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Preface
Water is a limited natural resource indispensable for human existence and critical
for socio-economic development. However, rapid urbanization and inefficient
management of available natural resources have hastened the pace and impact
of climate change. Floods and droughts related to climate change are a recurring
phenomenon in recent years and have disrupted an already fragile ecosystem.
Because the need to conserve available water resources and devise strategies for
resource management is very relevant, this book deals with water resources and
their management. Edited by Prathna Thanjavur Chandrasekaran, Muhammad
Salik Javaid and Aftab Sadiq, the book provides relevant information on major
aspects of water resources including water management strategies practiced in
different parts of the world, the need for conservation, impact of climate change
on water resource management, and contamination of water resources and their
treatment strategies.
The first section of this book discusses aspects related to water resources and their
conservation, with the first chapter introducing the reader to diverse aspects of
resources of water. The chapter on water availability in Chile by Pulido Fernández
compares the current and future availabilities of water for the different regions of
Chile and provides relevant information on the water balance for land planners.
The chapter on Smart Water by Mueller-Czygan discusses the role of software
such as Industry 4.0 and KOMMUNAL 4.0 initiated by the federal government in
Germany in municipal water management and in tackling future water challenges.
Many small- and medium-sized communities are faced with the challenge of
reliably planning for the future in terms of maintaining and expanding their
infrastructure in view of the consequences of demographic change. Software such
as KOMMUNAL 4.0 can play a critical role in assisting communities to manage
water infrastructure digitally. The chapter by Gulta and Abate elaborates on the
importance of aquifer characterization in effective groundwater management.
Aquifer characterization is the first step in enabling strategies to manage it. The
authors used Aquifer Test V.2.55 to characterize the aquifer system in Hawassa,
Ethiopia, physically, potentially, spatially, quantitatively, and qualitatively.
The second section of the book details strategies adapted for sustainable water
management in different parts of the world with the help of interesting case
studies. The chapter on community water-service management in Africa by
Obosi explains the critical need of community water supply with experience
gained from Kenya, Tanzania, Ghana, Malawi, and Nigeria. Community-based
water supply management allows communities to form their own institutions for
water delivery without formal connections or partnerships with utility operators
or municipal governments and can play a critical role in ensuring access to safe
water in developing countries. Anthropogenic activities can hasten the process
of global warming and the resulting shifts in weather defined as climate change.
The chapter by Ospina-Noreña et al. explains the effect of climate change on water
resources, indices, and related activities in different parts of Colombia using
models. The study also reviews the influence of climate change on hydroelectric
power generation and water balance in arid areas. Likewise, it outlines a possible

future water supply–demand relationship, where supply is associated with a change
in the water balance and demand with some crops, activities, and sectors that need
water to survive. The chapter by Javaid and Khalil emphasizes the critical need to
reintroduce physical hydraulic and hydrologic modeling into engineering practice
with a case study of water management projects in Pakistan using physical hydraulic
modeling. The chapter by Faye sheds light on water management initiatives in the
city of Dakar, Senegal.
The last section of the book provides information on the evaluation of contaminated
water resources and strategies to treat them. The chapter by Naser et al., for example,
provides GIS and statistical evaluation of the fluoride content of a Rasyan aquifer
in Yemen. Fluorine has the highest chemical reactivity among all known elements
and can be present in water resources due to natural as well as anthropogenic
activities. Fluoride in excess levels can cause fluorosis and is often found to be an
endemic problem in locations surrounding water resources with high fluoride levels.
Understanding fluoride occurrence is important in the management of fluoriderelated epidemiological problems. Discharging accumulated bilge water from a ship
is essential to maintain the ship’s stability and safety. However, the bilge water that
contains contaminants, including waste oils and oily wastes, must be treated prior
to discharging to the sea. Thus, an efficient oil–water separator must be installed to
separate the oil from the bilge water to minimize marine pollution. The chapter by
Amran and Mustapha introduces and discusses the working mechanisms as well as
advantages and disadvantages of the available oil–water separation techniques for
bilge water treatment.
Although this book may not provide readers with comprehensive information
on all aspects related to water resources and their conservation, it does provide
constructive data and content on the current trends and advancements in the
field. The book will motivate readers and scientists alike to look further and make
concerted efforts towards promoting the preservation and conservation of water
resources.

