Sanitation Laboratory of the Federal University
of Pernambuco (LSA-UFPE) with support from
the Keizo Asami Immunopathology Laboratory

Table 16.3 Groups and municipalities in Brazil where SARSCoV2 sewage monitoring are being conducted to date

Municipality/Institution leader Sampling locations SARS-CoV-2
concentration
(copies/L)

Remarks

Northeast Fortaleza-CE/UFC 4 STPs, 5 pumping stations, 1
sewage interceptor

104 to 106 (1)

Recife-PE/FPE 4 STPs, 4 rainwater drainage
system

104 to 106 (2)

Midwest Brasilia-DF/UNB 105 to 106 (3)

Southeast Belo Horizonte-MG/UFMG 2 STPs, 15 sewer pipes points,
2 rivers (points before STP),
sewage from airport, bus
station, university and 2
shopping malls

103 to 105 (1)

Rio de Janeiro-RJ (metropolitan
region)/UFRJ

8 STPs, 2 pumping stations 104 to 105 (1, 3)

Niterói-RJ/ FIOCRUZ 2 STPs, 17 sewer pipes points
from neighborhoods and slums

104 to 108 (4)

São Paulo-SP (metropolitan
region)/CETESB

5 STPs, 5 rivers, 5 drainage
channels located in 5
communities (slums)

102 to 106

(sewage); 103

to 106

copies/day
(river water)

(5)

Santo André-SP; São Bernardo-
SP/UFABC

STPs and SPs 104 to 106 (6)

Southern Curitiba-PR/UFPR 5 STPs (including sewage from
the airport)

104 to 105 (1)

Metropolitan region of Porto
Alegre-RS (Porto Alegre,
Navegantes, Novo Hamburgo,
São Leopoldo, etc.)/FEEVALE

10 STPs, 3 pumping stations, 4
hospitals, 6 rivers impacted by
sewage discharge

105 to 106 (7)
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(LIKA-UFPE) for 16 weeks began to monitor
the genome of SARS-CoV-2 in various types of
water. For this purpose, partnerships were
established with Sanitation Company for Per-
nambuco (Compesa), BRK Ambiental, the State
Environment Agency (CPRH) and the Pernam-
buco Institute for Risk and Disaster Reduction
(IRRD). The monitoring points were as follows:
three wastewater treatment plants, a hospital and
eight points in the urban drainage rainwater
network, since less than 50% of the population is
connected to public sewage systems. The results
revealed that the virus genome was present in all
types of water evaluated with an average con-
centration of 3.2 � 106 copies/L (q < 0.05). In
the extreme southern of the country, in Rio
Grande do Sul (RS) also in May 2020, another
collaborative environmental monitoring network
project of SARS-CoV-2 was started with the
participation of federal, state, and municipal
public agencies, in addition to public and com-
munity universities. The study monitors the
presence of SARS-CoV-2 in raw water and
sewage in the municipalities Alvorada,
Cachoeirinha, Canoas, Gravataí, Novo Ham-
burgo, Porto Alegre, and São Leopoldo. Results
for the period from May 11th to August 19th,
2020, showed that of the 116 samples collected

in 22 different places 48.9% were positive,
45.7% were negative (for the presence of the
RNA of SARS-CoV-2) and 5.3% were still
awaiting the results (according to Monitoring
Bulletin No. 3 of the State Center for Health
Surveillance (CEVS) of the Health Department
of RS [27, 28].

In June 2020, two other groups started the
same sewage monitoring in the municipalities of
Santo André and São Bernardo Campo-SP [28,
29] and in Brasília (DF-federal capital) [24]. In
the municipality of Santo André, 80% of the
samples collected at the ABC-STP tested were
positive for the presence of the SARS-CoV-2
RNA during the sampling period (June 6 till July
11, 2020 [28]). The coronavirus monitoring
Project in the sewage from the ABC region is
conducted by UFABC and supported by the
Virus Network, financed by MCTI and Brazilian
Health Ministry (MS). Data are available at:

https://www.ufabc.edu.br/noticias/
monitoramento-do-coronavirus-nos-esgotos-
antecipa-aumento-de-casos-na-regiao-do-abc.

In September 2020, another research group
led by Federal University of Rio de Janeiro
(UFRJ) and CEDAE, in collaboration with
FIOCRUZ, ABES-RJ and SES-RJ, started the
spatial and temporal SARS-CoV-2 sewage

Fig. 16.2 Temporal evolution of SARS-CoV-2 RNA
concentration (N1 genomic copies/mL) in sewage of
Arrudas STP and Onça STP and new notified cases of

COVID-19 throughout 1 year monitoring (from May
2020 till March 2021) in Belo Horizonte-MG (Brazil)
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monitoring in the metropolitan region of Rio de
Janeiro -RJ, by sampling eight sewage treatment
plants located in different areas of the
metropolitan region and 2 pumping stations (lo-
cated in Leblon and Pavuna). First results were
made available in October 2020 (first report of
the project), and all data and reports are available
online (https://monitoracoronarj.com.br).

In April 2021, the research network project
called REDE-Covid began, an initiative of the
National Agency for Water and Sanitation
(ANA), the INCT-Sustainable STPs-UFMG and
the National Council for Scientific and Techno-
logical Development (CNPq), in partnership with
Sanitation Service Providers, Health Secretariats
and Federal Universities located in the following
capitals: Belo Horizonte, Brasília, Curitiba, For-
taleza, Recife and Rio de Janeiro. The research
network project aims to monitor the SARS-CoV-
2 in sewage in different locations by replicating
the experiences of Pilot Project Covid Sewage
Monitoring to other states and cities in Brazil in
order to consider different regional realities and
to assess virus circulation in different cities and
regions. The first report of Rede-Covid project
was launched on May 26, 2021 and is available
on the ANA website (https://www.gov.br/ana/pt-
br/assuntos/acontece-na-ana/monitoramento-
covid-esgotos). Table 16.3 summarizes the dif-
ferent groups and municipalities in Brazil that are
conducting SARS-CoV-2 sewage monitoring to
date.

UFMG (Federal University of Minas Gerais);
UFPE (Federal University of Pernambuco); UFC
(Federal University of Ceará); UNB (Nacional
University of Brasília); UFRJ (Federal Univer-
sity of Rio de Janeiro); FIOCRUZ (Oswaldo
Cruz Foundation); UFPR (Federal University of
Paraná); FEEVALE (FEEVALE University);1-
Report N.01/2021 of the REDE Covid research
network available at:

• https://www.gov.br/ana/pt-br/assuntos/
acontece-na-ana/monitoramento-covid-
esgotos;

• https://sites.ufpe.br/lsa/covid-19/
• https://monitoracoronarj.com.br
• Prado et al., 2021;

• https://cetesb.sp.gov.br/sars-cov-2/;
• https://www.ufabc.edu.br/noticias/

monitoramento-do-coronavirus-nos-esgotos-
antecipa-aumento-de-casos-na-regiao-do-abc;

• Reports N. 8/2021 and N. 09/2021 of SARS-
CoV-2 environmental monitoring at https://
coronavirus.rs.gov.br/boletim-ambiental

Brazil has an extraordinary technical-scientific
competence to work in research networks and
tradition in virus environmental surveillance
including polio virus, enteric viruses and more
recently SARS—CoV-2 using the WBE
approach. However, most consolidated research
groups are at universities and depend directly on
support and funding from federal and state
research agencies. Up to now, monitoring results
have helped decision makers and health author-
ities in fighting the COVID-19 pandemic, which
can later be used to verify the effectiveness of
vaccination of the Brazilian population in areas,
where sewage is monitored. Thus, the combina-
tion of academic interests with those of health
surveillance will contribute to develop a National
Plan for wastewater-based epidemiology, not
only for monitoring SARS-CoV-2, but also for
other bacterial and viral pathogens of importance
to public health.

16.4 Final Remarks

This chapter presented an overview of Brazilian
research groups that track SARS-COV-2 viral
particles in sewage, stormwater, and surface
waters to support local health authorities in
making the best decisions with limited resources
to prevent Covid-19 spread in monitored areas.
In almost all Brazilian regions, there are research
institutions or health research centers conducting
investigations into the WBE for Covid-19
surveillance, except for the North region (Ama-
zon region), which does not yet have any
research group published in WBE. The results
show that the poorest areas, where there is a lack
of drinking water supply and sewage collection
and treatment system, are those with a high
number of infected people. All official reports
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and communications generated by the research
groups are being centralized by National Agency
for Water and Sanitation to serve as guidelines
for the development of a future National
Wastewater Surveillance Program and are avail-
able for use by public authorities and ordinary
citizens.
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Abstract

Microplastics (MPs) are emerging pollutants,
which are continuously released due to human
activities into the environment through several
pathways. Their cycle is still a mysterious one,
but their quantity is enormous, their presence
has an impact on the environment, organisms,
and human health. Studies show that wastew-
ater treatment plants (WWTPs) could consti-
tute an important source of MPs in the
environment. Indeed, they come for the most
part from the fragmentation of plastics in the
sea, constituting a very varied universe of
forms, colours, and composition, and reflect-
ing the various uses of man. Then MPs adsorb
persistent organic pollutants and heavy metals
or bind with pathogenic microorganisms from
wastewater and sludge and become more
dangerous. There are studies on the detection
and understanding of the occurrence and fate

of MPs in the treatment plant, but remediation
strategies and their elimination mechanisms
are limited. Therefore, it is important to
update the status of detection, occurrence,
and removal of MPs in WWTPs. This chapter
thus summarizes the sources and types of
MPs, discusses the impacts of MPs on the
environment and human health as well as
shows the current MPs detection practices and
treatment solutions. More specifically, the
different techniques used to collect MPs from
wastewater and sewage sludge as well as their
pre-treatment and characterization methods
are reviewed and analyzed. Key aspects
regarding the presence of MPs in WWTPs,
such as concentrations, total releases, materi-
als, shapes, and sizes are summarized and
compared. The elimination of MPs at different
stages of the treatment and their retention in
the sewage sludge are analyzed. Potential
treatment technologies targeting MPs are also
presented.
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17.1 Introduction

Over the past decade, the introduction of
microplastics (MPs) in aquatic systems has
become an emerging issue [1]. There is an
increasing interest to understand their environ-
mental impact due to their involvement in many
biochemical processes (by the release of chemi-
cals through their degradation) and their partici-
pation in the food web chain [2]. MPs are found
in a variety of products ranging from cosmetics
over synthetic garments to plastic bags and bot-
tles that easily enter the environment because of
pollution in form of solid waste, and remain both
in sea water, freshwater, and wastewater.
Research over the last years has identified the
presence of MPs mainly in large water systems
(e.g., oceans and open seas), as well as in vari-
able surface water receptors (e.g., rivers) [3].
Primary contamination of MPs consists of man-
ufactured raw plastic material that enter the
aquatic environments. Secondary contamination
of MPs occurs, when primary MPs undergo
mechanical, photo (oxidative) and/or biological
degradation to smaller fragments or even other
substances. Thus, MPs are a sink and a source of
chemical contaminants. Hence, the leaching of
chemicals used in plastic production (e.g., plas-
ticizers, heavy metals) and the effects of MP co-
contaminants against aquatic organisms in water
ecosystems is an issue of paramount importance.

A recent study indicated that wastewater
treatment plants (WWTPs) can be an important
source of releasing MPs to the environment [4].
Depending on the type of treatment, the WWTP
may remove some of the MPs. However, it has
been shown that MPs could bypass the WWTP,
entering the aquatic water bodies and finally
accumulated in the environment. A large pro-
portion of studies are conducted on the devel-
opment of methods for sampling, identifying and
treatment of MPs in WWTPs.

This chapter attempts to describe (1) the
presence and abundance of MPs in wastewater
and sludge, (2) the impacts of MPs on the envi-
ronment and human heath, and (3) sampling and
characterization of MPs in wastewater and

sludge. The remediation strategies to reduce the
quantity of MPs in WWTPs will be also
discussed.

17.2 Effects of Microplastics (MPs)

Recently, MPs have become global contami-
nants’ concern for human and ecological health.
They are not biodegradable and are found in a
variety of environments, where they accumulate
and persist, and remain bioavailable because of
their small size for thousands of species from
almost every trophic level, because they are often
mistaken for food. Globally, several studies have
been conducted on the potential toxic effects of
MPs.

17.2.1 Socio-Economic Impacts

Despite the difficulties concerning the evaluation
of the socio-economic impacts, the first evidence
concerns the consequences linked to the pollution
of coastal areas, beaches, and foreshores by
plastic. The heritage value of the sites is largely
affected, and the economic stakes linked to tour-
ism can be strongly affected (recent closures of
very touristy beaches for example) [5]. These
impacts are often of an aesthetic nature and are
translated and quantified by the costs incurred by
the cleaning. Along the coastline, aquaculture
activities can be the cause of significant inputs of
plastics to the marine environment, particularly in
shellfish production areas (oysters, mussels, and
other shellfish) due to the loss of materials,
whether unintentional or not. Socio-economic
impacts also concern underwater interventions on
the bottom of ports or along the coastline as well
as environmental awareness and education pro-
grams [6]. At sea, plastic constitutes an economic
pressure on navigation, in particular pleasure
boating, due to frequent accidents (encountering
obstacles, entanglement of nets or plastic sheets
in boat propellers or in the cooling systems).
These impacts are also significant for fishing
vessels, with, for the latter, additional costs for
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cleaning and repairing nets or lines [7]. This issue
of ghost nets is particularly critical in certain
regions of Europe (South Brittany, North Adri-
atic, Gulf of Lion), where stock losses can reach
2–3% of the entire population of certain species
[8]. More globally, the socio-economic impacts
are extremely diverse (Table 17.1), and the
associated costs are still poorly known, with costs
estimated at nearly 260 million euros for marine
waste in European waters alone [9]. For the whole
of the world's oceans, the financial damage is
estimated at about 12 billion euros per year.

17.2.2 Environmental Impacts

The impacts of plastic waste at sea can be pre-
sented according to two main types: global
impacts on the scale of ecosystems, mainly linked
to the transport of species, and impacts on the scale
of organisms and populations. At the ecosystem
level, plastic waste constitutes a new habitat for
many species, benthic macro-organisms such as
arthropods, molluscs, hydraires, bryozoans, and
many microorganisms, bacteria, viruses, fungi,
microalgae of the dinoflagellate genus and dia-
toms [10]. These species will rapidly colonize the
plastic waste at sea, by settling and even

developing, and will constitute the Plastisphere
[11]. Since plastics are persistent and highly
mobile materials, they will have the capacity to
transport these species over large scales of space
and time, thus creating a “raft” effect. For exam-
ple, following the 2011 tsunami, nearly 300 spe-
cies were transported from the Japanese coast to
the West American coast mostly on plastic debris
[12]. These species can then settle in or even
become invasive to the detriment of endemic
species, leading to a disruption of marine com-
munities and, therefore, of the ecosystem. In
addition, some species identified on the surface of
plastic waste at sea are harmful, toxic, or poten-
tially pathogenic, as suggested by the detection
of large bacterial families, of which some
strains (Campylobacteraceae, Flavobacteriaceae,
Aeromonadaceae) are responsible for diseases in
humans, certain fish and shellfish species [13].
The question is then to know, if these species
disseminated on the surface of plastic wastes can
transmit diseases, which is a current research topic
of the scientific community. Finally, the pro-
longed contact times between species, especially
bacterial species, on this new support could
encourage exchanges of genetic material and
contribute to the propagation ofmultiple antibiotic
resistances across bacterial genera [14].

Table 17.1 Main socio-economic consequences related to plastic waste at sea [9]

Sector economic Types of impacts Significant costs

Managers (municipalities,
local authorities)

Injuries on the beach, aesthetic impact, negative publicity,
labelling

Cleaning and
treatment

Tourism Aesthetic impact, negative publicity, loss of revenue
income, loss of loss of enjoyment

Decrease in
revenue

Associations Volunteering, operational costs, management Volunteer time

Industry Maintenance, waste disposal, damage to equipment Maintenance,
repair

Navigation Damage to ships, rescue operation, repairs, legal obligations Damage to
ship/repair

Fishing Damage to gear repair/replacement replacements, fishing
time, cleaning, stock alteration

Cleaning, repair of
machines

Aquaculture Cleaning of nets, maintenance Cleaning and
maintenance

Ecosystem services Biodiversity, costs of degradation Poorly estimated
costs
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At the level of individual organisms, the
impacts generated by plastic waste at sea are
particularly visible on large marine animals,
including seabirds, mammals and turtles trapped
in large plastic waste such as ghost nets. But this
is only the tip of the iceberg. Indeed, compared
with macroplastics, MPs are much more numer-
ous and affect more widely the whole marine
food chain. Because of their small size, they are
easily ingested by a very large number of species.
Once ingested, these MPs can either obstruct the
digestive system [15]. However, the smallest
particles, such as nanoplastics, can also pass
through the digestive membranes and migrate
into the circulatory system and even into other
organs, as has been observed in the laboratory in
the brain of fish, with the effect of modifying
their swimming behavior. Circulatory system and
even in other organs, as has been observed in the
laboratory in the brain of fish, resulting in
changes in their swimming behavior. In any case,
even a simple transit of MPs in the digestive tract
induces major changes in the biology of the
animal that ingested them: changes in digestion
that disrupt energy intake via the diet [16], direct
source of cellular stress, with disturbances on the
major physiological functions such as growth,
immune defenses [17], and reproduction [18].
Moreover, the additives contained in plastics can
also be released under the conditions of the
digestive tract during transit and cause a chemi-
cal disturbance [19], for example with an asso-
ciated endocrine disruption. The entire life cycle
of an organism can thus be affected with trans-
generational repercussions. For example, by
exposing oysters to MPs or nanoplastics in the
laboratory, a reduction of half the number of
gametes produced and a 20% delay in the growth
of the offspring have been observed as well as a
decrease in fertilization and development of
embryos and larvae in connection with the
appearance of numerous malformations [20].

The feeding of bivalves is not spared since the
life cycle of diatoms (phytoplanktonic microal-
gae that play a major role in marine primary
production) has been shown to be disrupted by
exposure to polystyrene nanoballs in laboratory
[21], demonstrating the importance of

understanding the effects of plastics at the com-
plex scale of ecosystems. Very few studies have
initiated this questioning. Among them, Green
[22] showed that a natural reef shaped by the flat
oyster, an ecosystem engineer species that builds
a habitat rich in biodiversity, was altered when
exposed to MPs. Changes in oyster filtration
affected the diversity of associated microorgan-
ism communities, from microfauna to
cyanobacteria, potentially leading to changes in
biogeochemical cycles in the sediment. This type
of chronic and realistic impact study on the scale
of diverse and interconnected communities
requires approaching the diversity of the
ecosystem but also the diversity of plastic waste
(strong variability of size, shape, roughness, type
of polymers and associated additives [23]),
because this has a strong influence on their fate
and behavior in the sea and, therefore, on their
toxicity. This is a research priority that will be an
essential support for decision-making, but it
requires bringing together the diversity of sci-
entific communities working on plastic waste in
the aquatic environment by promoting multi- and
transdisciplinary approaches.