Prathna Thanjavur Chandrasekaran
Department of Irrigation and Flood Control,
Govt. of National Capital Territory of Delhi,
Delhi, India
Muhammad Salik Javaid
Morgan State University,
Baltimore, MD, USA
Aftab Sadiq
Wah Engineering College,
University of Wah,
Pakistan
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Chapter 1

Introductory Chapter: Resources
of Water and the Need for
Conservation
Prathna Thanjavur Chandrasekaran

1. Introduction
Unlike other natural resources such as wind and solar, water resources are
limited and can include surface water, ground water, rain water and saltwater. Of all
the water resources present on earth, only 2.5% exists as freshwater. Fresh water can
exist in the form of ground water, surface water and water present in glaciers and
ice. A major fraction of fresh water is present in glaciers with only a tiny fraction
available as surface water.
Increasing population and urbanization has increased our water demands and
place undue stress on the existing water resources. Studies indicate that by 2030
there will be a 40% deficit between the world water demand and the available
water resources [1]. People in the developing world are most vulnerable to climate
changes; changes in rainfall pattern as a consequence of climate change have largely
affected the world in recent years. Extreme changes in the rainfall patterns have
increased the frequency of floods and droughts. Exploitation of the available water
resources affects all aspects of human existence in addition to disrupting the fine
balance in the ecosystem. Erratic and unseasonal rainfall largely affects agricultural
activity which mainly sustains the economy of most of the developing countries.
Sustainable water management practices are therefore critical to ensure conservation of the existing water resources. Development of policies on smart water practices and its implementation need to go hand in hand to promote conservation of
water resources. Many countries around the world have adopted different strategies
to reduce the pressure on their available water resources and interesting case studies
on their success stories exist.

2. Strategies for sustainable water management
Some of the strategies that can be adopted for sustainable water management
are: (i) re-use of treated water for various end uses such as agriculture, horticulture,
ground water recharge, aqua culture etc., (ii) revival of water bodies; (iii) reduction in non-revenue water losses. These strategies need to be executed in parallel to
conserve and sustain the water resources.

3. Re-use of treated water
Treated water from the Sewage Treatment Plants (STPs) can be used to cater to
horticultural needs, irrigation and partly for the daily water requirements. The city
3
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of Delhi for example has three sources of water: (1) Surface water supplied by river
basins; (2) groundwater; (3) Treated water- the status of which will depend on the
quality of treatment. The daily water requirement for Delhi is around 1120 MGD,
of which 840 MGD is extracted from River Yamuna and 80 MGD is extracted from
groundwater. Currently most of the treated water from STPs are discharged into
the major drains and reach River Yamuna. As of 2019, out of 720 MGD generated as
raw sewage, only 90 MGD is currently being utilized by various agencies for nonpotable purposes like horticulture and in STPs. Some of the advantages of utilizing
treated wastewater are:
1. It will reduce the ever-increasing gap of Potable Water Supply and Demand in
Urban Cities.
2. It can bring down billing charges of fresh water which are a result of longdistance transportation, gradient and higher energy costs.
3. It can mitigate conflicts of water resource allocation between the Domestic and
Agriculture/ Industry.
4. It can reduce groundwater extraction and also aid in conservation of water
resources.
5. It can make water and sanitation sector sustainable.

4. Revival of existing water bodies
Water bodies are an excellent source to conserve rain water which otherwise can
lead to flooding due to complete concretization of cities. Revival of existing water
bodies and creation of new water bodies can have many advantages; few of which
are mentioned below:
1. Additional Reserves of water can be created within the city which can be
utilized in case of scarcity
2. Ground water recharge
3. Treated water coming from STPs can be utilized which currently discharge
into drains
4. Rain water can be captured and stored at massive level
5. Excess water can be utilized to meet needs of the people
6. Social and Cultural connected – Community owned space – Protection of
water bodies

5. Reduction in non-revenue water losses
Non-revenue water loss refers to the produced water that is lost during distribution without generating revenue and comprises of components such as real
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Figure 1.
Installation of flow meters in a water distribution network.