17.2.3 Impacts on Health

It is now proven that MPs are present in all
compartments of the environment and that they
have penetrated human food chain. MPs pres-
ence has been shown in everyday seafood prod-
ucts such as salts with variable quantities
depending on the geographical location [24]. It is
important to underline the presence of significant
quantities of MPs in table salt from the sea [25].
MPs have also been found in other shellfish such
as oysters and clams as well as in crustaceans,
scampi, shrimp, crabs, and spider crabs. They are
also present in many species of fish, mainly in
their digestive system, and very exceptionally in
the muscle. In addition, many other foods have
revealed the presence of MPs: beer, sugar, honey,
water, and for the first time, plastics have been
identified in human feces. Moreover, human
exposure to MPs is not limited to the food chain;
one can also be exposed through inhalation of
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MPs and airborne fibers. This route of entry may
even be more important than through the food,
but it is highly variable depending on the envi-
ronment, and often associated with certain work
environments, potentially inducing respiratory
inflammatory reactions. Concerning the impact
on the health of consumers of products contain-
ing MPs, there is still little knowledge, and sev-
eral questions currently arise:

• On the composition of MPs, polymers, and
additives. Indeed, some monomers are dan-
gerous on their own, such as those used in
polyurethane or PVC [26]. It is important to
also consider the additives, which can repre-
sent a significant quantity of the composition
of plastics, because they can be released by
leaching. They could also cause cocktail
effects by association [27]. The main sub-
stances found in the environment are phtha-
lates, bisphenol A, brominated flame
retardants and nonylphenols, and these sub-
stances are known to be toxic.

• On the carrying chemical and biological
contaminants thanks to the adsorption prop-
erties of MPs. Indeed, according to the dis-
placements and the buoyancy of MPs,
persistent organic pollutants can be fixed on
their surface due to their hydrophobic prop-
erties. One can find PCBs (polychlorinated
biphenyls) or PAHs (polycyclic aromatic
hydrocarbons) [28].

Studies have also shown the presence of
heavy metals (Hg, Cd, Pb, etc.) [29] and pesti-
cides on the surface of MPs. However, even if
the accumulation of persistent organic pollutants
has been demonstrated in some organisms
(mussels, fish), MPs are apparently not the main
vectors compared with other particles suspended
in the seas and oceans, but they do not influence
bioaccumulation in marine organisms, which
does not seem to be preponderant in human food
[30]. There remain the biological contaminants,
the MPs being able to be colonized by bacteria
and in particular bacteria pathogenic for the
human like that of the kind Vibrio [31].

• On the possibilities of translocation according
to the size of the particles found, especially
concerning nanoplastics that could enter all
organs. As far as MPs are concerned, it seems
that there is no absorption possible in any
compartment for MPs of sizes greater than
about 150 µm [32]. Beyond this size,
translocation could be dependent on the
hydrophobicity and the charges of the parti-
cles [33].

• On the interactions of plastics in the digestive
system. Indeed, the particles during transit
could mechanically generate by abrasion
localized inflammatory reactions, but they
have also impacted on the microbiota and go
as far as creating a dysbiosis [34]. At the level
of the digestive system, different mechanisms
can intervene thanks to Payer’s patches and
the possibilities of persorption of the intestinal
epithelium. According to the current knowl-
edge, one can underline that the particles
arriving the organism can also trigger
immunological responses as noted for the PET
(polyethylene terephthalate) or the PE (poly-
ethylene). More globally, to know the long-
term impacts of MPs on human health, many
research still must be conducted, considering
the diversity of compositions, sizes, shapes,
and asperity, and considering MPs by the
specific study of congeners including their
morphological characteristics that are impor-
tant for a particulate contaminant, and not as a
as a homogeneous family of contaminants.

17.3 Occurrences of MPs
in Wasterwater Treatments
Plants (WWTPs)

Wastewater treatment plants contribute to elimi-
nate various pollutants including MPs. However,
the efficacy of removal seems to be low as MPs
are detected with higher count in the field near or
downstream of WWTPs. These amounts could
vary in the range of 50 between WWTPs [35,
36].
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Higher removal efficiency was observed in the
WWTP employing primary clarification, sug-
gesting that retrofitting secondary plants with
primary clarifiers could improve MPs removal.
Upgrading plants to include primary clarification
is dependent on different factors [37].

In a critical review on the efficiency of
removal of MPs in WWTPs, the authors indi-
cated that MPs are removed at 88% and 94% in
secondary and tertiary WWTPs, respectively;
72% on average were removed during prelimi-
nary and primary treatment. Primary sedimenta-
tion removes spherical particles of commonly
used polymers > 27–149 lm in diameter [38].

Sorption processes of three model compounds
perfluorooctane sulfonic acid (PFOS), benzo[a]
pyrene (BaP) and oxybenzone (BP3) on different
sizes and different industrial polymers showed
differences in responses (kinetics and sorption
efficiency), depending on the particle sizes as
well as the chemical properties of the
compounds.

Study of the vectoring of these 3 model
compounds adsorbed on MPs and their toxicities
using the early stages, juveniles, and adults of
zebrafish, through direct exposure or via trophic
exposure were evaluated according to the OECD
236 guideline as well as via chronic trophic
exposure, starting at the larval stage up to
5 months. The main results were consistent with
low acute toxicity on early developmental stages
(embryos and larvae) exposed to particulate
matter, organic extracts but also leachates, from
artificial or environmental MPs. Nevertheless,
ingestion of MPs during trophic exposure led to

long-term effects, with different intensities rela-
ted to the chemical compounds adsorbed to MPs
[39, 40]. Study of MPs concentrations in two
Oregon bivalve species, spatial, temporal, and
species variability showed that toxic effects
included alterations in growth (fish size and
weight), reproductive effects, behavioral changes
in exposed adults, and changes in larval swim-
ming activity [41].

There are several hundred different types of
polymers and polymer blends in commercial
production, but the market is dominated by
polyethylene (both high density, HDPE and low
density, LDPE), polypropylene (PP), polyvinyl
chloride (PVC), polyurethane (PUR), poly-
styrene (PS) and polyethylene terephthalate
(PET). These six polymers account for about
80% of plastics production and are likely to form
a large portion of most marine litter [42, 43]. The
most common man-made and petroleum-derived
polymers found in MPs are listed in Table 17.2
[44].

Different physical and chemical properties of
MPs could be considered in a prioritization
framework. These are particle size, particle
shape, surface area, polymer type and crys-
tallinity, chemical composition and additive
compounds as well as changes in surface prop-
erties, e.g., adsorbed microorganisms, xenobi-
otics, and dirt and mud [45, 46].

WWTPs are a principal barrier to the direct
discharge of waterborne MPs pollution into the
aquatic environment. However, only a limited
number of studies have examined MPs removal
through the various treatment processes [47].

Table 17.2 Main
polymers found in MPs
[44]

Polymers Abbreviation Molecular formula

Polyethylene PE (C2H4)n

Polypropylene PP (C3H6)n

Polystyrene expanded EPS (C8H8)n

Polyethylene Terephthalate PET (C10H8O4)n

Polymethylmetacrylate PMMA [(CH2C(CH3)(CO2CH3)]n

Polytetrafluoroethylene PTFE (CF2CF2)n

Polyamide (nylon) PA C23H26N2O4

Polyurethane PU C3H8N2O
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A review of 18 studies on the occurrence of MPs
in wastewater found that typical WWTP effluent
has a lower median concentration of MPs parti-
cles compared with the influent, although the
range in effluent concentrations varied signifi-
cantly [48]. This may be an indication that some
WWTPs have ineffective treatment practices or
are not designed for optimal removal of MPs
[49]. In these cases, discharges from WWTPs
can represent routes for MPs to enter fresh waters
and then possibly into drinking-water [50].

In many countries, significant efforts have
been made to increase the quality of WWTP
effluents to meet higher quality targets for surface
water. Where such receiving waters are used as a
drinking-water source, the MPs load originating
from the WWTP is expected to be significantly
reduced. However, in low- and middle-income
countries, only 33% of the population have sewer
connections. Wastewater for the remaining 67%
of the population is collected and treated in
onsite systems or discharged directly to soil and
water bodies. In addition, approximately 20% of
household wastewater collected in sewers does
not undergo at least secondary treatment. In these
cases, the contribution of MPs into the receiving
water body is expected to be higher.

17.4 Analytical Methods for MPs
in Wastewater and Sludge
Samples

A recent systematic review of the literature
identified 50 studies detecting MPs in fresh
water, drinking-water, or wastewater [48]. The
lack of standard methods for sampling and
analyses of MPs in the environment means that
comparisons across various studies are difficult.

17.4.1 Chemical Sources

Polymerization reactions during plastic produc-
tion do not generally proceed to full completion,
resulting in small proportions of monomers such
as 1,3-butadiene, ethylene oxide and vinyl chlo-
ride, that can migrate into the environment.

Residual monomers may also arise because of
biodegradation and weathering of plastics.
However, the extent to which this occurs is
uncertain. It is likely that unbound monomers
resulting from these scenarios would be released
into the environment.

Additives such as phthalate plasticizers and
polybrominated diphenyl ether flame retardants
are, for the most part, not covalently bound to the
polymer backbone and can often easily migrate
into the environment. Migration can also be
impacted by the molecular weight of the addi-
tives. Small and low molecular weight additive
molecules generally migrate at faster rates than
larger ones. Aging and weathering likely strongly
influence the migration process, the overall
impact of which is not well understood. How-
ever, relative to other emission routes of addi-
tives to the environment, it is anticipated that
leaching from MPs will be relatively small.

The hydrophobic nature of MPs implies that
they have the potential to accumulate
hydrophobic persistent organic pollutants
(POPs), such as PCB, PAH, and organochlorine
pesticides (OCP). POPs indiscriminately sorb on
organic carbon in the environment and, therefore,
the fraction of POPs sorbed on MPs will be small
relative to other environmental media containing
organic carbon such as sediment, algae, and the
lipid fraction of aquatic organisms.

17.4.2 Sampling

MPs samples can be acquired using trawl nets
(typically 300 lm) drawn across the surface of
the water, or through collection of water samples,
from which the particles are extracted later. Ini-
tial sample purification usually involves filtra-
tion, followed by some sort of extraction process
such as density separation, in which samples are
mixed with a liquid of defined density, allowing
MPs particles to float and heavier particles to
sink (see Table 2.1 for a list of plastics and their
densities). Further purification may require
chemical or enzymatic methods to remove
organic or inorganic contaminants (biofouling).
The extent of the preparation is dependent on the
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nature of the samples: dirtier samples will require
more preparation steps than cleaner ones.

Sampling of MPs in water surface remains the
most important step in the analytical process. It is
usually performed with neuston, or plankton nets
supported by a flow meter in order to determine
the exact volume. Mesh sizes range from 50 to
3,000 lm, while 300 lm is the most used mesh
leading to particle sizes <300 lm [51].

In sediments, sampling can differ according to
sampling tool used. Results are expressed on
basis of volume or mass of sample collected, or
on the sis of the surface grilled [52]. The sepa-
ration of MPs from water seems easier than from
sediment. In water samples, the techniques are
based on the low density of MPs that allow
floating the MPs. In sediments, addition of some
salts of sodium and/or zinc are used [53, 54].
Samples generally contain some debris that could
prevent separation. They are destroyed using
chemical or enzymatic hydrogen peroxide, mix-
tures of hydrogen peroxide and sulfuric acid [55].

17.4.3 Analysis

Large particles of MPs are identified with the
naked eye, while small MPs using binocular
microscopes or scanning electron microscopy
(SEM) [55, 56]. Spectroscopic identification
methods of MPs include Fourier Transform
Infrared Spectroscopy (FTIR) and Raman Spec-
troscopy to detect characteristic functional
groups of the polymer particles. For larger par-
ticles (> 500 lm), FTIR can be carried out using
an Attenuated Transverse Reflection Unit
(ATR) [26, 57]. Coupling FTIR to microscopes
as reflectance or transmission micro-FTIR allows
the detection of smaller MPs [52, 58]. Further
identifications are made with thermal degradation
techniques that specifies each polymer [59].

MPs are recovered from the supernatant and
filtered or sieved. The concentrate may be visu-
ally sorted before quantification by microscopic

counting with or without tagging using dyes, but
neither of these methods can unambiguously
confirm the particles are plastics.

Three different approaches are available to
determine the chemical composition and/or size
of plastic particles: spectroscopic, thermoanalyt-
ical, and chemical analyses. These methods are
described briefly below. For further information
about these methods, including capabilities
and limitations related to detection levels and
the ability to detect particle dimensions, refer to
[60].

Spectroscopic methods are used to identify the
specific chemical structure of polymers by com-
paring their absorption or emission spectra with
reference spectra. FTIR is a well-established,
relatively fast, and reliable spectroscopic method
that, when coupled with microscopy, can identify
particles to about 10–20 lm. However, biofilms,
if not removed, can interfere with the detection of
MPs. Hyphenated FTIR/microscopy technique
also requires expensive instrumentation that is
not available in many laboratories. Microscopy
coupled with Raman spectroscopy can identify
particles in the range of 1–20 lm. However, it
can be subject to interferences, may be slow, and
requires expensive instrumentation.

With thermoanalytical methods [60], the
sample is pyrolyzed under inert conditions, so
that specific decomposition products of the
individual polymers can be analyzed. These
methods tend to require larger particle masses
compared with spectroscopic methods. Pyroly-
sis–gas chromatography/mass spectrometry (Py-
GC/MS) can provide information on additives as
well as on the polymer, and if the sample amount
is large enough, it can identify the polymer
composition of nanoplastic particles.

Other spectrometric methods such as Induc-
tively Coupled Plasma Mass Spectrometry (ICP-
MS) can be used to decompose the samples and
detect specific fragments of polymers or ele-
ments. Again, these tend to require larger particle
masses [61].
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Software packages are often used in both
tagging and spectroscopic studies to recognize
and to count particles, and to characterize parti-
cles by comparing them with library spectra.

17.5 Treatment Technologies
for Removing MPs
from Wastewater

Wastewater treatment systems, where they exist,
are considered highly effective in removing par-
ticles with characteristics like those of MPs [61–
66]. Properties relevant to MPs removal in the
water treatment include size, density, and surface
charge. According to available data, wastewater
treatment can effectively remove more than 90%
of MPs from wastewater, with the highest
removals from tertiary treatment such as filtra-
tion. Conventional treatment, when optimized to
produce treated water of low turbidity, can
remove particles smaller than a micrometer
through processes of coagulation, flocculation,
sedimentation/flotation, and filtration. Advanced
treatment can remove smaller particles. For
example, nanofiltration can remove parti-
cles >0.001 lm, while ultrafiltration can remove
particles >0.01 lm. These facts combined with
well-understood removal mechanisms point to
the rational conclusion that water treatment pro-
cesses can effectively remove MPs.

An important consideration is that wastewater
and drinking-water treatment is not available nor
optimized in many countries. Approximately
67% of the population in low- and middle-
income countries lack access to sewage connec-
tions, and about 20% of household wastewater
collected in sewers do not undergo at least a
secondary treatment [66]. At these places, MPs
may exist in greater concentrations in freshwater
sources of drinking-water. However, the health
risks associated with exposure to pathogens
present in untreated or inadequately treated water
will be by far much greater. By addressing the
bigger problem of exposure to untreated water,
communities can simultaneously address the
smaller concern related to MPs in surface water
and other drinking-water supplies.

Another factor to consider is how treatment
waste is handled. Plastics are not usually
destroyed, but rather transferred from one phase
to another. For this reason, water treatment waste
needs to be considered as a potential source of
MPs contamination in the environment. There
are currently limited data available on how
treatment wastes are handled and the impact they
may have on the environment.

17.6 Recommendations to Improve
Sampling and Analytical
Methods for PMs

There is a general need to improve sampling and
analysis of MPs in water samples. The following
improvements are particularly important:

• Studies should provide complete information
about the method of sampling so that it can be
reproduced.

• The sample volumes will depend on the nature
of the water being sampled and size of the
particles being analyzed, which in turn is
determined by the filter or mesh size being
used. Sample volumes should be sufficiently
large to reliably detect lowMPs concentrations.

• Wherever possible, plastic material should be
avoided for sampling and analyses. If plastic
material must be used, it should be charac-
terized and reported.

• Materials should be rinsed with filtered water
to avoid contamination.

• Sampling and sample processing should be
carried out by trained professionals, or the
quality of samples collected or processed by
volunteers should be (quantitatively) validated
against results obtained by professionals.

• If preservatives are used, their ability to affect
polymer mass or particle shapes should be
tested, either in the context of the study or via
literature support.

• Laboratory surfaces should be thoroughly
cleaned with filtered water to avoid
contamination.

• All samples should be handled in a laminar-
flow hood or in a clean-air laboratory.

17 Investigation of Microplastics in Water and Wastewater: A Review 215



• Blanks should be run per day or per series at
least in triplicate to verify and to correct for
contamination, and results should be corrected
against blanks.

• Positive controls should be used to verify the
recovery of particles during digestion, density
separation and filtration steps.

• Digestion should be applied when necessary.
Usually, digestion is not necessary for
drinking-water from a treated source. How-
ever, for surface water and wastewater sam-
ples, where high organic matter concentrations
hamper the selection and (visual) identification
of particles, a digestion step is inevitably
required.

• Polymer identification is required for a rep-
resentative subsample of the entire sample.

• Data should be reported as number of
particles/L and mass/L together with their
detection limits. Minimum and maximum
particle sizes and when possible, morpholo-
gies should be specified. All these character-
istics may inform the risk assessment.

• Standard methods of sampling and analysis
should be developed, but they may vary for
the different media being sampled. For
example, sediment methods may be different
from seawater methods, which itself will also
vary from drinking-water methods. As far as
possible the same principles are needed to be
followed.

In general, the use of plastics in everyday life
cannot be overlooked or eliminated due to their
recyclability, functionality, and light weight, so
the unique characteristics of plastics allow them
to play a major role in achieving a more sus-
tainable and resource efficient future. On the one
hand, they can help us to save essential resources
like energy and water in key sectors like pack-
aging, automotive and renewable energy, on the
other hand, the daily use of plastics in a wide
range of applications cause an increase in the
generation of plastic waste that ultimately results
in MPs.

However, if one wants to maintain the envi-
ronment, and at the same time, to improve the

circularity of plastics [11], it is essential to
recover more and more plastic waste to avoid it
ending up in landfills or in the environment.
Especially in recent years, several recycling
methods have been developed, such as primary
recycling, where used plastics are recovered by
extrusion, generating materials being like the
original ones. Secondary mechanical recycling
involves the collection, sorting and washing of
the waste. Then the plastics are directly melted
and molded into a new shape or turned into
pellets. In addition to primary and secondary
recycling, tertiary recycling is chemical recy-
cling. In this type of recycling, plastics are con-
verted into smaller molecules, usually liquids or
gases, such as pyrolysis oil or syngas, which are
commonly used as raw materials to obtain
chemical products (e.g., methanol, olefins, alco-
hols, insecticides, and fungicides). Finally, the
recovery of plastic waste is the set of operations,
whose aim is to give this waste a new use value.

17.7 Conclusions

Microplastics are ubiquitous in the environment,
including in the water cycle. They have been
detected in marine water, wastewater, fresh
water, and both tap and bottled water. However,
the quality and quantity of data vary across dif-
ferent water types.

Important sources of MPs into fresh water are
surface run-off and wastewater effluents, but
there are insufficient data to quantify these inputs
and to determine more specifically the primary
sources. Further, some contamination may also
occur during treatment, distribution or bottling
processes of drinking water.

Study results should be interpreted in the
context of the methods used. For example,
smaller mesh sizes are generally used in
drinking-water studies compared with freshwater
studies, leading to higher particle counts. In
general, there is a need to improve, to standardize
and to harmonize MPs sampling and analyses in
water. Most studies conducted to date are not
considered fully reliable.
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18Consequences of Heavy Metals
in Water and Wastewater
for the Environment and Human
Health

Fatma Beduk, Senar Aydin, Mehmet
Emin Aydin, and Müfit Bahadir

Abstract

The widespread distribution of heavy metals
in water sources and wastewaster is of great
concern because of their highly toxic proper-
ties. But, some metals are essential for normal
growth of plants and animals. Considerable
effort is being made to identify and to reduce
sources of heavy metals in aquatic environ-
ments. The intensity of industrial activities
using heavy metals results in continued heavy
metal load in water media. The toxic effects of
heavy metals depend on their intrinsic prop-
erties, water solubilities and bioavailabilities.
In this chapter, the authors aimed to give an
overview about speciation of heavy metals
and the state-of-the-art of resource, behavior
and fate of heavy metals in the environment.

Keywords
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18.1 Introduction

Heavy metals are among the most hazardous
contaminants in the environment because of their
high toxicity. The therm “heavy metal” refers to
metals and metalloids with an atomic density
higher than 5 g/cm3. Heavy metals derive from
both natural and anthropogenic sources, how-
ever, latter have more significant effect on envi-
ronmental pollution. Natural sources include
magmatic and metamorphic rocks, and soil for-
mation, that pass through water sources by
hydrological cycle [1]. Heavy metal pollution
caused by anthropogenic sources may consist of
mainly mining, electroplating, disposal of high
metal containing wastes, leachate, leaded gaso-
line and paints, land application of fertilizers,
sewage sludge, pesticides, wastewater irrigation,
coal combustion residues, spillage of petro-
chemicals, and atmospheric deposition [2, 3].
While high toxicity of some heavy metals is of
great concern, some others are essential for nor-
mal growth and development of plants and ani-
mal, however, essential elements can be toxic if
present in excess [4, 5]. In alphabetical order,
aluminum (Al), arsenic (As), beryllium (Be),

F. Beduk (&) � S. Aydin
Engineering Faculty, Environmental Engineering
Department, Necmettin Erbakan University, Konya,
Turkey
e-mail: fabeduk@erbakan.edu.tr

M. E. Aydin
Engineering Faculty Civil Engineering Department,
Necmettin Erbakan University, Konya, Turkey

M. Bahadir
Institut für Ökologische und Nachhaltige Chemie,
Technische Universität Braunschweig,
Braunschweig, Germany

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Bahadir and A. Haarstrick (eds.), Water and Wastewater Management,
Water and Wastewater Management, https://doi.org/10.1007/978-3-030-95288-4_18

221

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95288-4_18&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95288-4_18&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95288-4_18&amp;domain=pdf
mailto:fabeduk@erbakan.edu.tr
https://doi.org/10.1007/978-3-030-95288-4_18


boron (B), cadmium (Cd), chromium (Cr), cobalt
(Co), copper (Cu), iron (Fe), lead (Pb), lithium
(Li), manganese (Mn), mercury (Hg), molybde-
num (Mo), nickel (Ni), selenium (Se), vanadium
(V), and zinc (Zn) are among the most toxic, and
therefore, regulated metals and metaloids. The
heavy metals like (B), Co, Cu, Fe, Mn, Mo, Ni,
and Zn are biologically essential micro nutrients
required by plant growth, but harmful to the plant
beyond the permissible limit values [6]. For
example, exceeding 30 mg/kg recommended
value of Cu fosters oxidative stress and promotes
leaf chlorosis in plants [7].

Essential elements for human health include
Cr, Co, Cu, Fe, Zn, Mo, and Se, which have
adverse health effects in case of deficiencies.
Beneficial health effects of these elements in case
of degenerative diseases encourage people to
take them as supplements. So as to determine the
most ideal dose of essential elements among
toxicity and deficiency, acceptable range of oral
intake (AROI) concept has been used.

People are exposed to high amounts of heavy
metals by consuming water and food contami-
nated with heavy metals, or by breathing. As, Cd,
Cr(VI), Pb, and Hg are non-essential toxic heavy
metals, which exert toxicity at very low con-
centrations [8]. These elements are reported as
major chemicals of public concern by World
Health Organization [9]. Heavy metals are not
biodegradable, can bioaccumulate in tissues, and
being concentrated in food chain. Since these
metals are present in every compartment of the
environment, human exposure is not readily
preventable. As, Cd, Cr(VI), Be, and Ni are
human carcinogens [10]. As has been found to be
human carcinogen as well, even et very low
exposure levels. Due to the consumption of As
polluted groundwater in many parts of the world,
people have been exposed to the risk of As
poisoning. It is estimated that over 320,000
people will die from As induced cancer over the
next 50 years [11]. There are sufficient data for
As exposure to evaluate its carcinogenic effect,
however, single metal exposure of human is not
generally definable for other heavy metals. Ani-
mal experiments have been used to identify metal
induced tumors [10].

In this study, natural and antropogenic sources of
the most important and, therefore, regulated heavy
metals are given. It is aimed to review recent liter-
ature in order to give an overall picture about heavy
metal pollution, transport and sinks in the environ-
ment. Besides, information about toxic effects on
human and aqueous organisms is also given.

18.2 Non-Essential Toxic Heavy
Metals

18.2.1 Arsenic (As)

As exists in both organic and inorganic forms, and
in four oxidation states: elemental arsenic (0),
arsenite (+3), arsenate (+5), and arsine (−3). Oxi-
dation state determines the level of toxicity and
mobility. Arsenite (As3+) is more toxic and mobile
than arsenate (As5+), and inorganic forms of As are
more toxic than the organic ones (majorly seafood)
[12]. As mostly occurs in the As3+ oxidation state in
groundwater that makes it a serious water security
problem. While As5+ is present as negatively
charged anion under pH conditions of groundwater
(H2AsO4

− or HAsO4
2−), arsenite occurs uncharged

(H3AsO
3). Due to the difference between their

charges, adsorption and desorption reactions of
these two types differ from each other. Redox
reactions also affect the mobility of As [13].

Natural and anthropogenic sources can cause As
contamination in water bodies. According to deep
rock types, minerals, and ore structures, As pollu-
tion occurs naturally in well waters. Anthropogenic
pollution sources include mining activities, the use
of pesticides, burning of As containing coals, etc.

Due to the consumption of As polluted
groundwater in many parts of the world, people
have been exposed to the risk of As poisoning.
Taking the toxic effects of As into account, a
limit value of 10 lg/L for drinking water was
determined by US EPA [14], and WHO [9]. The
European Union, USA, Taiwan, Vietnam, and
India have also regulated As at 10 lg/L value,
while it is still 50 µg/L in China, Bangladesh,
Argentina, Nepal, and Mexico, suffering from
highly As contaminated water sources from
aquifer sediments [15]. The low permitted levels
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for As in drinking water made efficient removal
methods necessary. In Bangladesh, approxi-
mately 30–40 million people are exposed to As
contamination, with an expected 2.5 million
people developing some forms of arsenicosis
symptoms in their lifetime [16].

18.2.2 Cadmium (Cd)

Cd is a highly toxic heavy metal, which occurs
naturally as cadmium sulfide, and is usually in
association with Zn. Cd has both occupational and
environmental exposure routes. The highest amount
of Cd is used for battery production. It is also used
for electroplating, coating, pigment industries, etc.
Dissolution of Cd minerals in water and deposition
of atmospheric Cd are natural sources of water
contamination, but Cd pollution is mainly caused by
industrial discharges and agricultural runoff. Phos-
phorus fertilizers, wastewater irrigation, and sewage
sludge applications are agricultural sources of Cd
contamination [17]. Cd can be transported through
the roots, stems, and leaves of the plant, which is
controlled by plant species. Boavailability of Cd in
soil depends on soil pH and the content of organic
matter [18, 19]. Cd contamination of rice is well
documented. A 20–40 lg daily intake of Cd from
rice was reported for Asia [20].

18.2.3 Chromium (Cr)

The most common and highly stable oxidation
states of Cr are Cr(III) and Cr(VI). Cr(VI) is an
important environmental concern due to its high
toxicity and mobility. As a result of its high
solubility, it is not fisible to remove Cr(VI) from
wastewater by precipitation techniques. Unlike
Cr(VI), Cr(III) has low solubility and almost no
toxicity [21]. Cr(VI) is used in large scale in
industry, including stainless steel industries, dyes
and leather tanneries, mining and smelting, and
electroplating processes. It is also used as anti-
corrosive agent. The highest exposure route is in
occupational settings. Cr(VI) exerts high toxicity
on human and animal, causing kidney dysfunc-
tion, diarrhea, ulcers, and lung carcinom [22, 23].

18.2.4 Lead (Pb)

Pb is released to the environment from the
atmospheric sources, such as automobiles’
exhausts using leaded gasoline, lead containing
paint, emissions of smelters, etc. This element is
found in air, water and food. The atmospheric
release of lead has decreased in recent years as a
result of removing lead from gasolines. Lead
solder has been a water contamination source in
water distribution networks. Old drinking water
pipes in Europe used to be often made of lead.
Once a human exposed to Pb, it mainly stores in
the bone and affects kidney, central nervous
system and liver. It is transferred through the
placenta and has deleterious biological effects on
fetus [24]. Wasewater irrigation is a widespread
application in Marrakech, Morocco. Wastewater
irrigation pose Pb contamination risk in soil and
crop in the region. Chaoua et al. (2019) [25]
reported about 1.417 ± 0.32 mg/L Pb for
wastewater samples in discharge point,
57.3 ± 10.8 mg/kg Pb for wastewater irrigated
soil samples, and 52.9 ± 22.2 mg/kg Pb for
Avena sativa leaves cultivated in the area. All of
the agricultural samples taken in the field
exceeded 5 mg/kg limit value set for plants by
WHO/FAO [26], which pose a risk for people
consuming these food staff.

18.2.5 Mercury (Hg)

Hg enters aquatic media in three forms: Firstly,
in “elementel mercury form” in zero-oxidation
state (Hg0), such as mercury vapor, as the only
metal in liquid form at room temperature; Sec-
ondly, in “inorganic mercury form” such as
mercuric chloride; Thirdly, in “organic mercury
form” such as methyl-mercury, phenyl-mercury,
etc. [27]. In the past, Hg compounds were widely
used in agriculture, industry and medicine.
Today, people expose to Hg in the occupational
settings of chloralkali industry, production of
fluorescent lights and thermometers, and from
dental amalgams [1]. Another important expo-
sure route is the consumption of fish and seafood
containing methyl mercury [27, 28]. Inorganic
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mercury is being biomethylated to methyl mer-
cury by microorganisms present in aquatic
media, and enters aquatic food chain from zoo-
plankton to fish. Consumption of fish is the main
route of methyl mercury exposure for human.
Methyl mercury is bioaccumulated in human
body, and has relatively long half life, and higher
toxicity when compared with inorganic mercury
[29]. Jung et al. [30] analyzed 400 blood samples
taken from South Korean population, consuming
fish in their diet. 6.35 µg/L and 4.44 µg/L geo-
metric means of total mercury and methyl mer-
cury were determined, respectively. 71.9% of
total mercury was present as methyl mercury.
Besides, higher concentrations of both mercury
forms were determined for blood samples taken
from coastal region residents when compaired
with terrestrial region.

18.3 Occurrence
and Transportation of Heavy
Metals in the Environment

Industrial discharges are major environmental
concern due to the variety and high concentration
of heavy metals. Industrial discharges to sewer-
age system without enough or no treatment leads
to high pollution load in municipal treatment
plants and cause accumulation in sewage sludge
that adversely affect its agricultural use. The
water, soil and air quality have seriously affected
by industrial discharges and emissions. Aydin
et al. [31] reported unauthorized industrial dis-
charges of Cr, Zn and Ni to sewerage system
from valve producers and galvanization work-
shops located in the city centre of Konya, Tur-
key. High load of heavy metals on urban
Wastewater Treatment Plant (WWTP) was
detected by passive sampling of slime in the
sewerage system. Similar research results from
China showed that, even though strict discharge
limits for heavy metals were set, industrial dis-
charges increased heavy metal loads to WWTPs
in the country. Zhou et al. [32] analysed samples
taken from 800 WWTPs in nine provinces from
China in the means of heavy metal loads. While

Hg and As were mostly detected heavy metals,
total Cr, Cr(VI), Pb, and Ni were determined to
exceed limit values set by national standards.
Removal rates of heavy metals in WWTPs were
minimum 25,6% for Be and maximum 69,8% for
Cr, which were comparable to other countries.

Depending on raw wastewater inflow to
WWTP, sewage sludge contains a variaty of
heavy metals, which restrict its agricultural use.
Heavy metals form complexes with different
mobility fractions in sewage sludge. These are
(I) carbonate fraction; (II) iron and manganese
oxide fraction; (III) organic matter and sulphides
fraction, and (IV) silicate fraction [33, 34]. While
fractions (I) and (II) are the most mobile forms,
fraction (IV) is the least mobile one. Mobility of
fraction (III) depends on certain conditions, such
as the organic matter content. Sewage sludge pre-
treatment methods, such as dewatering, stabi-
lization, composting, hygienization, etc. do not
reduce its heavy metal content. Sewage sludge
samples taken from an industrialized zone in
Poland were analyzed for seven heavy metals,
namely Cd, Cr, Cu, Hg, Ni, Pb, and Zn. It was
found that sludge samples were environmentally
hazardous in the means of Zn, Ni, and Cd, while
posed a potential ecological risk in the means of
Hg, Cd, and Cu [33]. Since heavy metal accu-
mulation in sewage sludge is an inevitable end
for conventioanl WWTPs taking industrial dis-
charges, it is important to control heavy metal
sources in order to take end-of-pipe actions.
Besides, conventional wastewater treatment
methods are insufficient for complete removal of
heavy metals, while investment costs obstacle
large-scale applications of new and more effec-
tive treatment technologies.

In arid and semi-arid countries, treated or
untreated domestic wastewater is widely used for
agricultural irrigation. Many studies reveal both
soil and agricultural product contamination by
heavy metals in every part of the world. The use
of wastewater for irrigation of agricultural areas
in Turkey dates long back. Aydin et al. [35]
reported strong Cd pollution in soil samples
(8.23–11.6 mg/kg) compared with non-irrigated
controls, taken from Konya, Turkey, after
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40 years of irrigation with untreated municipal
wastewater. Heavy metal contamination of wheat
grain, cultivated in the same area was also
investigated. 45% of the areas irrigated with
wastewater in China were also contaminated with
high levels of heavy metals. Even 14 years after
industrial wastewater irrigation, it was deter-
mined that Cd, Zn and Pb concentrations
exceeded the limit values given for soil use in
China. The results of the study once again
revealed the continuity of metal pollution in soils
polluted with heavy metals, even after many
years [36].

Sediments may be reservoirs for heavy metals
in wastewater receiving water bodies. Heavy
metals are adsorbed to geogenic components of
sediments [37]. Accumulated heavy metals in
sediments may not be permanent. They can be
transfered from sediments to aqueous phase,
when the environmental conditions are changed;
so, heavy metals in sediments have long-term
harmful effects on water media [38]. Sediments
also give temporal patterns of heavy metal pol-
lution in aquatic media. Maximum pollution
concentration was determined for Pb (1 mg/g dry
weight) for sediment samples taken from Lake
Lucerne in Central Switzerland. Pollution attrib-
uted to industrial coal combustion was going
back to the fist part of the twentieth century [39].

Beacuse of certain solubility of heavy metals
in aquatic environment, they can be taken up by
living organisms. It was documented that green
algea species Spirogyra and Cladophora have
biosorption capacity of Pb and Cu in aqueous
media [40]. High levels of Cd and Cr were found
in the tissues of Genus barbus caught from Tigris
River, which is the most popular food fish in Iraq
[41]. Milenkovic et al. [42] analyzed heavy
metals in sea fish samples taken from Serbian
markets. Cd was determined in the range of
0.01–0.81 mg/kg, while Hg was determined in
the range of 0.01–1.47 mg/kg, which was the
highest in sharks. 6.56 m/kg of Pb was deter-
mined in Atlantic mackerel samples. Researches
reveal the relationship of fish size with heavy
metal accumulation, such as for Hg [43].

18.4 Ecotoxicological Effects

The aquatic toxicity of metals depend on
bioavailability of the metal, which means that the
organism does not uptake the total amount of the
metal in its habitat. Physicochemical character-
istics of the environment, chemical characteris-
tics of water, chemical species of the metal, and
tolerance of the organism influence the ecotoxi-
city. Many ecotoxicological studies focus on
solubility of the metal species [44].

Agency for Toxic Substances and Disease
Registry (ATSDR) ranked toxic heavy metals as
As at 1st place; Pb at 2nd place, Hg at 3rd place,
Cd at 7th place, and Cr (VI) at 17th place, in the
hazardous substances list for toxicology [45]. The
list was based on occurence frequency, toxicity
and human exposure potential of heavy metals,
but not specific for the aqueos media. In the
marine environment, As(V) is the dominant form
of As. The more toxic form of As(III) accounts
for roughly 20% of total As in seawater [46]. As
shows affinity towards proteins, lipids, and other
cellular components. Aquatic invertebrates, crus-
taceans and mollusks uptake As by their mussels.
Formation of arsenoribosides in marine inverte-
brates and algae was identified [47]. However, As
is not bioaccumulative for fish. Therefore, it does
not biomagnify in the food chain. Water solubil-
ity is the key factor about As toxicity. While As
(0) has low solubility and lowest toxicity, As(V)
easily enter body fluids as a result of its virtual
solubility, that result in higher toxicity [1].

Pajany et al. [48] conducted a research study
on toxic effects of As contaminated sediment
samples, taken from French Mediterranean ports
on oyster larvae (Crassostrea gigas) and Vibrio
fischeri. It was determined that toxic effects of
sediments on the test organisms had some cor-
relation with the As content. While sediment
samples showed acute toxic effects on oyster
larvae, they presented sub-chronic toxic effects
on Vibrio fischeri.

Main route of Pb exposure is occupational
exposure in the industry. Food, water, soil, and
household dust are other pathways. Pb toxicity is
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defined as chronic, which causes neurodevelop-
mental deficits for children [49]. Pb also causes
dyesfunction of kidney, brain, and reproductive
system [50]. Pb causes oxidative stress in living
organisms and is a potential carcinogen [51].
Algae, which are in the bottom of the aquatic
food chain, are the main organisms that uptake
Pb in water media [40]. Kim et al. (2020) [52]
made a research study about toxic effect of Pb on
various sizes of Zebra fish. Results showed that
Pd induced toxicity on all experimented sizes of
fish samples and caused behavioral changes in
the organizm.

There is an increasing concern about Hg
toxicity on marine and surface water ecosystems.
Hg has neurotoxic, genotoxic, and immunotoxic
effects, depending on its metallic, inorganic and
organometallic structure. Since Hg is tranferred
and accumulated through food chain, it bio-
magnifies in the aquatic ecosystem. It generally
enters the food chain via bacteria and phyto-
plankton, which are the primary producers.
Methy mercury and other organic mercury
compounds are highly liphofilic, therefore, they
accumulate in the tissues of the fish [53] that
led to the Minamata disease in Japan mid of
1950s [54].

Bioavailability of Cd is related to free Cd ion.
Cd forms chlorocomplexes in marine environ-
ment that makes it less available for aquatic
organisms. Cd accumulates mainly in the kid-
neys, creates oxidative stress in tissues and cau-
ses pulmonary emphysema, and renal tubular
damage. Toxicity of Cd is also correlated with
some types of cancer [55]. Cd toxicity causes
skeletal deformation with severe pain, which is
named Itai-Itai diseas [56].