losses, apparent losses and unbilled water consumption [2]. Real losses and apparent
losses in a distribution network can be reduced considerably by efficient water
auditing. Water flow meters play a critical role in water auditing and give an idea
on water losses and usage during each stage. Electromagnetic flow meters can be
fitted at different stages of the water supply and a typical scheme of attached flow
meters is shown in Figure 1. Water from the source water body reaches a Water
Treatment Plant (WTPs) and following treatment is diverted to various primary
underground reservoirs. Water from the primary underground reservoir can be
tapped to various locations and can also be stored in a number of secondary
underground reservoirs. Water flow meters installed at different stages can
help identify water losses, water consumption patterns and enable better water
accounting. The capital city of Delhi for example has Ten WTPs and until 2015
had a total of 350 water flow meters. Sustainable water management practices in
the recent years have led to better water accounting and until 2019, a total of 2000
water flow meters have been installed. This has enabled efficient distribution
of available water resources and decreased water losses during distribution and
water theft.

6. Conclusion
Sustainable management of water resources to provide safe drinking water to
all and to protect the natural reserves is one of the major goals of the SDGs put
forth by the United Nations. In the current scenario of climate change and water
scarcity, it is of utmost importance to strategize urban water management focusing
of water use and reuse, conservation of available water resources and sustainable
plans to reduce water losses. Sustaining a low water footprint can effectively reduce
water scarcity. The developing world is already taking considerable measures to
achieve sustainable use of available water resources while many nations in the
developing world have started taking initiatives to adopt sustainable water management. Sustainable water management practices can go a long way in protecting
the available water resources and preserving the fragile ecosystem for the future
generations.
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Chapter 2

The Availability of Water in
Chile: A Regional View from a
Geographical Perspective
Javier Lozano Parra, Manuel Pulido Fernández
and Jacinto Garrido Velarde

Abstract
Chile is famous for being the longest country in the world from north to south. It
means it ranges from polar to desert conditions, water being one of the main limiting factors. In fact, Chile stores a high amount of water (695 mm y−1), but people
are not located in the regions where water is more abundant (e.g. in the south). This
territorial imbalance is accompanied both by a global context of climate change in
which water will be presumably scarcer and by the effects of the current economic
activities that are progressively more demanding in water consumption. In this
work, we have compared both the current and future availabilities of water for
the different regions of Chile in order to provide relevant and useful information
on the water balance for land planners. The Metropolitan and Valparaíso regions
(Mediterranean climate) along Antofagasta, Atacama, and Tarapacá regions (desert
climate) showed the lowest mean values of water availability from 1970 to 2000
(<125 m3 person y−1). In addition, both the optimistic and pessimistic projections
for 2050 forecast a significant increase in the aridity of these two central regions,
where the crucial axis between the two most important cities (Santiago and
Valparaíso) is located.
Keywords: territorial imbalances, climate change, dynamics, metropolitan areas,
sustainability