18.5 Conclusions

Due to industrial activities, heavy metals are
found in every natural media in the environment.
Since they accumulate in the environment as a
result of continuous input, it is generally possible
to quantify them in all aqueous media. Heavy
metals exert toxicity on plants, animals and

human population even at very low concentration
levels. To prevent heavy metal toxicity, some
regulations are enacted determining maximum
concentration for waterwater discharges to
receiving water bodies, drinking water, and
agricultural irrigation water. The highest input
comes from industrial activities. Therefore,
ensuring industrial wastewater treatment to the
required extent is an important solution, instead
of end-of-pipe actions.
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Abstract

It is known that the increasing water demand
due to climate change and drought, especially
in the Mediterranean basin, will make itself
felt more towards the middle of the century.
Clearly, this situation will create increasing
pressure on the use of treated water and
drainage waters, which are alternative water
sources in irrigation. Therefore, the establish-
ment of alternative water resource manage-
ment plans as soon as possible is seen as a
necessity, especially for the Mediterranean
and MENA regions. In the action plans, it is
necessary to highlight issues such as the
training of farmers, the creation of irrigation
investment plans by considering pressurized

irrigation as the conditions allow, and the
creation of an irrigation program in accor-
dance with the agricultural plant pattern.
Farmers who cannot access water due to lack
of sufficient or suitable distribution infrastruc-
ture, have already been using wastewater or
drainage water as an alternative source for
ages. Wastewater was used directly or after
passing through certain treatment steps,
depending on the treatment technologies that
were available during the relevant years. Even
today, despite the quite advanced wastewater
treatment technologies, wastewater is used
mostly directly or after partial treatment in
many parts of the world. The reuse of drainage
water in irrigation is a common practice in
regions where suitable irrigation infrastructure
is lacking, or water sources are limited. Direct
use of drainage and untreated water in irriga-
tion poses several hazards to humans, the
environment and food safety. Such water can
be reused in irrigation only after certain
precautions are taken in order to protect
human health, soil and plants. To this end,
preliminary studies must be conducted to
investigate under what conditions and on
which types of plants treated water will be
used, and satisfactory conditions must be met
before treatment is performed. Likewise, nec-
essary studies must be conducted before
drainage water is reused. Certain regulations
set out the required criteria regarding how to
use treated wastewater in agriculture. While
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they may change from country to country, a
wholesome approach can be taken as is done
in the European Union. The use of treated
wastewater and drainage water in agriculture
from past to present, problems encountered,
necessary infrastructure and legislative gaps
are discussed in this study.

Keywords

Treated wastewater reuse � Drainage water
reuse � Salinity � Plant tolerance � Nitrogen �
Phosphorus � Pesticides

19.1 Introduction

The world’s population is increasing rapidly idly
and the current world population is around 7.8
billionand is expected to reach 7.8 billion [1] and
is expected to reach 9.7 billion in 2050 [2]. This
situation requires the sustainable management of
existing water and soil resources. However, the
expansion of urban areas has steadily eroded the
farmlands and threatened food production and
security. It is stated that if the pace of urbanization
in the world continues in this manner, it will lead
to a loss of 1.8–2.4% of global cultivated areas by
2030 [3]. It is an evident paradox that while more
croplands are required to meet the increasing need
for food caused by the growing population, the
total cropland area is decreasing due to the
increase in land use for settlement, industry,
infrastructure and transportation. A parallel situ-
ation exists for water resources. While the demand
for water increases due to population growth,
pollution, mismanagement and climate change
pose a threat to our water supply. This is a serious
problem, especially in arid or semi-arid regions. In
other words, the increasing population will
require additional food and commodities; how-
ever, water scarcity is threatening agricultural
production. Because of the water shortage,
wastewater and irrigation return flow water is
being used in some regions of the world. The
development of irrigation systems plays an
important role both in obtaining more products
and against harsh climatic conditions [4, 5].

In arid and semi-arid climate zones world-
wide, having a reliable water supply is a crucial
to a consistent yield. Throughout the world,
irrigation is practiced on 24% of croplands,
which produce approximately 40% of the total
agricultural commodities [6]. It is estimated that
60% of the world’s population may be impacted
negatively by water shortages by the year 2025
[7]. Global water consumption at the current
level is not sustainable, and it is indicated that
80% of the world’s population is under signifi-
cant threat in terms of hydric security due to
climate change, pollution of water resources and
the high cost of the water supply, countries’
aspirations to produce more for development,
degradation of natural resources and the ever-
increasing expansion of croplands [8]. The
growing demand for irrigation water has led to
the use of treated and untreated wastewater for
agricultural production in developing countries
[9]. As a result of increasing human activities and
thus more production in parallel with the grow-
ing population in the world, the amount of
wastewater tends to increase continuously. In
most of the less developed countries, wastewater
is released into the environment without treat-
ment and has an adverse effect on human health
and the ecosystem. The global freshwater
demand has been growing consistently, and it is
emphasized that water resources are limited [10].
Because of this increasing demand, approxi-
mately 20 million hectares of land in the world
are irrigated with untreated or partially treated
domestic/industrial wastewater [11–13]. This
partially treated or untreated wastewater is
mostly used in urban and peri-urban agricultural
areas and corresponds to about 11% of the irri-
gated areas in the world [14].

The use of wastewater in agriculture requires
that some conditions be met to preserve both
vegetation and human health. Such conditions
include not only several treatment parameters but
also other irrigation techniques. For example,
while the determination of salinity, pathogens,
nutrients and heavy metals [15] is prioritized in
some studies, pathogens play a more significant
role in others. Agriculture is the single largest
consumer of freshwater and constitutes
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approximately 70% of total consumption. As
such, the agricultural sector is the one that reuses
the most treated wastewater. While it is indicated
that the greatest risk related to the reuse of treated
water is its contents of salt, nitrogen and patho-
gens, it is emphasized that the risk from heavy
metals, which are the other important contami-
nants, and of emerging contaminants is lower
[16].

19.2 Irrigation Systems Currently
Used in Agriculture

There are two ways of supplying water to culti-
vated plants to help them grow. One of them is
rain-fed farming and the other one is irrigation.
Irrigation has become even more important today
due to the experienced impacts of climate
change. However, water resources are becoming
increasingly unsuitable with climate change, and
a significant proportion of the world’s wild and
cultivated plants are rain fed. Nevertheless, irri-
gation is used for agriculture in the remaining
regions. There are different methods of irrigation,
and the method to be practiced is chosen based
on several factors, including the type of plant,
climate conditions, the economy, the level of
academic background, the sociological structure
and the amount of revenue that is expected to be
gained from the irrigated product.

Overall, there are 8 main types of irrigation:
surface irrigation, localized irrigation, drip irri-
gation, sprinkler irrigation, centre pivot irriga-
tion, lateral move irrigation, sub-irrigation and
manual irrigation [17]. They are presented below.

• Surface irrigation refers to systems that
deliver water to crops using a gravity-fed flow
of water without using any additional power
or equipment. This system is divided into the
following categories: (i) basin irrigation,
(ii) border irrigation, (iii) furrow irrigation and
(iv) uncontrolled flooding [18]. The efficiency
of this irrigation method ranges between 20
and 95%, depending on the conditions [19].
Among the above-mentioned irrigation meth-
ods, the most efficient one is basin irrigation
(65–95%), while the least efficient one is
the flood irrigation method (20–50%). Fig-
ure 19.1 shows surface irrigation applica-
tions. In this application, irrigation water use
efficiency (IWUE) is recorded as approxi-
mately 40%.

• Localized irrigation uses a type of drip irri-
gation technique, which allows water to drip
slowly to the roots of plants. It is an irrigation
system that saves water, as it loses the mini-
mum amount of water through evaporation.
This system can also be named micro, drip or
trickle irrigation. The efficiency of this system

Fig. 19.1 Surface irrigation applications (pictures taken by the author)
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ranges between 70 and 95%, depending on the
conditions [19].

• Sprinkler irrigation, which is also known as
spray or overhead irrigation, is a method of
applying irrigation water in a uniform manner
through pressure by using irrigation sprinklers
or perforated pipes. The efficiency obtained
from field studies using this system is reported
to be 75% [20]. An example image of this
irrigation system is shown in Fig. 19.2.

• Centre pivot irrigation is an irrigation tech-
nique in which the equipment rotates around a
pivot (circular) and that can be used effec-
tively to irrigate very large fields. The aim of
this system is to ensure equal application of
water onto the field through the hole diameters
of the nozzle, which increase from the centre
to the outer parts. They are more expensive
than other systems due to the initial invest-
ment and power consumption, and they are
used to irrigate large areas. This system,
which is a type of sprinkler irrigation, can be
expected to yield an efficiency of 75%.

• Lateral move irrigation refers to an irriga-
tion system in which multiple irrigation noz-
zles are placed on a line that moves laterally.
It is used to irrigate large areas in the shape of
a rectangular or square. It differs from centre
pivot irrigation in the sense that it moves

laterally. Initial investment costs, power costs
and other operational conditions are similar to
those of the pivot irrigation system.

• Sub-irrigation (subsurface drip irrigation)
implies a low-pressure system that uses a net-
work of drip tubes buried at certain distances
and into a certain depth depending on the type
of plants to be watered in order to distribute
water to the soil in a uniform manner. As this
system prevents significant loss of water
through evaporation, its irrigation efficiency is
much higher than of other systems. Irrigation
efficiencies of overhead irrigation and subsur-
face drip irrigation in cotton cultivation were
compared in a study conducted in Georgia
(USA) in two different locations during the
years 2004–2005. Subsurface drip irrigation
efficiency was found to be higher than over-
head irrigation by 23% and 15% [21].

• Manual irrigation refers to an irrigation
system based completely on human labour.
Water is moved plant to plant or applied
manually to a certain area. While it is a highly
efficient method of irrigation in comparison
with methods other than modern irrigation,
the efficiency may change depending on the
knowledge of the person who performs it, the
sufficiency of water resource and the type of
plant.

Fig. 19.2 Sprinkler irrigation applications (pictures taken by the author)
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19.3 Irrigation Systems and Socio-
Economic Structure
Interactions

There is a direct correlation between how
advanced irrigation systems are and economic
development. This is generally and equally true
for both countries and farmers, because the costs
of modern irrigation systems are quite high. Such
costs vary depending on local conditions, e.g., in
Turkey, a pressure irrigation system with a length
of 1 km cost approximately USD 1370 to 2400
in 2016. According to data from the year 2000,
the average total unit costs of newly built irri-
gation systems in Sub-Saharan Africa, Non-SSA,
Middle East & North Africa, South Asia,
Southeast Asia, East Asia and Latin America
were 14,455, 6590, 8780, 3393, 9709, 8221 and
4903 USD/ha, respectively [22]. According to a
recent study, the ‘capital costs’ of various irri-
gation systems have been determined. Consid-
ering the year 2014, the capital costs for gravity
channel surface irrigation (not pumped) were
6000 USD/ha, pumped pipe and riser surface
irrigation 7500 USD/ha, centre pivot irrigation
6500 USD/ha and drip irrigation 10,000 USD/ha
[23]. Nonetheless, the maintenance costs of those
irrigation systems are higher than those of con-
ventional systems. Annual maintenance costs of
centre-pivot, set-sprinkler (sprinkler irrigation),
and drip irrigation, which are among pressure
irrigation systems, are 35–21, 75–70 and 120–
112 €/ha, respectively [24]. Due to the initial
investment and operational costs of modern irri-
gation systems, these effective systems can be
included in public investment programs insofar
as the economic conditions of countries allow,
and they span a long period of time. Not only
governments but also different associations or
manufacturers themselves can invest in irrigation
of fertile croplands that are expected to yield high
agricultural revenue. However, irrigation systems
are generally built by governments so that they
can be more wide-ranging and their management
is assigned to private or non-profit associations
or NGOs such as irrigation unions. Different
tariffs are applied on water use in order to meet

some government investment costs. These
changes depending on the conditions within
countries, and different tariffs can even be
applied in the same country, depending on access
to water. For example, there is such a case in
Portugal [25]. Several studies were conducted in
Portugal starting from the 1980s regarding water
tariffs and based on the experience obtained from
such studies. Water tariffs are divided into three
categories today, which are fixed tariffs (14–211
€/ha), water budget charge (0.0093–0.0906 €/m3)
and water markets (formal-informal) [25]. In
Turkey, the average irrigation water tariff is
approximately 100 USD/ha [26].

Socio-economic underdevelopment hinders
the profitable use of irrigation systems. Espe-
cially in places where conventional irrigation
systems are used, providing local people with
training as to how to use profitable irrigation
techniques is one of the most important mile-
stones towards management of water resources,
as lack of knowledge in such areas that already
suffer from low irrigation efficiency would
inevitably lead to greater wasting of water
resources. Nevertheless, farmers must be pro-
vided with more training opportunities regarding
other modern irrigation techniques, and it must
be ensured that such training opportunities
become continuous. In general terms, simulta-
neously with inclusion of a certain cropland in an
investment program for irrigation, a training
program must be initiated for farmers in the rel-
evant region. Irrigation trainings must be specific
to the types of plants that are currently available
and planned to be cultivated in such a region.
Accordingly, training must be given by experts
who are very well acquainted with local people
and their sociological structure. Training must be
conducted during seasons when agricultural
activities are low so that they can be more
engaging for farmers. Trainings should be given
not only by irrigation experts, but also with other
fields of expertise related to agriculture. In
addition, the trainings should be carried out in
coordination by a team of experienced persons
who know the socio-economic structure of the
region to be irrigated.
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19.4 The Relationship Between
Climate Change and Irrigation
Water

Due to climate change, wet areas are becoming
even wetter, and arid areas are becoming drier.
While 3.6 billion people are facing water scarcity
today, it is predicted that this will reach 4.8–5.7
billion in 2050 [27]. In addition, sudden changes
in temperature and seasonal differences lead to
irregular precipitation regimes. This causes the
agricultural sector, which is already under heavy
pressure because it must supply food products to
the increasing population, to turn fields into
croplands and results in higher demand for water
and water resources. For this reason, the opening
of forest areas and other areas that are not suit-
able for agriculture, especially in developing
countries, causes the need for more water. As a
result, it is inevitable that the efficiency of water
resources will decrease gradually, and thus it is a
vicious circle. Despite many uncertainties, sev-
eral studies conducted using current models
show that climate change will increase the
demand for irrigation significantly. According to
a study conducted based on the year 2000, it is
predicted that irrigated cropland area will
increase by 45%, and this will occur mostly in
developing countries [28]. For example, in a
study conducted to determine the irrigation
demand of corn and soybean with projections
that span long periods (2020–2039 and 2060–
2079) by using SWAT (Soil and Water Assess-
ment Tool) at Kalamazoo River Watershed
(Michigan/USA), it was indicated that there
would be an increased demand for irrigation
from 2020–2039 to 2060–2079, but it was
established that there would be a decreased
demand for such products [29]. Another study
argues that the greater the global warming effect,
the higher the irrigation water demand will be,
and significant parts of southern and eastern Asia
particularly will suffer from water scarcity [30].
In several studies, it is suggested that while cli-
mate change will not cause any remarkable
change in total irrigation water demand, daily
and annual irrigation water demand will increase,

or there will be significant changes in plants’
needs for irrigation water [31–33].

Nonetheless, it is indicated that developments
in irrigation systems and irrigation conveyance
infrastructure can compensate for the needed
irrigation water demand in parallel with climate
change and population growth [34]. Some
research shows that reusing treated wastewater in
agriculture can help reduce the effects of climate
change. It is also reported that reuse of treated
wastewater would lead to a decrease in green-
house gas emissions in the global life-cycle
system by 33% [35].

19.5 Reuse of Treated Wastewater
in Agriculture

In a study conducted on the irrigation of some
plant species in Crete with wastewater from a
domestic wastewater treatment plant, it was
found that the wastewater used did not meet the
criteria specified in the regulation because it was
not the water coming out of the tertiary treatment
plant. And it is pointed out that if they meet
legislative criteria, treated water will meet 4.3%
of the total irrigation water demand [36].

According to a study investigating the effects
of treated wastewater and treated brackish water
on two wheat genotypes in Saudi Arabia, it was
stated that the best results were obtained using
treated wastewater after examining the pre-
harvest parameters in terms of yield compo-
nents, yield characteristics and protein,
micronutrient and heavy metal content, which are
the indicators of grain quality [37]. In a study
that was conducted in Palestine, The West Bank,
regarding difficulties encountered in reuse of
wastewater in agriculture, technical, legal, social
and economic challenges was evaluated. The
most prominent finding was that the community
must be informed about the reuse of treated water
in legal, social, economic and institutional terms
to raise awareness [38]. In a study that addressed
Jordan, Syria and Morocco, which are in the
Southern and Eastern Mediterranean regions,
which suffer the most from water scarcity, it was
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discussed that climate change will increasingly
threaten water resources in the future, but sus-
tainable development models can reverse such
effects [39]. However, it is argued that this
requires a combination of technical, managerial,
economic, social and institutional changes to be
implemented in the region in order to encourage
structural change. In a survey conducted in
Turkey with 500 participants regarding wastew-
ater reuse, 375 participants indicated that they
find wastewater reuse acceptable if precautions
are taken as required for health [40]. Evidently, if
precautions are taken or it is ensured that people
are informed to raise awareness and have trust,
the reuse of treated water will be more
acceptable.

One of the most important criteria for the
reuse of treated wastewater is to make sure that
its bacteriological content is below a certain
level. Relevant values may vary from guideline
to guideline. It is indicated that if treated
wastewater is to be used for urban, agricultural or
industrial purposes, the level of chlorination must
be over 4 ppm, while UV can be used as an
alternative method of disinfection for other
recreational and environmental purposes [41].
There are several studies on different treatment
methods for the reuse of treated water in agri-
culture. For example, in the Czech Republic,
water that was obtained from a hybrid wetland
system, which produced significantly high
removal of Biological Oxygen Demand (BOD5),
Chemical Oxygen Demand (COD), Ammonia
(NH4

+), Total Nitrogen (TN), Total Suspended
Solids (TSS) and bacteriological parameters, was
used to partially irrigate tomato, potato and let-
tuce, and it had a fertilizing effect on plants.
However, it is emphasized in such studies that
reuse of treated water requires due examination
for bacteriological content [42]. In a study that
was conducted in Qom, Iran regarding reuse of
treated water for irrigation, 39 parameters in
wastewater were monitored for a year, and the
findings were evaluated as per the latest stan-
dards on the world irrigation index and Wilcox
diagram. Evaluations showed that values were
over limits for some parameters (turbidity, total
suspended solids, electrical conductivity,

sodium, detergents, total coliforms and faecal
coliforms, ammonium, residual sodium carbon-
ate) [43].

In recent years, reuse of wastewater has been
addressed more rigorously in the Middle East. It
is underlined that the reuse of treated wastewater
in agriculture is more economic than the reuse of
water obtained from desalination systems [44].
Likewise, in Israel, models that are specific to
Israel are developed, and the extents of possible
environmental and economic outcomes are
explained in detail. It is mentioned that if the
treated water is used in agriculture, the sea and
brackish-water desalination for this purpose will
decrease and according to the result of simulating
this over a 3-decade period, it will provide an
additional welfare of 3.3 billion USD to Israel
[45].

19.6 Wastewater Reuse Policy
and Standards

Only less than 10% of the entire wastewater
collected in the world is treated through any
treatment system [46]. Therefore, it is understood
that more than 90% of the wastewater collected
in the world is either used for direct irrigation or
discharged directly to the receiving environment.
According to the data of 2002, the average
annual water consumption per capita in the world
was 617 m3/yr. This varied between 1630 m3/yr
in North America and 256 m3/yr in Africa [47].
Considering that the world population is
approximately 7.8 billion, the annual amount of
wastewater generated in the world is approxi-
mately 4.8 � 1012 m3. Assuming that 10% of
this calculated value is treated, it can be said that
the amount of wastewater discharged directly to
the receiving environment is 4.3 � 1012 m3.
A certain amount of this is used for direct
irrigation.

Wastewater that is discharged into receiving
environments reaches lakes or seas through
streams. However, raw wastewater that joins the
stream is diluted depending on stream’s flow
rate. Nevertheless, they pose a risk because of the
contaminants, primarily pathogens that they
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might contain. In a study conducted in Musi
River, where the wastewater of the city of
Hyderabad (in India) is discharged, the amount
of helminth eggs (Ascaris, hookworm, and Tri-
churis) detected at the wastewater discharge
point was 133 eggs/L, while the value deter-
mined 27.7 km from the discharge point was
recorded as 0.1 eggs/L [46]. As it is seen,
wastewater can contain measurable pathogens
although they run a long way. The risk of such
pathogens, which are sensitive to heat, is higher
especially during summer months. Such risk is
the highest when plants which are edible in raw
form are irrigated. Nonetheless, farm laborers or
farmers conducting irrigation can also be
adversely affected. The amount of agricultural
return flow that reaches drainage channels also
increases during the summer months, when the
intensity of irrigation activities reaches its peak,
depending on the method of irrigation. The
occupancy of a drainage channel during the
intensive irrigation period is given in Fig. 19.3.

When untreated wastewater blends with drai-
nage channels, such water that contains not only

pathogens but also organic and inorganic fertil-
izers threatens the receiving environment and
human health. Wastewater, regardless of whether
it is treated or not, must meet certain criteria in
terms of not only nutrients and pathogens, but
also other chemicals that they may contain.
Although pathogens are the most important cri-
terion for reuse of treated wastewater in irriga-
tion, it must meet the criteria set for other
parameters in order to ensure the health of the
soil, plants and the receiving medium. In this
regard, the European Union, WHO and USEPA
guidelines are given in Table 19.1 as an example.
‘Guidelines for interpretations of water quality
for irrigation’, which was prepared comprehen-
sively by FAO in 1985, is available in
Table 19.2. This guideline is still applicable. Yet,
this guideline also addresses potential irrigation
problems, parameters that affect infiltration,
specific ion toxicity, trace elements and other
factors, and presents explanations about criteria.

Another issue is knowledge about current land
conditions, in other words, soil conditions before
application of water or treated wastewater onto a

Fig. 19.3 Peak status of a
drainage channel during
irrigation period (pictures
taken by the author)
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Tab. 19.2 Guidelines for interpretations of water quality for irrigation (Adapted from FAO 1985) [50]

Potential irrigation problem Units Degree of restriction on use

Salinity (affects crop water availability)1 None Slightly to Moderate Severe

ECw dS/m <0.7 0.7–3.0 >3.0

TDS mg/l <450 450–2000 >2000

Infiltration (affects infiltration rate of water into the soil; evaluated as R ECw + SAR together)2

SAR3 0–3 EC3
w >0.7 0.7–0.2 <0.2

3–6 >1.2 1.2–0.3 <0.3

6–12 >1.9 1.9–0.5 <0.5

12–20 >2.9 2.9–1.3 <1.3

20–40 >5.0 5.0–2.9 <2.9

Specific Ion Toxicity (affects sensitive crops)

Sodium (Na)4

surface irrigation SAR <3 3–9 >9

sprinkler irrigation me/L <3 > 3

Chloride (Cl)4

surface irrigation me/L <4 4–10 >10

sprinkler irrigation me/L <3 >3

Boron (B)5 mg/L <0.7 0.7–3.0 >3.0

Miscellaneous Effects (affects susceptible crops)

Nitrogen (NO3–N)
6 mg/L <5 5–30 >30

Bicarbonate (HCO3) (overhead sprinkling only) me/L <1.5 1.5–8.5 >8.5

pH Normal range 6.5–8.4

Trace elements in irrigation water

Element Recommended
max. conc.7 (mg/L)

Remarks

Al (aluminium) 5.0 Can cause non-productivity in acid soils (pH < 5.5), alkaline soils
(pH > 7.0) precipitate the ion and eliminate its toxicity

As (arsenic) 0.10 Toxicity to plants varies widely, ranging from 12 mg/L for Sudan
grass to less than 0.05 mg/L for rice

Be (beryllium) 0.10 Toxicity to plants varies widely, ranging from 5 mg/L for kale to
0.5 mg/L for bush beans

Cd (cadmium) 0.01 Toxic to beans, beets and turnips at concentrations as low as
0.1 mg/L in nutrient solutions. Conservative limits recommended
due to its potential for accumulation in plants and soils to
concentrations that may be harmful to humans

Co (cobalt) 0.05 Toxic to tomato plants at 0.1 mg/L in nutrient solution. Tends to be
inactivated by neutral and alkaline soils

Cr (chromium) 0.10 Not generally recognized as an essential growth element.
Conservative limits recommended due to lack of knowledge on its
toxicity to plants

Cu (copper) 0.20 Toxic to a number of plants at 0.1 to 1.0 mg/L in nutrient solutions

F (fluoride) 1.0 Inactivated by neutral and alkaline soils

(continued)
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Tab. 19.2 (continued)

Trace elements in irrigation water

Element Recommended
max. conc.7 (mg/L)

Remarks

Fe (iron) 5.0 Not toxic to plants in aerated soils, but can contribute to soil
acidification and loss of availability of essential phosphorus and
molybdenum. Overhead sprinkling may result in unsightly deposits
on plants, equipment and buildings

Li (lithium) 2.5 Tolerated by most crops up to 5 mg/L; mobile in soil. Toxic to citrus
at low concentrations (<0.075 mg/L). Acts similarly to boron

Mn (manganese) 0.20 Toxic to a number of crops at a few-tenths to a few mg/L, but usually
only in acid soils

Mo (molybdenum) 0.01 Not toxic to plants at normal concentrations in soil and water. Can be
toxic to livestock if forage is grown in soils with high concentrations
of available molybdenum

Ni (nickel) 0.20 Toxic to a number of plants at 0.5 mg/L to 1.0 mg/L; reduced
toxicity at neutral or alkaline pH

Pb (lead) 5.0 Can inhibit plant cell growth at very high concentrations

Se (selenium) 0.02 Toxic to plants at concentrations as low as 0.025 mg/L and toxic to
livestock if forage is grown in soils with relatively high levels of
added selenium. An essential element to animals but in very low
concentrations

Sn (stannum)

Ti (titanium) – Effectively excluded by plants; specific tolerance unknown

W (tungsten)

V (vanadium) 0.10 Toxic to many plants at relatively low concentrations

Zn (zinc) 2.0 Toxic to many plants at widely varying concentrations; reduced
toxicity at pH > 6.0 and in fine textured or organic soils

1ECw means electrical conductivity, a measure of the water salinity, reported in deciSiemens per meter at 25 °C (dS/m)
or in units millimhos per centimeter (mmho/cm)
Both are equivalent. TDS means total dissolved solids, reported in milligrams per liter (mg/L).
2SAR is the sodium adsorption ratio; at a given SAR, infiltration rate increases as water salinity increases. SAR is
sometimes reported by the symbol RNa.
3It indicates the joint effect of ECw and SAR parameters in irrigation water on infiltration capacity. A high SAR value
combined with a low salt content (low ECw) means that there will be high rates of infiltration problems. However, low
ECw or high SAR can act separately or together to disperse soil aggregates, ultimately reducing the number of large
pores in the soil [51].
4For surface irrigation, most tree crops and woody plants are sensitive to sodium and chloride; use the values shown.
Most annual crops are not sensitive; salinity tolerance tables can be viewed at http://www.fao.org/3/t0234e/T0234E03.
htm. For chloride tolerance of selected fruit crops can be viewed at http://www.fao.org/3/T0234E/T0234E05.htm. With
overhead sprinkler irrigation and low humidity (<30%), sodium and chloride may be absorbed through the leaves of
sensitive crops. For crop sensitivity to absorption can be viewed at http://www.fao.org/3/T0234E/T0234E05.htm.
5For boron tolerances, can be viewed at http://www.fao.org/3/T0234E/T0234E05.htm.
6NO3–N means nitrate nitrogen reported in terms of elemental nitrogen (NH4 -N and Organic-N should be included,
when wastewater is being tested).
7The recommended maximum concentration is based on a water application rate, which is consistent with good
irrigation practices (10,000 m3/ha*yr).
If the water application rate greatly exceeds this, the maximum concentrations should be adjusted downward
accordingly.
No adjustment should be made for application rates less than 10,000 m3/ha*yr. The values given are for water used on a
continuous basis at one site.

19 Reuse of Water in Agriculture … 241

http://www.fao.org/3/t0234e/T0234E03.htm
http://www.fao.org/3/t0234e/T0234E03.htm
http://www.fao.org/3/T0234E/T0234E05.htm
http://www.fao.org/3/T0234E/T0234E05.htm
http://www.fao.org/3/T0234E/T0234E05.htm


land. In this sense, analyses that are mentioned in
Table 19.3 must be conducted beforehand in the
area to be irrigated, and the soil’s tolerance to the
ingredients that may possibly be contained in
irrigation water must be evaluated.

19.7 Conclusions

The importance of alternative water resources
becomes even more evident, when it is consid-
ered that the demand for freshwater is ever
increasing, and climate change scenarios show
that drought will have greater impacts within the
next decades, especially in the Mediterranean

Region. As approximately two-thirds of fresh-
water resources used on the world is consumed
by the agricultural sector, effective reuse of
treated water, which is one of the alternative
water resources, would diminish, though slightly,
intense use of limited freshwater resources.
Regions which suffer from water scarcity would
feel diminishment strongly. Besides, recycling of
nutrients contained in treated water will both
reduce the waste of our resources and minimize
environmental pollution. However, precautions
must be taken as required to ensure human and
environmental health before wastewater is used
for irrigation. Therefore, developing countries
must issue their own legislation or adapt a

Table 19.3 Maximum tolerable soil concentrations of various toxic chemicals based on human health [11]

Chemicals (Element) Soil concentration (mg/kg) Organic Pollutants Soil concentration (mg/kg)

Antimony 36 Aldrin 0.48

Arsenic 8 Benzene 0.14

Bariuma 302 Cholordane 3

Berylliuma 0.2 Cholorobenzene 211

Borona 1.7 Chloroform 0.47

Cadmium 4 2,4-D 0.25

Fluorine 635 DDT 1.54

Lead 84 Dichlorobenzene 15

Mercury 7 Dieldrin 0.17

Molybdenuma 0.6 Dioxins TEF 0.00012

Nickel 107 Heptachlor 0.18

Selenium 6 Hexachlorobenzene 1.40

Silver 3 Lindane 12

Thalliuma 0.3 Methoxychlor 4.27

Vanadiuma 47 PCBs 0.89

PAHs (as benzo(a)pyrene) 16

Pentachlorophenol 14

Phthalate 13,733

Pyrene 41

Styrene 0.68

2,4,5-T 3.82

Tetrachloroethylene 0.54

Toluene 12

Toxaphene 0.0013

Trichloroethane 0.68
aThe computed numerical limits for these elements are within the ranges that are typical for soils
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current guideline in line with their domestic
conditions in order to regulate reuse of wastew-
ater in irrigation. Furthermore, farmers who take
part in irrigation activities must be provided with
training opportunities and other incentives at
regular intervals, and audits must be conducted
accordingly. Moreover, governments must sup-
port the relevant authorities, especially regarding
domestic wastewater treatment and providing
subventions regarding reuse of treated water for
irrigating agricultural or recreational fields will
contribute to proper and responsible management
of wastewater.

Apart from the above-mentioned issues, the
rate of freshwater used in agriculture can be
reduced, if and only if investments are made in
pressurized irrigation systems. Therefore, alter-
native water resources must be investigated on
one hand, while precautions and investments that
would prevent wasting of water must be priori-
tized on the other.
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Abstract

Population growth and changes in people's
consumption habits cause an increase in the
need for agricultural production. All over the
world, generally, most of the water resources
under control are used for irrigation in agri-
culture. Especially in arid and semi-arid
regions, plant production without irrigation
is often not economically sustainable.
Although most of the agricultural needs are
provided from irrigated agricultural areas, the
amount of crops produced per unit of water is
relatively low due to the low irrigation
efficiency. Pressurized and modern irrigation
systems are supported and encouraged by
governments in many countries. However, the
widespread use of these systems cannot
provide the expected increase in irrigation
efficiency, because irrigation management is
more critical than irrigation infrastructure in
irrigation efficiency. During the 1990's, to
improve water use efficiency in agriculture,
training farmers and using computer-based
decision support systems about irrigation were
essential activities. Recently, irrigation man-
agement systems based on digital technologies

have come to the fore. These digital-based
systems have made it possible for farmers to
use recent scientific approaches related to soil,
plant, atmosphere, and water relationships.
These systems primarily work based on data
obtained from sensors used to monitor soil,
vegetation, and meteorological parameters,
and spectral and thermal images acquired by
satellite and unmanned aerial vehicles (UAV).
Many computer software and applications for
portable devices have been developed to
convert these data into information to be used
in irrigation management. By integrating these
systems with equipment that will allow the
irrigation systems to be operated automati-
cally, producers can have the opportunity to
perform much more precise and/or variable
rate irrigation. These digital systems can be
used in individual farms, large irrigation
networks, and water resources management
in water basins. This review aims to evaluate
the current research studies and developed
systems for the use of digital technologies in
irrigation management.
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Abbreviations

ALEXI Atmosphere-Land Exchange
Inverse

BLUE Blue region of electromagnetic
spectrum

CWSI Crop Water Stress Index
ETa Actual evapotranspiration
ETc The evapotranspiration of a

selected crop
EVI Enhanced Vegetation Index
FDR Frequency domain reflectometers
G Soil heat flux
GREEN Green region of electromagnetic

spectrum
H Sensible heat flux
Kc Plant coefficient
Kcb Basal plant coefficient
Ky Water yield response factor
LE Latent heat flux
LSWI Land Surface Water Index
LWP Leaf water potential
MAD Moisture Allowable Deficit
METRIC Mapping ET at high resolution

and with Internalized Calibration
NDVI Normalized Difference

Vegetation Index
NDWI Normalized Difference Water

Index
NIR Near Infrared region of

electromagnetic spectrum
NMM Neutron moisture meter
RED Red region of electromagnetic

spectrum
RED-EDGE Red-Edge region of

electromagnetic spectrum
Rn Net radiation
SAVI Soil Adjusted Vegetation Index
SEBAL Surface Energy Balance

Algorithm for Land
SEBS Surface Energy Balance System
SR Simple Ratio
SWIR Short wave infrared region of

electromagnetic spectrum
SWP Stem water potential
TAW Total Available Water
TDR Time Domain Reflectometer

TSEB Two Source Energy Balance
Ts–Ta The difference between surface

temperature and atmosphere
temperature

UAV Un-manned aerial vehicle
VRI Variable rate irrigation
WDI Water Deficit Index
WUE Water use efficiency
ea Dielectric permittivity

20.1 Introduction

Agriculture does not only meet the nutritional
needs, which is the basis of human life, but also to
fulfill the raw material needs of many sectors. Due
to the global climate change and drought experi-
enced in recent years, the importance of the agri-
cultural sector is gradually increasing. According
to studies on climate change, water constraints
resulting from population growth will be severe,
especially in arid and semi-arid areas [1].
Although the available natural resources in the
world are constant, the human population is
increasing. The need for water is gradually
increasing due to the increasing population and the
corresponding increasing food demand. However,
available water resources are also decreasing. The
amount of water used in agriculture, especially for
irrigation and food production, constitutes one of
the greatest pressures on the available water
resources in the world [2, 3].

The agricultural sector uses approximately
70% of water resources under control, especially
for irrigation [3–7]. For this reason, optimum use
of water resources for agricultural production has
become one of the most fundamental problems
worldwide. Only about 17% of the world's cul-
tivated land is irrigated. However, 40% of the
total food is produced in this irrigated land [5].
According to the researches, approximately 30–
70% of water used in agricultural areas can be
saved with more efficient irrigation practices.
With the proper irrigation management practices,
the yield obtained from the unit agricultural area
can be increased by approximately 20–90% [8].
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In arid and semi-arid areas, agriculture relies
heavily on irrigation of plots with water oriented
from rivers. However, with global climate change,
drought, and changes in land-use intensity, it has
been observed that the flow rates of many rivers
have decreased [9]. At the same time, the increase
in industrial, domestic, environmental, and agri-
cultural water use causes an increase in pollution
and a decrease in the amount of available water
resources [10]. For this reason, in the agriculture
sector, new approaches developed for saving
water are adopted instead of traditional irrigation
management for sustainable water use. In recent
years, fast, easy to obtain, and reliable data have
become necessary to determine effective irrigation
management strategies. Today,field-level sensors,
automatic meteorology stations, satellite systems,
unmanned aerial vehicle systems (UAV), irriga-
tion automation-control systems, variable rate
irrigation (VRI) equipments, and mobile applica-
tions can be counted as the primary systems that
can be used in irrigation management.

Irrigation water is one of the most important
inputs used in plant production and significantly
affects plant nutrition use efficiency [11, 12]. The
crop water requirement must be accurately
determined and considered to obtain crop yield at
a high level. This amount should be fully met by
precipitation and/or irrigation. In conditions of
insufficient water supply, irrigation should be
planned to achieve the highest possible yield.
While the crop water requirement varies
according to the phenological stage and climatic
factors, the irrigation water requirement in a
certain period can be determined according to the
crop water need and the effective precipitation.
Thus, there is a need to decide when and how
much irrigation water should be applied, either
the water supply is sufficient or scarce [13].

Water and food scarcity can be considered a
worldwide problem [14]. Irrigation is widely
perceived as the cause of water scarcity in many
parts of the world [15]. Increasing water scarcity
does not only limit irrigated areas but also

reduces agricultural production due to limited
irrigation [15]. Water scarcity limits agricultural
production, complicates socio-economic condi-
tions in rural areas and threatens food security.
The critical role of irrigation in agricultural pro-
duction will also remain in the future [16].

Smart irrigation applications based on digital
technology have gained importance in recent years
to effectively manage water use in agriculture [3,
17]. Agricultural meteorology stations, software,
and applications that can make irrigation pro-
gramming based on the data measured by these
systems are the oldest andmost up-to-date systems
in this field. Automated and advanced irrigation
technologies based on soil moisture sensors play
an essential role in precision agriculture. Such
techniques include soil moisture sensors embed-
ded in the soil and a control module connected to
an irrigation timer [18–20]. In addition to these
techniques, systems based on satellite or UAV
images, including multi-spectral and thermal band
images, are developed. [3, 6, 21].

In this literature survey, meteorological sys-
tems, soil water content measurement systems,
and remote sensing systems, which are the main
digital possibilities that can be used in irrigation
water management, were evaluated. In this con-
text, the primary literature on the subject and
current studies have been brought together and
evaluated from a scientific perspective.