1. Introduction
Water satisfies several key roles for environmental sustainability and human
development: it guarantees the people health and economic development and
constitutes the backbone of ecosystems. However, it is irregularly distributed in
space and time and frequently is carelessly used to the development of economic
activities. According to different economic sectors, just agriculture uses, on average, more than 70% of the water resources in the world to produce food. Thus, the
variation of climate patterns will necessarily have an impact on the food supply and
its price.
The evidence that mankind faces hydrological and environmental issues is
increasingly frequent and visible to the society. This became especially clearer
after the last UN Climate Change Conference COP 25, since several countries
(such as Spain or France) have declared the climate emergency. Despite this, the
9
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results of this meeting have been criticized by several scientific sectors because of
their lack of ambition, so that it is valuable to continue making visible the importance of water resources studies and how they will be affected by future climate
variations.
In a national context, available water should not be a problem for Chile since it
is one of the countries with the highest amounts of water per person [1]. From the
year 1970 to 2000, Chile averaged an annual rainfall of 1006 mm (main input) and
evapotranspiration of 311 mm as main output, so it has 695 mm of surplus [2]. In
terms of storage, it has supposed to be more than 500 km3 of water susceptible to be
used in human activities every year.
Nonetheless, this significant global amount hides a great spatio-temporal variability depending on natural and socio-economic features of each region. A good
example of this contrast between regions is the existing difference between the
southern regions where water is abundant but people are few and the northern and
central ones where population densities are too high in comparison to the availability of water.
There are many situations in which natural conditions are combined with factors, such as economics, to give place to a long water crisis in Chile [3]. For example,
if economic activities by sectors are considered, the largest user of water resources
in Chile is agriculture, which consumes up to 75% of the water resources at a
national scale [4]. This could be justified because it supplies water for an irrigated
land of larger than 1 million ha, which is mostly located in the central zone of Chile
[5]. Irrigated areas have significantly increased the use of water resources in the last
decade. Besides, some products have increased the area for its cultivation.
Among themselves, the crops of avocado (Persea americana) have increased 43%
in terms of land surface during the last decades, Chile being the second producer
country in the world. Avocado is indeed a species that records a water print of
715 l/kg exported, significantly higher than more traditional crops [6]. Most of the
Chilean economy is based on natural resources, with a strong export-focused activity [7]. Despite this, in many regions of the country, the uncontrolled exploitation
exceeds the actual availability of water resources. This has led to declare numerous
regions as depleted in both surface and groundwater [4].
This situation could be even more worrying according to the effects of climate
change foreseen by the scientific community. In the particular case of Chile, a
reduction between 20 and 40% of total rainfall has been already reported [8].
Added to this, the lack of vegetation management in the upper areas of the watersheds and the elevation of the isotherms have increased water demand and reduced
snow deposits, respectively, giving place to a strong decrease of river discharge. An
intensive demand for water resources and a decrease in them requires knowing the
water availability both in the present and in the future, in order to develop hydrological plans to guarantee economic and environmental sustainability.
Taking into account the abovementioned, this work is focused on the analysis of
both the current and future water balance of each one of the administrative regions
of Chile since they are the appropriated scale in which decisions on land planning
should be made. The reasons of choice this scale work is twofold; on the one hand,
Chile is divided into longitudinal regions easily assignable to climatic belts, and, on
the other hand, they are the regional governments who are in charge of the regional
administrations and consequently in charge of their land and water management.
In addition, this research should be also useful to become aware of the upcoming
effects of climate change, foreseen by reliable predictive models in every scenario
(optimistic and pessimistic), that serve to discuss about the sustainability of many
of the current human activities.
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2. Material and methods
2.1 Study area
The study was carried out in the whole continental territory of Chile, excluding its islands and the Chilean Antarctic Territory. The size of the study area is
4270 km of distance from north to south and a width (from west to east) ranging
from 90 to 445 km involving a great sort of different climate types (cold, temperate,
Mediterranean, desert, and high mountain). The limits of the Continental Chile are
Peru and Bolivia in the north, the Andes in the east, the Pacific Ocean in the west,
and the Drake Passage in the south, Argentina being the country in whom Chile
shares more kilometers of border.
This territory is inhabited by around 18 million people with a relatively high
standard of living (according to the main macroeconomic indicators) within the
context of Latin America. It is divided since 2017 into 16 regions, 56 provinces,
and 346 communes. Each region has its own regional government headed by the
intendant and the member of the Regional Council (elected every 4 years). These
regions keep its original Roman number from I to XII following a gradient from
north to south. The Metropolitan Region has the number XIII; and three new
regions recently created have continued this tradition (Figure 1).