20.2 Soil, Plant, Atmosphere
and Water Relationship

The mechanical, impedance, water, aeration, and
temperature properties of the soil are of great
importance in plant cultivation, and the most
important one of them is water [22–24]. Since
water is the most critical environmental factor
limiting plant growth, examining the relationship
between soil, plant, and water is very important
in terms of adequacy and continuity in plant
production [24].
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There are many studies on the physical,
chemical, and biological aspects of the plant,
water, and soil relationships [24–26]. Studies in
various environments that differ in climate, soil
type, and vegetation indicate strong interactions
between these characteristics. It is known that the
water content in the crop rooting environment
controls the temporal and spatial dynamics of the
crop water uptake mechanisms [27–29].
According to these studies, plants show different
characteristics in terms of accessing water at
different depths in the soil. It is well known that
plant roots grow and use deeper soil water under
drought conditions [30–32].

Transpiration is defined as the water that
plants give to the atmosphere through their
vegetative parts [24, 33]. As a result of transpi-
ration, water potential decreases in the plant
organs that lose water. Water moves from a
higher potential to a lower potential within the
plant structure [34]. This mechanism also exists
between soil or growing medium and plant roots.
Thus, water in the soil enters the plant through
the roots, and as a result of transpiration, water
gets out from the plant through the stomata in the
leaves [35]. Accordingly, the presence of water at
a suitable potential (close to -0.33 atm) in the
crop rooting zone is critical for the plant to grow
and develop without suffering from a lack of
water. In cases where this water cannot be met by
precipitation, it should be provided with
irrigation.

Appropriate irrigation management and irri-
gation scheduling are crucial for optimum water
use in irrigated crops [36]. The response of
agricultural crops to water deficiency has gained
a scientific identity with Stewert's approach [37].
According to this, proportional water deficiency
in crops has a linear relationship with propor-
tional yield reduction (Eq. 20.1). This relation-
ship is represented by the concept of a water
yield response factor (Ky). Ky value of 1.0
indicates yield reduction at an equal rate of water
deficiency. If the Ky value is lower than 1.0, it
means drought resistance, and if it is higher than
1.0, it means water sensitivity (Fig. 20.1). As the
Ky values of agricultural crops differ, the

response of a crop to water deficiency may also
vary between phenological periods [38, 39].

1� Ya

Ym

� �
¼ Ky

ETa

ETm

� �
ð20:1Þ

A wide variety of approaches have been pro-
posed for accurate and precise irrigation
scheduling. These approaches are generally
based on meteorological parameters, soil water
content, and crop monitoring-based systems [36,
40]. It is known that the water potential in plant
cells and tissues is a direct indicator of crop water
stress [36, 41]. According to researchers, it has
been determined that many parameters that can
be defined by plant sampling, direct measure-
ment, or remote sensing have a high correlation
with leaf water potential (LWP) [42–44].

20.3 Meteorological Parameters
and Evapotranspiration

Decrease of water in the crop rooting zone occurs
by transpiration from the plant and evaporation
from the surface that is called crop Evapotran-
spiration (ETc). For this reason, how much irri-
gation water crops and cultivated lands need is
often calculated based on ETc estimations and
precipitation measurements. There are many
equations developed for ETc estimation purpose,
such as Blaney Criddle [45, 46], Hargreavest [47,
48], Makkink [49], Jensen Haise [50], and Pen-
man Monteith [51]. Today, systems for irrigation
management based on meteorological data use
various variants of such models.

In many of these approaches, the first step is
to estimate the reference evapotranspiration
(ETo) based on meteorological data. ETo calcu-
lation equations are mostly developed using the
specifications of the grass plant. The second step
involves multiplying ETo with a proportional
crop coefficient (Kc), which represents the dif-
ference in water consumption of grass and given
crop, to calculate ETc (Eq. 20.2). Thus, the ETc
of a selected crop can be estimated daily, weekly,
monthly, or seasonally for all or a part of its
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growing season [45, 51–53]. In Fig. 20.2, the
daily ETo values calculated by the Standardized
Penman Monteith method using the 30-years
average daily meteorological data of Ankara
province and the changes in the daily ETc values
computed using the Kc data of the sugar beet
over time are given.

ETc ¼ ETo Kc ð20:2Þ

Estimated ETc values using meteorological
data of the past long years are used for purposes

such as hydrological calculations, planning of
water resources, design of water structures and
irrigation systems, planning of pre-season plant
patterns, and general irrigation scheduling. It can
be used for real-time irrigation scheduling with
ETc values calculated based on daily meteorolog-
ical data. Calculation of ETo and ETc, determina-
tion of Kc values and their correct use, preparation
of irrigation schedules by considering soil physical
properties, and other factors require significant
technical knowledge and computer skills.

Fig. 20.1 Relationship
between relative deficiency in
crop evapotranspiration and
relative yield decrease
represented by water yield
response factors (Ky) to show
crop water sensitivity

Fig. 20.2 Reference
evapotranspiration (ETo),
crop coefficient (Kc), and crop
evapotranspiration (ETc) for
sugar beet estimated with
30 years average daily
meteorological data of
Ankara, Turkey [60]
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Computer models are generally designed to
mimic the behavior of a system [54]. With this
point of view, various software and applications
have been developed that facilitate the complex
processes of crop water consumption and irriga-
tion scheduling. These approaches, which are
also integrated into various crop growth-
development models, are included in more
detail in software developed with the aim of
irrigation management only. Some of these
software’s are IRSIS, BUDGED, AquaCrop,
CROPWAT, and SUET [55–60]. This software’s
can be considered as an important computer
technology application used in agriculture [61].
According to their scientific approach, these
software's are primarily based on meteorological
data such as precipitation, temperature, wind
speed, relative humidity, solar radiation, and
local atmospheric pressure. In addition to esti-
mating ETo, ETc, irrigation time, and irrigation
amount, these software's are also used to predict
the impact of climate change on agriculture, to
predict crop yields, to support field management
decisions, and to implement various management
strategies at low cost [62, 63].

20.4 Soil Water Content
Measurement

Irrigation scheduling based on monitoring or
estimating soil water content is the most widely
used technique globally. In assessing soil water
content, the ETc parameter, which represents
both crop characteristics and changes in meteo-
rological factors, is often used [64, 65]. Systems
consisting of various sensors and software have
been developed to determine how the soil water
content changes during the irrigation season.
While soil water content data was mostly used
for scientific purposes until 2015, producers have
also used it for irrigation management in fields
where high-value crops are grown in recent years
[66]. This trend has brought soil water content
monitoring systems to an important position
among the emerging agricultural digital tech-
nologies and accelerated the developments in this
field.

Systems developed to monitor the soil water
content, and irrigation management are based on
the principle of applying an amount of irrigation
water to a specified level when the soil water
content drops to a critical level [67]. Accord-
ingly, to use this technique, it is necessary to
know the soil physical properties to calculate
Total Available Water (TAW) capacity of soil
profile which crop rooting will be occurred. In
addition, considering the irrigation method, soil,
climate, and crop characteristics, the Moisture
Allowable Deficit (MAD) level as the ratio of
TAW and the irrigation strategy should be deci-
ded. Thus, the irrigation schedule can be pre-
pared by calculating the irrigation interval and
the amount of irrigation water. Figure 20.3
shows how soil water content changes with
respect to TAW and MAD under optimum irri-
gation program conditions. As seen here, the
decrease in soil water content is due to the effect
of ETc, while the increase is due to irrigation. To
prepare a precision irrigation schedule, there is a
need to accurately measure or estimate the soil
water content at sufficient soil depths and
appropriate areas during the irrigation season,
and at required time intervals.

The most reliable method for determining the
soil water content is based on taking soil samples
and determining the sample's wet and dry weight
[68]. Either a volume-based or weight-based
approach can be adopted in determining soil
water content based on sampling. In calculations
related to irrigation, volumetric soil water content
information is required. Although sampling-
based soil water content determination methods
have various limitations in terms of irrigation
management, it is the most valid method for the
calibration of many new-generation digital soil
water content determination and irrigation man-
agement systems [69, 70].

The fact that soil water content determination
by sampling is a reliable method has enabled it to
be used in many studies [71–73]. However, the
method has significant limitations, such as;
require intensive labor and time, and low spatial
representation and destoration of land in repeated
measurements [74, 75]. Therefore, irrigation
management is not possible using this method
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under farm conditions. For this reason, the use of
digital technologies in the measurement of soil
water content is becoming increasingly common.
The sensors used in these technologies generally
measure the change of a parameter associated
with water in the soil. These methods are inclu-
ded in the literature as surrogate soil water
measurement techniques. Surrogate volumetric
soil water content is mainly measured using the
neutron moisture meter method and electromag-
netic methods (time domain reflectometer, fre-
quency domain reflectometer).

Neutron moisture meter method (NMM) de-
pends on the slowing down of neutrons from a
source that emits fast neutron (mean energy of
5 meV) by soil water and measuring the number
of slowed neutrons (*0.025 eV at 27 °C) with
special meters [76]. For this purpose, hollow
pipes are placed at the point to be measured. The
radioactive material, which usually consists of a
mixture of americium and beryllium, is sus-
pended at the depth at which moisture can be
measured. If the device is well calibrated to the
measuring soil, highly reliable data can be
obtained with this method. NMM can be affected

by soil hydrogen, chloride, boron, and soil den-
sity in general. Due to the use of radioactive
sources in the system, the use of NMM is subject
to legal regulations and restrictions regarding
training and monitoring on issues such as trans-
portation, storage, safety, and use. However, it is
the most preferred and most reliable method in
researches on irrigation and crop water con-
sumption. In a study, neutron probe and capaci-
tance probes were compared. As a result of the
study, it was stated that more successful results
were obtained in soil moisture monitoring with
the neutron probe, but it was stated that the
spatial resolution of the soil moisture determined
by this technique is very low [77]. Evet et al. [78]
investigated the sensitivity of various soil mois-
ture sensors in determining soil moisture content
and the effect of these determined values on
ETa estimation and water use efficiency (WUE).
As a result of the study, the determination of
soil moisture by NMM and direct soil sampling
was considered more reliable than the other
techniques. There are numerous studies involv-
ing the monitoring of soil moisture with NMM,
[79–81].

Fig. 20.3 Soil Water Content (SWC) variation under
optimum irrigation water management conditions with
respect to Total Available Water (TAW) capacity of soil

and Moisture Allowable Deficit (MAD) level defined
according to crop specifications, irrigation method and
soil physical structure
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Time Domain Reflectometer (TDR) systems,
the most widely known of the Electromagnetic
Methods, measure the travel time of a short-rise-
time (*150 ps) electronic pulse in the soil [82].
Calibration equations for the travel time or
apparent dielectric permittivity (ea) values should
be used to estimate the volumetric soil water
content with TDR. The TDR method was first
described by Topp et al. [83] for the volumetric
measurement of soil moisture content. Various
researchers have used this method successfully
[84, 85]. Capacitance sensors work based on a
repetitive sinusoidal waveform produced by an
electronic circuit called oscillator. Such devices
measure the oscillation frequency, which is
affected by soil bulk electrical permittivity and
thus soil water content. Frequency domain
reflectometers (FDR) measure the frequency of
an electronic pulse reflected from the ends of the
probe. Systems operating with the FDR principle
detect the change in signal propagation velocity
in the sensor. This change is mainly due to the
change of the dielectric constant, which is
affected by the soil water content. Similar to the
other systems, calibrating the capacitance and
FDR systems is a necessary pre-process. It
should be noted that, generally, electromagnetic
systems are affected by salinity, temperature, and
some other soil properties [18, 81]. However,
uninterrupted measurement, continuous trans-
mission of data to irrigation programming soft-
ware, and the user's ability to continuously
monitor the change in soil water content and
irrigation need in the measurement area are the
most outstanding aspects of electromagnetic
sensors [86, 87].

20.5 Remote Sensing and Crop
Monitoring

The moisture level in the soil is not always an
accurate indicator of crop water requirement
because factors that affect the crop and soil, such
as plant disease or salinity, prevent the crop from
benefiting from available water. Methods based
on soil water content measurement in large areas
have limitations, such as the need for calibration,

point representation capability, animal damage,
damage during agricultural operations, and high
costs. In the light of all these views, irrigation
management can also be done by monitoring the
symptoms caused by water stress in the crop with
methods based on crop monitoring [88]. The
parameters related to the destructive sampling
and contact measurement of water deficiency in
plants include plant-leaf water potential, stomatal
conductivity-resistance, photosynthesis rate,
chlorophyll content, CO2 exchange levels, and
sap flow rate (amount). However, these indica-
tors have important limitations in irrigation
management as similar to soil water content
monitoring.

Remote sensing is the technique of obtaining
and evaluating information about natural or
artificial objects with measuring instruments
placed at certain distances from the target. The
soil and plants reflect sunlight, and spectral
reflectance characteristics provide information
about crop growth levels, the effects of plant
diseases and pests, and other factors that affect
crop production. Remote sensing techniques,
including the spectral reflectance values at vari-
ous wavelengths of the electromagnetic spectrum
and the surface canopy temperature, provide
essential information about the water levels of
the crops. These data can be obtained easily and
at a low cost in large areas. For this reason, the
use of remotely sensed data in irrigation man-
agement is increasingly coming to the fore.
These methods allow the evaluation of the fac-
tors that limit the crop water use and irrigation
management in larger areas in a shorter time and
with high sensitivity levels.

20.5.1 Spectral Reflectance
and Vegetation Indexes

Spectral reflectance can be defined as the ratio of
the solar radiation reflected from an object to the
solar radiation to which it is exposed in a par-
ticular region of the electromagnetic spectrum.
Spectral vegetation indexes can be calculated by
mathematical combinations of spectral reflec-
tance values of different spectral bands. They can
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be used to monitor the seasonal, inter-annual, and
long-term changes of vegetation's structural,
phonological, and biophysical properties [89].
Enhanced Vegetation Index (EVI), Normalized
Difference Vegetation Index (NDVI), Simple
Ratio (SR), Soil Adjusted Vegetation Index
(SAVI), Normalized Difference Water Index
(NDWI) and Land Surface Water Index (LSWI)
are spectral indexes used extensively in the lit-
erature [90–96]. The equations used in the cal-
culation of these spectral indexes are given in
Table 20.1. The data obtained from the Near
Infrared (NIR) region is primarily used to cal-
culate spectral indexes. In addition, RED-EDGE,
RED, GREEN, and BLUE band data are also
widely used to determine vegetation properties.
In addition, the sensitivity of the short wave
infrared (SWIR) region to water has enabled the
data of this region to be used in water-related
indexes. It is also recommended to use various
correction coefficients (L, G, C1, C2) for some
indexes.

Spectral indexes are successful in revealing
the growing level of the vegetation [97]. This
amount of vegetation can be associated with
physiological events such as transpiration and
photosynthesis [98]. Zhao et al. [99] determined
a high correlation between NDVI calculated from
high-resolution UAV images and stem water
potential (SWP). Zúñiga et al. [100] evaluated
the relationship of WUE with spectral vegetation

indexes in vineyards irrigated by sub-surface drip
irrigation and surface irrigation. Vegetation
indexes calculated from remotely sensed data
have been associated with crop coefficients
(Kc) in recent years. Studies have shown sig-
nificant statistical relationships between Kc and
vegetation indexes [101, 102]. These relation-
ships were found in various crops [103–105].
Neale et al. [106] used SAVI to estimate Kc data,
while Tasumi et al. [107] used NDVI. Bausch
and Neale [108] revealed the relationship
between maize's NDVI calculated from handheld
radiometers and basal crop coefficient (Kcb).
Duchemin et al. [109] determined the relation-
ship between NDVI and Kcb calculated from the
high-resolution Quickbird satellite image. Also,
ETa prediction maps can be created by associ-
ating the evapotranspiration fraction (ETrF),
calculated with the surface energy balance, with
the spectral vegetation indexes. Mokhtari et al.
[110] correlated ETrF calculated with Landsat 8
satellite images and METRIC model with vari-
ous indexes calculated from high-resolution
multi-spectral UAV images, and high-resolution
ETa maps were obtained. NDVI, SAVI, EVI,
NDWI, and LSWI were used in the study.
According to the results obtained from the
researches, spectral vegetation indexes to be
obtained from multi-spectral images taken by
satellite or UAV systems can be used in irriga-
tion management.

Table 20.1 Equations of some well known spectral indeces

Spectral index Formulation References Equation
number

Normalized difference vegetation index
(NDVI)

ðNIR�REDÞ
ðNIRþREDÞ [91] 3

Soil adjusted vegetation index (SAVI) 1þ Lð Þ � NIR�REDð Þ
LþNIRþREDð Þ [92] 4

Band ratio (RATIO) NIR
RED

[93] 5

Enhanced vegetation index (EVI) G� ðNIR�REDÞ
NIRþ C1�RED�C2�BLUEð Þþ L

[94] 6

Normalized difference water index (NDWI) NIR�SWIR
NIRþ SWIR

[95] 7

Land surface water index (LSWI) NIR�SWIR
NIRþ SWIR

[96] 8
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20.5.2 Canopy-Surface Temperature
and Water Stress
Indexes

Plants take CO2 from their stomata for photo-
synthesis and lose a significant amount of water
from their bodies in the same way [111]. When
this evaporated water is not replaced through the
roots, the amount of water in the plant decreases,
the stomata in the leaves are closed proportion-
ally, and the vegetation temperature increases at
the same rate [36, 66, 112]. Water stress causes
the vegetation temperature to approach and
exceed the air temperature [66, 113]. According
to Jackson et al. [114], vegetation temperature
measured radiometrically is a significant indica-
tor of water stress compared with a reference
temperature (air temperature). The results of a
study, conducted by Wiegand and Namken [115]
on cotton crops, showed that a decrease in the
relative water content of the leaf between 83 and
59% causes an increase in leaf temperature by
3.6 °C, and an increase in solar radiation by 350–
1000 J/m2 causes an increase in leaf temperature
by 9.0–10.0 °C.

In the beginning, plant thermocouples were
used for canopy temperature measurements
[116]. The instruments developed to determine
the surface temperature by remote sensing are
based on the thermal infrared measurement and
surface emissivity [36, 117, 118]. In a study

conducted by Fucs and Tanner [119] to deter-
mine the emissivity, it was defined that the
emissivity values of alfalfa and grass plants
varied between 0.97 and 0.98, and the leaf
emissivity values of beans and tobacco were 0.96
and 0.97, respectively. One of the first studies
based on remotely sensed canopy temperature
was carried out by Ehrler [120]. Jackson et al.
[121] developed an indicator called Stress
Degree Day (SDD). Subsequently, various water
stress indexes have been developed such as; Crop
Water Stress Index (CWSI) [122], Water Deficit
Index (WDI) [123], Temperature Vegetation
Index (TVI) [124], Temperature Vegetation
Dryness Index (TVDI) [125] and Vegetation
Temperature Condition Index (VTCI) [126].
CWSI and WDI are the two most commonly
used indexes in the literature. In Fig. 20.4, basic
graphics developed for CWSI and WDI are
given. CWSI and WDI calculation formulations
prepared according to these basic graphics are
given in Eqs. 20.9 and 20.10, respectively.
Parameters A, B and C in the CWSI equation are
in Tc-Ta. Similarly, the variables D, E and F in
the WDI equation are in Ts–Ta.

There are many studies in which the effects of
different irrigation strategies on canopy-surface
temperature are monitored, and various indexes
are calculated by using these data and the mete-
orological data together [36, 129–132]. Today,
studies continue to apply these indexes to images

Fig. 20.4 Baseline graphs developed for Crop Water Stress Index (CWSI) and Water Deficit Index (WDI) calculations
[127, 128]
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obtained from satellite and UAV systems and the
monitoring of water use and drought effects in
agricultural lands [133–135].

CWSI ¼ A� C

A� B
ð20:9Þ

WDI ¼ D� F

D� E
ð20:10Þ

20.5.3 Energy Balance
and Evapotranspiration
Mapping

In regions where crop water demand is higher
than natural precipitation, knowledge of ETc
and/or actual evapotranspiration (ETa) is crucial
for water resources management [136]. Today,
lysimetry [137], eddy covariance [138], bowen
ratio energy balance [139], and soil water budget
methods [140] are commonly used to determine
ETa. However, these methods are often expen-
sive, complex, and more suitable for research
purposes [141]. Therefore, ETc is commonly
estimated using the Kc approach, which details
were given above [142]. However, unsuitable
conditions of some meteorological stations used
in the Kc approach, the deterioration of the
sensors’ calibration over time, the completion
and correction of incomplete and erroneous data
can be counted among the critical shortcomings
of this method. Moreover, the ETc calculated
with this approach represents standard condi-
tions, and actual conditions of ETa often differ
from theoretical standard conditions. Kelley and
Pardyjak [143] noted that this approach is often
not suitable for use in real-time irrigation man-
agement. Therefore, it is necessary to use remote
sensing techniques that reveal spatial and tem-
poral variation of ETa, for more effective man-
agement of water resources.

Remote sensing platforms can be examined
under three groups: satellite systems, aerial
vehicles, and field-level systems. According to
Matese et al. [144], all these remote sensing
platforms have advantages and disadvantages in
application, technology, and economy. In gen-
eral, it is not easy to classify ETa estimation

methods that depend on remotely sensed data.
However, Courault et al. [145] divided these
methods into four different categories; empirical
methods, surface energy balance-based methods,
deterministic methods, and methods that depend
on vegetation indexes. Among these, the most
frequently used evapotranspiration approaches
depend on energy balance.

The energy balance allows the estimation of
ETa from a surface [146]. The surface energy
balance takes into account the parameters of net
radiation (Rn), soil heat flux (G), sensible heat
flux (H), and latent heat flux (LE) (Eq. 20.11). In
calculating H, besides the aerodynamic resis-
tance, the difference in surface temperature and
atmosphere temperature (Ts-Ta) is a crucial
variable [147]. The use of remotely sensed data
in determining the surface energy balance com-
ponents Rn and Ts-Ta makes it possible to use
the temperature and absorbed solar radiation
values related to the surface in ETa from the
surface [148]. The evaporation calculated in this
way represents the actual properties of the sur-
face where evaporation occurs.

Rn ¼ LEþHþG ð20:11Þ

Numerous studies have been conducted on
remotely sensed surface temperature and spectral
vegetation indexes in surface energy balance.
Brown and Rosenberg [149] conducted one of
the first experimental studies on this subject. The
study reported by Hatfield et al. [148] shows that
different crops are grown in weighing lysimeters
established in many regions of the USA, and the
ETa values measured in the lysimeters have a
significant correlation with the ETa values esti-
mated using the surface energy balance. Jackson
et al. [150] include a fundamental approach for
converting instantaneous ETa values calculated
by remotely sensed data, to daily ETa values.
This approach later inspired new models devel-
oped in the 1990s and 2000s, such as Surface
Energy Balance Algorithm for Land (SEBAL)
[146, 151], Mapping ET at High Resolution and
with Internalized Calibration (METRIC) [152,
153], Surface Energy Balance System (SEBS)
[154], Atmosphere-Land Exchange Inverse
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(ALEXI) [155], and Two Source Energy Balance
(TSEB) [156].

Real-time ETa estimation and irrigation
scheduling were made using a combination of
ETa estimated with METRIC and soil water
budget [157]. Trezza et al. [158] applied the
METRIC model to MODIS satellite images and
compared the monthly, and annual ETa estimates
obtained with ETa values calculated from
Landsat satellite images. Regional-scale ETa
estimation was performed by Elhaddad and
Garcia [159] using the ReSeT model. In recent
years, studies on high-resolution ETa maps have
intensified with the effective use of UAV systems
in agriculture. For example, Ortega-Farías et al.
[160] successfully predicted the energy balance
components in olive trees using the METRIC
model.

Hoffmann et al. [161] estimated ETa in barley
using the TSEB model. French et al. [162]
applied the METRIC and TSEB models to the
images acquired by a manned aerial vehicle
system. Mokhtari et al. [110] created high-
resolution ETa maps by fusing Landsat 8 satel-
lite images with UAV images. Although UAVs
images provide an advantage with their high
spatial resolution, several new problems have
emerged in ETa mapping by using UAVs ima-
ges. Aboutalebi et al. [163] determined that the
tree shadows in the UAV images significantly
affect the NDVI and ETa values. Nassar et al.
[164] discussed the effects of spatial resolution of
UAVs images on the TSEB model. Nassar et al.
[165] used and evaluated different models to
convert instantaneous ETa values calculated with
the TSEB model to daily ETa.

The second most frequently used method after
the energy balance approach is ETa estimation
based on spectral vegetation indexes. In this
method, Kc maps are created by using the sta-
tistical relationships between Kc and spectral
vegetation indexes. These Kc maps are converted
to ETa maps based on the ETo value of the
corresponding day. Johnson and Trout (2012)
used NDVI obtained from satellite images to
monitor the ETa of crops in California benefiting
from the NDVI - fc and fc - Kc relationships in
their study. Singh and Irmak [166] developed Kc

regression models for various crops (corn, soy-
bean, sorghum, and alfalfa) based on NDVI
obtained from Landsat satellite images.

20.6 Dicussion

The digital systems used for irrigation manage-
ment are depending on meteorological parame-
ters, soil water content and/or remote sensing.
These data can also be used together with a
holistic system approach, as summarized in
Fig. 20.5.

Although meteorology stations are established
and operated by governments around the world,
there are also stations established by the private
sector. These stations, which are also used for
early warning in various agricultural issues, can
be used effectively in irrigation water manage-
ment. This information can be used in irrigation
management by calculating water consumed by a
crop under standard conditions with the data
measured at the stations. In the use of meteo-
rology stations, there are some disadvantages,
such as the unsuitability of the station ground and
its surroundings, the calibration deficiencies of
the sensors, the meteorological differences
between the measurement and calculation points,
the differences between the ETc and ETa, and
high investment and operating costs. However,
the estimated ETc values based on meteorologi-
cal data have an important place in the use of
digital technologies in irrigation water
management.

The measurement of the water content of the
root zone in the soil constitutes an essential factor
that can be used directly for irrigation manage-
ment. The soil water content data has been the
most important basis of many irrigation man-
agement techniques developed to date. Volu-
metric soil water content values can be
determined reliably by taking soil samples.
However, there are difficulties in using this
method even in research studies, and it is almost
impossible to use it in irrigation management of
large areas. Measuring a parameter affected by
the amount of water in the soil and calibrating
this parameter according to the change in soil
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water content has made these measurements
more practical and usable. Although NMM is the
most used technique in irrigation management
research, the necessity of moving the device to
each measurement point and using the sensors
separately at each measurement depth prevents
this system from being used in the scope of
digitalization. The risk of adversely affecting
human health because it contains radioactive
material and its legal obligations and restrictions
can be counted as other negative aspects of the
NMM system.

For this reason, although soil water content
measurement is still valid in both research and
application activities related to irrigation man-
agement, the NMM system is only used in some
researches. Still, in practice, it is preferred to use
TDR, FDR and capacitance sensors working
after electromagnetic principles. The continuous
data measurement of such sensors can send this
data to the digital cloud with various data transfer
equipment. Soil water content values measured
in this way are converted into information by
being processed with software and presented to
the user via a personal computer, tablet, and
mobile phone. In addition, the continuous mea-
surement of soil water content data, which
changes in line with the actual precipitation,
irrigation, and crop water consumption, reveals
the possibility of calibration with machine
learning instead of calibration with site-specific
sampling. Thus, such systems enable digital
irrigation management based on soil water

content. However, the sensitivity of
electromagnetic-based systems to salt, tempera-
ture, and some soil properties can significantly
reduce their sensitivity to soil water content,
which indicates the possibility of giving results
including some errors. Most of the time, these
errors could be of lower effect on field level
water use efficiency than mistakes that farmers
make in the field due to deficit-irrigation or over-
irrigation applications. However, there are still
important limitations in using these systems in
scientific research, in which crop water con-
sumption and related findings will be reported.

Instead of monitoring the soil water content,
monitoring the symptoms created by the water
level in the crop with remote sensing techniques
is among the important and innovative subjects
that have been discussed in research since the
1960s. Until the end of the 2010s, these studies
were mostly carried out in the light of data
obtained from handheld radiometers and satellite
systems. The results showed that spectral signa-
tures, spectral vegetation indexes, surface or
canopy temperature values provide important
information in terms of irrigation management.
Indexes based on thermal data have a high cor-
relation with ETa. It has been determined that
there is an indirect interaction between spectral
indexes and ETa. Because the spectral indexes
can reveal the vegetation level of the plants,
where the amount of irrigation plays a significant
role, in other words, water deficiency in crops
can be determined faster with thermal data rather

Fig. 20.5 A general concept
of a digital irrigation
management system
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than with spectral data. Spectral data can deter-
mine the decline in vegetation as a result of
prolonged water deficiency. However, it can be
said that methods based on both spectral and
thermal data have a great potential in the digital
management of irrigation water with remote
sensing. These two types of data are often used
together in energy balance-based algorithms.
These types of models allow mapping of ETa in
the field. Such maps are of great importance in
irrigation management.

The use of remotely sensed data in monitoring
crop production has led to the development of
practical handheld devices, new satellite systems,
and aircraft mountable cameras. Today, espe-
cially UAV and satellite systems come to the fore
in this field. Multi-spectral and thermal cameras
large enough to be carried by UAV sytems have
been developed. Studies show that these images
obtained by UAV systems, and the indicators to
be calculated based on this data, can be used
successfully in irrigation management. However,
some limitations of UAV systems prevent their
use in large areas. Among these constraints are
the legal regulations regarding the flights of
UAV systems, the total viewing area, which
varies according to the whole flight time of the
UAV systems, flight speeds, and flight altitudes.
Increasing the flight altitude to enlarge the
imaging field results in a decrease in spatial
resolution and the need for atmospheric correc-
tion. In such a case, satellite systems may be
preferred. Today, the Landsat system provides
the main satellite images that can be used in
irrigation management. Landsat captures both
multi-spectral and thermal images. However, the
spatial resolution of Landsat thermal images
makes it impossible to use this system on lands
smaller than 10 ha. In addition, in large scaled
agrciultral lands, significant data loss occurs at
the land borders. Another disadvantage of the
Landsat system is its temporal resolution
(16 days). Despite this, the fact that it offers both
multi-spectral and thermal images carries the
Landsat system to a very important point in
irrigation management. The highest terrestrial
resolution images that allow ETa mapping with
energy balance based models are provided by the

Landsat system. The Sentinel system provides its
users with high spatial resolution multi-spectral
images at very frequent intervals. In addition,
there are many satellite systems with higher ter-
restrial resolution. In recent years, satellite sys-
tems that can provide multi-spectral images at
very frequent intervals (daily) have also been
developed and made available images. As men-
tioned earlier, irrigated farmland can be moni-
tored using spectral vegetation indexes that can
be calculated from multi-spectral data. ETa maps
can be created by calculating the crop coefficient
Kc images using these indexes. It should be
noted that the accuracy of these ETa maps will be
lower than energy balance-based ETa maps.

Recent developments reported and discussed
in the literature survey above predict that remote
sensing systems have an excellent potential for
irrigation management in agriculture. Techno-
logical developments in unmanned aerial vehicle
and satellite systems in the future, and machine
learning-based artificial intelligence applications
will be used in processing and presentation of the
big data gained. However, there is a need for
further scientific research to determine the source
of the deficiencies determined by remote sensing
for crop production areas. Irrigation, crop dis-
eases, nutrient deficiency, physical–chemical
properties of the soil, and extreme meteorologi-
cal events can cause the poor growth of crops,
and remotely sensed data could not reveal which
of them is most responsible for this.

20.7 Conclusions

In addition to population growth, changes in
consumption and waste habits in people's daily
lives play a significant role in increasing demand
for agricultural products worldwide. On the other
hand, despite the waste in rich societies, there are
various difficulties in accessing agricultural
products in poor communities. In regions where
agricultural production is limited, prices of even
essential food products increase with transporta-
tion costs and supply–demand balance. People
have aimed to increase agricultural production in
unit areas from past to present. Irrigation
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management in crop production is one of the
determining factors on yield. For this reason,
most of the controlled water resources around the
world are used for irrigation purposes. However,
in many regions, where irrigated agriculture is
common, water use efficiency is very low. Thus,
scientists and engineers have tried to develop
various irrigation methods, systems that monitor
water use, and irrigation scheduling techniques
for more efficient use of water in agriculture. In
today's world, where digital possibilities are at
the highest level, the use of data measured by
various sensors in irrigation water management
and software that transforms these data into
information within the framework of a system
approach has increased rapidly.

As a result, increasing the efficiency of irri-
gation water management is an important issue
all over the world. With the development of
electronic and software systems, the use of data
and information in this field is becoming
increasingly common. Irrigation systems can be
operated based on digital data in both point scale
and map format, and irrigation systems suitable
for automation can be managed with such digital
systems, according to fixed irrigation or variable-
rate irrigation approaches in large areas. It can be
stated that digital opportunities will have a great
place in the management of water resources
through irrigation water management in the
future.
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21Fruit Production in Brazil’s Desert
and Sustainability Aspects
of Irrigated Family Farming Along
the Lower-Middle Sao Francisco
River: A Case Study

Heinrich Hagel, Daniela Gomez Rincon,
and Reiner Doluschitz

Abstract

Population growth and changing dietary
habits increase the worldwide food demand.
Climate change effects and land degradation
intensify the pressure on arable land. Resource
efficient agricultural production is crucial to
ensure food and nutrition security for the
global population. Similar to many semiarid
regions worldwide, water for irrigation is the
limiting factor of agricultural production in
Brazil’s semiarid Northeast. Constant water
supply favored the implementation of irriga-
tion schemes along the São Francisco River
since the 1960s to ensure food security, to
decrease poverty, and to reduce rural exodus.
However, increasing water demand due to
expansion of irrigated agriculture and a water
diversion project (Transposição), periods of
limited water supply caused by droughts
occurring in the high and upper part of the
river catchment, and conflicts of interests
between several stakeholder groups require
highly efficient water use. We analyzed three

existing agricultural production systems—ex-
tensive smallholder farming, small-scale irri-
gated agriculture, and middle-scale export
oriented fruit and vegetable production—in
regards to productivity, economic feasibility,
and water use efficiency. Within this study, we
conducted 60 expert interviews and 193 farm
household interviews, and reviewed sec-
ondary data to perform an in-depth analysis
of crop and livestock production and to
identify the most promising approaches to
increase water use efficiency along the
lower-middle São Francisco River. Results
show high vulnerability of irrigated agricul-
ture towards climate change and market
effects. Inefficient water use persisted in large
areas of the study region. However, given
adequate infrastructure and market access,
irrigated agriculture generated adequate farm
income. Education, agricultural extension,
market access, and incentives to economize
water consumption were identified as crucial
for sustainable water use in the study area.
The study area partly serves as an example to
other semiarid regions to establish irrigated
crop production to serve as nutritious food
source and to provide adequate income for the
local population.
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21.1 Introduction

In 2019, approximately 2 billion people around
the world were affected by moderate or extreme
food insecurity and lacked regular access to safe,
nutritious, and sufficient food. Nearly 750 mil-
lion people, which equals almost 10 percent of
the global population, were extremely food
insecure—all even before the Covid-19 pan-
demic [1]. Population growth and dietary chan-
ges increase the demand for food, whereas land
degradation and negative climate change threaten
global food production [2, 3]. In hand with
unfavorable economic conditions, these trends
are driving factors threatening not only the
achievement of the Sustainable Development
Goal (SDG) “Zero Hunger”, but even increasing
the number of people affected by hunger until
2030 [1, 4]. Increasing demand for food on the
one side, and negatively affected production
conditions on the other side, intensify the pres-
sure on available arable land to feed the global
population [4, 5]. At the same time, climate
change negatively affects water availability in
many regions around the world [6] and deserti-
fication risks will increase in areas all over the
world [7]. Conflicts between different water users
already exist worldwide and are projected to
increase with ongoing climate change [8–10].
Given these developments, resource efficient
irrigated agriculture is crucial to ensure sufficient
production of healthy and nutritious food for the
population in water scarce regions [8, 11].

The situation of irrigated family farming in
Brazil’s semi-arid northeast is a suitable repre-
sentative example for this problem setting.
Written records on severe droughts in this region
date back to the country’s colonization in the
early seventeenth century [12]. Since the 1960s,
the Brazilian government strengthened its efforts
to promote irrigated family farming to ensure
food security and to provide income opportuni-
ties in one of the country’s most vulnerable
regions, and therewith to reduce migration to
bigger cities [13]. During that time, Brazil’s
military administration fostered the construction

of large dams and reservoirs for hydropower to
meet the growing electricity demand [13, 14].
Constant water availability and warm tempera-
tures throughout the year enabled the imple-
mentation of irrigation schemes in the lower-
middle São Francisco River basin. Production of
mainly fruits and vegetables creates high agri-
cultural value added and provides sufficient and
nutritious food to the local population [16–18].
Irrigated production systems include extensive
subsistence farming, fruit and vegetable produc-
tion on small scales for local markets, but also
advanced export-oriented horticulture on larger
sales [16, 18, 19]. Until the 1980s, Brazilian
policies concentrated on supporting modern irri-
gated agriculture. Although they considered and
promoted small-scale family farming since the
1990s, modern high value fruit and vegetable
production systems have better access to irriga-
tion water, and production and commercializa-
tion infrastructure [21].

In the last decade, irrigated areas increased
constantly [22], and the water diversion project
Transposição do rio São Francisco even trans-
fers water to dry regions in the north of the basin
[23]. However, recent research forecasts
decreased water availability due to negative cli-
mate change effects in this region [24]. This
development will strongly affect irrigated agri-
culture, being the main water consumer in the
country [25]. Given the planned expansion of
irrigated areas and negative climate change
effects in the region, highly efficient water man-
agement is necessary [26].

In this study, we evaluate the existing pro-
duction systems in the lower-middle São Fran-
cisco river basin concerning (a) their income
potentials for family farms, and (b) their water
use efficiency. The combination of primary data
and a systematic review of recent literature
allows the assessment of achievements, chal-
lenges, and opportunities of irrigated family
farming in Northeast Brazil. This study adds to
literature combining most recent findings in the
study area and may serve as an example for other
semiarid and arid regions around the world.
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21.2 Materials and Methods

The study concentrates on the lower-middle São
Francisco River basin between the cities Petro-
lina and Petrolândia in Pernambuco state
(Fig. 21.1). Temperatures are relatively constant
at around 25 °C throughout the year [27]. Since
1935, annual precipitation ranged from 50 to
930 mm in Petrolândia (mean 366 mm) and from
127 to 1060 mm in Petrolina [28]. Irregularly
occurring severe droughts occur mainly due to
the El Niño and the La Niña phenomena [27, 28].

Traditional land use comprises substantial
livestock and partially irrigated subsistence crop
production, mainly along the river margins or on
the edges of ephemeral reservoirs [15, 29]. With
the construction of large dams for hydropower
generation, irrigated family agriculture within
irrigation schemes increased strongly since the
early 1990s [13]. In the Petrolina region, large
irrigation systems were planned to promote
social and economic growth, using the most
recent production technologies and concentrating
on high-value perennial fruits for exportation
[16]. Around 50% of the irrigable areas are
accessible to private investors or enterprises, and
the remaining 50% was set aside for smaller

family farms [13]. This approach established the
cities Petrolina in Pernambuco and Juazeiro on
the Bahian side of the São Francisco as regional
economic centers. In the Itaparica region, smaller
irrigation units were established to compensate
local farmers for flooded land within the Itaparica
reservoir construction. Production in this region
orientates rather on local markets and creates less
economic revenue [16, 19].

To assess agricultural production systems, we
conducted a random sample of 193 farm house-
hold interviews, of which

• 141 took place in the irrigation schemes
Apolônio Sales, Barreiras, and Icó-Mandantes
nearby the city Petrolândia,

• 21 in the Manga de Baixo irrigation scheme at
the Western border of the Itaparica region,

• 30 with independently irrigating subsistence
farmers around the cities Petrolândia and
Itacuruba in the Itaparica region,

• and 22 with export oriented family farmers in
the Nilo Coelho irrigation scheme in the Pet-
rolina region (see [30]).

A team of one researcher and three former
agricultural advisors conducted the interviews

Fig. 21.1 The study region at the lower-middle São Francisco River [30]
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from February until June 2013. In many cases,
we collected data asking for farmers’ most reg-
ularly used units (e.g., “number of harvested
boxes per area”) to obtain accurate findings and
converted received data into computable units
(e.g., “tons per hectare”) after the interviews. We
crosschecked collected data on viability together
with the team of local agricultural advisors, but
also with available reports on agricultural pro-
duction from the irrigation schemes’ operator
Companhia de Desenvolvimento dos Vales do
São Francisco e do Parnaíba (CODEVASF) and
free accessible production data of the Brazilian
Corporation of Agricultural Research
(EMBRAPA) [31].

Detailed socio-economic analysis on the farm
income within the irrigation schemes of the Ita-
parica region had been published [18]. In this
study, we concentrate on farm productivity to
evaluate assessed production systems regarding
their water use efficiency (WUE). We used the
concept of the ratio of output per water volume to
calculate WUE [11]. We hereby distinguished by
agricultural water productivity (yield achieved
per water volume consumed) and economic
WUE (CM per water volume consumed) [32].
We calculated the contribution margin (CM =
sales revenues less variable costs) per hectare for
each planted crop over a year to estimate the
overall farm income. The currency for this cal-
culation was Brazilian Reais (BRL) (2013:
1 BRL � 0.5 USD). Water consumption was
calculated by the duration of irrigation and type
and number of irrigation units per hectare.
Twelve newly established farms were not con-
sidered in the calculation, as they were not yet
fully operational and only harvested yields on
few areas [18]. Previous studies identified pro-
duction of cash crops as the only opportunity to
generate adequate farm income in crop produc-
tion in the study region, whereas extensive sub-
sistence farming could not generate sufficient
income to escape poverty [18–20, 30, 33]. For
that reason, we focused on these farms in the
statistical analyses. In the sample of indepen-
dently irrigating farmers, there were only six
cash crop producers with modern irrigation
infrastructure, so significant statistical analysis

considering this group was not possible. We also
removed the twelve newly established farms in
the Barreiras irrigation scheme, as their fruit
plantations had not yet provided yields [18].
Hence, we used production data of 107 estab-
lished farms of irrigation schemes in the Itaparica
region and 22 farms in the Petrolina region for
the following analyses.

Contrary to the other two farm groups, farm-
ers in the Nilo Coelho irrigation scheme nearby
Petrolina paid water prices, which consisted of a
fixed price per area for provision and mainte-
nance of irrigation infrastructure, and a usage-
bound water price. For that reason, farmers irri-
gated based on Software calculations for each
crop’s necessities on each lot to maximize their
utility from consumed water [34]. We used these
calculations based on official data from Brazilian
authorities and invoices for water prices received
from interviewed farmers to estimate their water
consumption per crop. According to interviewed
farmers and the former agricultural advisors of
the team, we assumed irrigation efficiency of
70% for furrow irrigation, 80% for sprinkler, and
95% for micro-sprinkler and drip irrigation [34,
35]. We finally compared water consumption and
WUE with official recommendations of the
Brazilian National Water and Sanitation Agency
(ANA) [36]. We conducted descriptive and sta-
tistical data analyses using the software
IBM SPSS Statistics 27 for Windows 10.
Levene’s test showed heterogeneity of variances
of the variables farm income per area (BRL/ha),
water consumption per area (m3/ha), and eco-
nomic WUE (BRL/m3). To identify differences
between the different investigated irrigation
schemes, we used Tamhane’s T2 test [37].

To evaluate the findings with most recent
studies, we conducted a systematic literature
review. Therefore, we specified research criteria
to identify relevant peer-reviewed articles and so-
called gray literature, such as data, documents,
and reports from international stakeholders. We
used the keywords “agriculture” AND “São
Francisco”, “irrigation” AND “São Francisco”,
“Petrolina”, “Itaparica”, and “Petrolândia”. Fol-
lowing these criteria, we screened the databases
AgEcon Search, Agris FAO, CAB Abstracts, and
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Scopus for recently published literature in the
period from 2016 to 2021 in English and Por-
tuguese language. In addition, we crosschecked
the findings using Google Scholar. We screened
over 3,000 documents and identified 38 relevant
peer reviewed research papers, which we ana-
lyzed using content analysis [38].

Following the primary data analysis, literature
review, and recent reports on irrigation potential
and climate trends in the study region, we finally
evaluated the potential of irrigated family farm-
ing as a sustainable system to ensure food and
nutrition security and create value added in the
study region.

21.3 Results and Discussion

In this section, we will first present the results of
the farm household survey and describe and
analyze the main productivity and WUE param-
eters of the typical farm types identified in the
study region. Secondly, we will assess different
levels of WUE, and thirdly, we will evaluate the
findings with the results of the systematic review.

21.3.1 Agricultural Production
Systems

Agricultural production systems differed between
the three interviewed farm types [30]. In the
following, we will present the main farm char-
acteristics distinguished by farm type
(Table 21.1). In the illustration, we concentrated
on coconut, banana, and mango cultivation, as
these crops were present in all farm types. Sub-
sistence farming and annual crops did not exist in
the Nilo Coelho irrigation scheme and did not
provide adequate farm income in the other cases.

(I) The interviewed farms in the irrigation
schemes in the Itaparica region differed by mean
farm size and cultivated crops, but had similar
access to irrigation water and infrastructure.
Interviewed farmers in the irrigation schemes in
the Itaparica region cultivated perennial fruits,
mainly coconut, banana, and mango, and the

annuals Cucurbitaceae and beans. Farmers in the
irrigation scheme Apolônio Sales concentrated
rather on the perennials banana and coconut,
whereas annual crop production dominated in the
irrigation schemes Barreiras and Icó-Mandantes.
Few farmers held livestock by preference and as
financial investments. A severe drought during
the study period led to high producer prices,
especially in the cases of beans, tomatoes, and
onions. Three farmers of the Icó-Mandantes
irrigation scheme benefited extremely from this,
and they generated significantly higher profits
than the other farmers of that sample [18]. Pro-
duction in the irrigation scheme Manga de Baixo
had nearly stopped due to lack of suitable soils
for irrigation. Few farmers cultivated beans,
coriander, and onions on small areas (max.
1.5 ha) using drip and sprinkler irrigation. To
adapt to unprofitable crop production, 14 of the
21 interviewed farmers held livestock as an
income alternative. As crop production in this
irrigation scheme did not play a central role
regarding value added and water consumption,
we excluded this part of the sample from further
calculations [30].

(II) Independently irrigating farms outside the
official irrigation schemes were the most diverse
farm group. Only six of the 30 interviewed
farmers cultivated perennial cash crops, such as
coconut, mango, and papaya close to the river-
bank. Those farmers benefited from constant
water availability of the São Francisco River, had
reliable irrigation equipment, and possessed
advanced knowledge on irrigated fruit produc-
tion. The other 24 farmers grew mainly the
annual crops beans, maize, onions, and forage
grass. Production relied on rainfall, and irrigation
was only used complementary during the driest
periods of the cultivation period. Irrigation water
was provided via small diesel pumps directly
from the river. The income situation of small
subsistence farmers was less stable, as lack of
irrigation water caused frequent harvest losses.
Within this sample, livestock presented a rele-
vant income alternative, whereas interviewed
farmers only sold animals as and when required.
During the severe drought in the study period,
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livestock also played a more important role in
water consumption, as irrigable areas were used
for fodder production.

(III) All interviewed farmers in the Nilo
Coelho irrigation scheme nearby the city Petro-
lina, were highly specialized high-value fruit
producers. Annual crop production was not pre-
sent in the sample. Knowledge on efficient pro-
duction and availability of capital favored the
utilization of more advanced production meth-
ods, such as soil analyses, site-adapted fertiliza-
tion, and irrigation based on actual necessities on
each irrigable area. These technologies, among
others, led to higher yields than in the other farm
types (Table 21.1). Producer prices were higher
due to improved market access and the presence
of commercialization infrastructure.

Water consumption in banana and coconut
plantations in the Itaparica region was lower than
the official recommendations by [35], and as in the
Petrolina region. This may be a result of underes-
timated or understated information in the inter-
views. However, in the case of the high-value crop
mango, water consumption exceeded the official
recommendations. This higher water consumption
is in line with personal observations in the field and
may rather reflect the actual water consumption.

21.3.2 Water Use Efficiency (WUE)

In this section, we assess the relative profitability
and WUE of agricultural production of the
interviewed farms per cultivated area. Total farm

Table 21.1 Main characteristics of the interviewed farm households

Itaparica system* Independent irrigators Nilo Coelho

Irrigable area
(ha)

4.55 ± 2.32 7.25 ± 6.11 8.83 ± 3.18

Drylands (ha) 0.55 ± 5.93 5.70 ± 5.66 6.93 ± 12.82

Livestock
(TLU)**

4.02 ± 8.80 5.89 ± 9.97 1.29 ± 2.89

Main crops Beans, Banana, Cucurbitaceae,
Coconut, (Mango)

Beans, Coconut,
Cassava, Mango

Acerola, Coconut, Guava,
Grape, Mango

Mean yields (kg/ha)

Banana 9,394 ± 1,702 10,000 12,000 ± 1,633

Coconut 23,335 ± 6,544 11,667 ± 3,605 39,110 ± 4,891

Mango 16,625 ± 5,118 12,000 ± 2,645 23,867 ± 9,775

Mean producer prices (R$/kg)***

Banana 0.998 ± 0.071 1.6 1.250 ± 0.289

Coconut 0.254 ± 0.049 0.219 ± 0.011 0.367 ± 0.137

Mango 0.515 ± 0.108 0.467 ± 0.076 0.833 ± 0.287

Main irrigation
systems

Sprinkler Furrow, sprinkler Micro-sprinkler

Water demand (m3/ha)

Banana 13,010 (17,281) **** 13,010 (17,281) **** (16,677) ****

Coconut 9,750 (15,768) **** 9,750 (17,281) **** (15,263) ****

Mango 19,500 (12,204) **** 19,500 (17,281) **** (12,961) ****

* Apolônio Sales, Barreiras, and Icó-Mandantes irrigation schemes
** The Tropical Livestock Unit (TLU) of a cow is 0.7, the TLU of a small ruminant is 0.1 [39]
*** (2013: 1 BRL � 0.5 USD)
**** Calculation based on [34, 35]
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income in Apolônio Sales differed significantly
between the one in Barreiras and Icó-Mandantes
irrigation schemes. This was mainly due to larger
farm sizes and crop choice, as analyzed in an
earlier study [18]. Mean profit by area appeared
significantly higher in the Nilo Coelho irrigation
scheme, whereas it did not differ strongly
between the irrigation schemes of the Itaparica
region. Profitability, water consumption, and
water use efficiency were highest in the Nilo
Coelho irrigation scheme. High water use effi-
ciency resulted from significantly higher profits,
whereas higher profits resulted from both, higher
yields and higher producer prices in the Petrolina
region (Table 21.2).

Mean profit by area was similar within the
irrigation schemes of the Itaparica region. How-
ever, due to larger irrigable areas, overall farm
income was significantly higher in the Apolônio

Sales irrigation scheme. High profits in the Bar-
reiras and Icó-Mandantes irrigation schemes
were due to drought-induced high producer pri-
ces of annual crops during the study period.
Three farmers in the Icó-Mandantes irrigation
scheme benefited disproportionately from high
drought-induced producer prices during the study
period. This reflects in the high standard devia-
tions of profit and WUE in that group and may
explain the high WUE.

Statistical analysis, as shown in Table 21.3,
approves the findings of the descriptive statistics,
with significantly higher WUE in the Nilo
Coelho irrigation and in the Petrolina region
compared with the ones in the Apolônio Sales
and Barreiras irrigation schemes (P < 0.01).
Higher WUE in the Petrolina irrigation scheme
was due to significantly higher profits generated
by both, higher yield levels and higher producer

Table 21.2 Profits, water consumption, and economic water use efficiency of the investigated farm households

Profit by area
(BRL/ha)

Water consumption (m3/
ha)

Water Use Efficiency
(BRL/m3)

Apolônio Sales
(n = 34)

3,374 ± 1,871 9,699 ± 2,070 0.3636 ± 0.2163

Barreiras (n = 27) 3,188 ± 2,179 10,745 ± 2,694 0.3217 ± 0.2184

Icó-Mandantes
(n = 46)

3,646 ± 3,840 7,192 ± 3,914 0.6600 ± 0.6154

Nilo Coelho (n = 22) 14,642 ± 9,198 13,587 ± 1,081 1.0821 ± 0.6789

Table 21.3 Mean
differences of economic
water use efficiency
between the irrigation
schemes (Tamhane-T2)

(I) Irr Scheme (J) Irr Scheme Mean Diff. (I − J) Std. Error P Value

Apolônio Sales Barreiras 0.04186 0.05606 0.975

Icó-Mandantes −0.29641* 0.09803 0.022

Nilo Coelho −0.71858** 0.14942 0.000

Barreiras Apolônio Sales −0.04186 0.05606 0.975

Icó-Mandantes −0.33827** 0.10000 0.007

Nilo Coelho −0.76044** 0.15072 0.000

Icó-Mandantes Apolônio Sales 0.29641* 0.09803 0.022

Barreiras 0.33827** 0.10000 0.007

Nilo Coelho −0.42217 0.17084 0.104

Nilo Coelho Apolônio Sales 0.71858** 0.14942 0.000

Barreiras 0.76044** 0.15072 0.000

Icó-Mandantes 0.42217 0.17084 0.104

* and ** indicate significance at the 0.05 level and the 0.01 level, respectively
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prices. Although descriptive statistics indicate
higher WUE in the Petrolina irrigation scheme
compared with the one in Icó-Mandantes, there
was no statistical evidence. However, given the
low P value, this might be due to the particular
situation with three wealthier farmers in the
sample of Icó-Mandantes as mentioned earlier.

21.3.3 Systematic Literature Review
and Discussion

We identified 38 recently published peer-
reviewed scientific articles, to assess current
developments regarding agricultural production
and water availability in the study region. After
screening all selected publications, we classified
them into six primary topics (Table 21.4).
Whenever several topics overlapped in one
publication, we classified the publication to the
most suitable topic. Most publications on agri-
cultural production dealt with the Petrolina
region, whereas climate and water management
related publications targeted mostly the overall
São Francisco river catchment.

Irrigation levels in mango production, as
identified in the farm household survey, were in
line with reference [40] and official recommen-
dations [35]. In the Petrolina region, mango
production is valuated as efficient and competitive
on the global level [45]. Lower irrigation levels in
the Petrolina region compared to the ones in the
Itaparica region may be due to the absence of
water prices in the Itaparica region. In addition,
there exist positive effects of deficit irrigation,
which has higher economic WUE in the study

region due to reduced water consumption [41].
Similar findings exist in sugarcane and grape
production [42–44]. Highest economic WUE was
reported for mango and grape production, which
dominate in the Petrolina region [45]. However,
these crops require higher inputs in form of labor,
knowledge, and capital.

During the interviews in the Petrolina region,
farmers classified water costs as justified and fair.
This is in line with calculations of the water’s
economic value, which exceeded water provision
costs and water prices in the region [71]. Water
saving potentials were identified in replacing
micro sprinkler systems with drip irrigation [41],
whereas local consultants classified both systems
as similarly efficient.

Family farmers in Brazil’s semiarid northeast
are generally disadvantaged against the ones in
larger irrigation schemes. Lack of knowledge,
infrastructure, and production technologies are
mainly due to lack of political focus on these
production systems since the 1960s [21]. This
applies also in the comparison between the Ita-
parica and Petrolina regions [30]. However,
WUE in both regions was higher than in newly
established crop production system along the
diversion project (Transposição) in the north of
the study region [47].

General recommendations towards more sus-
tainable irrigated agriculture include education
towards production methods to reduce negative
health effects on farmers themselves by pesticide
application [59], site-adapted crop and soil man-
agement [56, 57, 60], tools for adequate water
allocation [71], and access to modern production
technologies, capital, and markets [58].

Table 21.4 Overview on reviewed literature

Topic Number of publications References

Irrigated agriculture 10 [39–48]

Environmental impacts of agricultural production 9 [49–57]

Agricultural production conditions 6 [18, 21, 58–61]

Rural sociology 2 [62, 63]

Climate change impacts 5 [23, 64–67]

Water resource management 7 [68–73]
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In 2017, irrigation accounted for 77% of the
overall water outtake from the São Francisco
River [74]. Climate change and related extreme
weather events, and reduced precipitation toge-
ther with increasing demand for electric energy
are likely to affect water availability negatively in
the river catchment. Extreme weather events,
such as the severe drought from 2012–2015, may
occur more frequently that heavily affect all
water consumers [65–67, 76]. Whereas the
diversion project (Transposição) did not signifi-
cantly influence the hydrodynamics, expansion
of agricultural areas will negatively affect the
water availability along the lower São Francisco
[23, 64]. Besides positive effects of irrigated
agriculture, such as the provision of livelihood,
food security, and even improved microclimate,
negative environmental effects have to be con-
sidered [18, 49–54]. Good governance and inter-
and transdisciplinary system thinking in the
water management of the river catchment is
crucial to sustainably benefit from the scarce
resource water in Brazil’s semiarid northeast
[70–72].

21.4 Conclusions

During the severe droughts along the river
catchment from 2011 to 2015 governmental
poverty alleviation programs, efficient irrigation
technologies, and income diversification, were
successful adaptation strategies [75].

Given the high vulnerability of Brazil’s
semiarid northeastern region to negative climate
effects, its high susceptibility to desertification
and already occurred extreme droughts, several
additional measures seem necessary to increase
resilience and sustainability of irrigated agricul-
ture in the study region [76–78]. Subsistence
farmers, who have been disadvantaged against
those in irrigation schemes, require intensive
support from authorities and extension. Negative
environmental effects of furrow irrigation, such
as low WUE and erosion, exceed its benefits and
threaten the farmers’ livelihoods [79].

Still, local challenges appear similar to those
in semiarid regions on the global level [80, 81].

Global competitiveness of some production sys-
tems in the study region and successful adapta-
tion measures serve as a model for semiarid
regions worldwide to provide livelihoods and
availability of nutritious food to the rural
population.
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