Figure 1.
Geographical distribution of the Chilean regions.
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2.2 Water balance
The water balance by region at an annual scale was estimated considering precipitation as the main input and evapotranspiration as the main output of the system, i.e.
a positive surplus means precipitation > evapotranspiration and a negative surplus
evapotranspiration > precipitation. These data were obtained from Fick and Hijmans
[2] for the period 1970–2000 that is considered as the reference period to study
changes in climatic variables. Evapotranspiration was determined by using the Turc
method [9]. The total land surface of each one of the 16 regions (used to estimate the
total amount of water expressed in km3) and their population (used to quantify the
total amount of available water per person) was sourced by Chilean official statistics.
Since Ñuble Region (XVI) was officially created in September 2018, its values have
been considered within the region of Bio-Bio in which Ñuble was previously included.
2.3 Predictive models
The predictive models utilized in this work were proposed by the
Intergovernmental Panel on Climate Change (IPCC) in 2013 [10]. Within those
global models used in the fifth stage of the inter-comparison of coupled models,
we have chosen the predictions given by the model MIROC5 for 2050 because it has
been successfully tested in neighbor countries such as Peru [11]. We have considered
two scenarios: (a) RCP 4.5 that assumes an increasing trend in the concentration
of greenhouse gases (GHG) until 2040 (the most optimistic) and (b) RCP 8.5 that
assumes an increasing trend in GHG concentration for the whole twenty-first
century (the most pessimistic).

3. Results
3.1 Regional differences in water availability
Figure 2 shows the mean values (1970–2000) of water surplus per person
for each one of the Chilean regions. The lowest values have been recorded in the
Metropolitan Region (due to its high population density) and the desert regions of
Antofagasta y Tarapacá. Contrariwise, the highest values were observed in Aysén,
Magallanes, and Los Lagos. The regions of the north of Chile show relatively low
values of annual water comparing inputs by rainfall and losses by evapotranspiration. Of particular interest are the central regions of the country where, on the one
hand, the dominant climate is Mediterranean (naturally erratic) and, on the other
hand, the pressure for water resources is particularly higher (the Metropolitan
region of Santiago is inhabited by more than 7 million people, for instance).
In fact, the highest spatial variability was observed in the central regions of
the country where, regardless people and their activities, they show a significant
contrast in natural water surplus. These differences start to be visible in the Region
of Valparaíso (V) where climatic conditions change to Mediterranean and evapotranspiration is significantly reduced. The five northern regions of Chile (Arica and
Parinacota, Tarapacá, Antofagasta, Atacama, and Coquimbo) are scarce in precipitation (<250 mm y−1), and their evapotranspiration is also high (>600 mm y−1),
but their needs in water keep in consonance with other regions because their
population density is less than 20 people km−2 in the best of the cases. These values
contrast to the Metropolitan Region (462 people km−2) and Valparaíso Region
(111 people km−2).
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Figure 2.
Regional distribution of the mean annual values of water surplus in Chile (period: 1970–2000).

3.2 Future scenarios
The (optimistic and pessimistic) predictions considered in this research
returned similar values for 2050. It means the effects of climate change will be
particularly remarkable in the central regions of Chile, characterized by their
Mediterranean climate type and their high population densities. Both scenarios
foresee the highest decrease in annual precipitation (Figure 3A) and increase in
evapotranspiration (Figure 3B). Regarding water surplus they forecast annual
losses of about 1000 mm y−1 in many regions of the country (Figure 3C). These
losses are particularly worrying in the centre where most of Chilean people are
now living.
The existing differences between both scenarios (optimistic vs. pessimistic)
are not significantly different between them. For instance, the most optimistic
foresees a reduction of 936 mm y−1 in precipitation and the pessimistic one of
1052 mm y−1. Regarding water surplus, both scenarios forecast losses around
1000 mm y−1 (optimistic, 968 mm y−1, vs. pessimistic, 1094 mm y−1) regardless
of the number of people and the water consumption of their agricultural activities. In the south of the country, the model returns predictions of an increase in
precipitation much higher than the foreseen increase in evapotranspiration. It
means much more available water will be in the south, and perhaps it can suppose
migrations from the north and central of the country to these regions. Regarding
the desert regions of the north of Chile, the future situation will be presumably
similar than the current one. So, no significant effects on local population are
expected.
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Figure 3.
Differences between the averaged values of the period 1970–2000 and those foreseen by the predictive models
for 2050.

4. Discussion
Although the effects of climate change on the water availability of Chile are
well-known, or well-guessed, by the majority of people, their needs and demands in
water are continuously increasing. For instance, the official organization in charge
of water management (DGA, Dirección General de Aguas in Spanish) is still granting new rights for water exploitation in the regions of the north of Chile in spite of
the thresholds of natural recharge of the aquifers having been already exceeded [5].
In addition, in this work we are not addressing further effects of this water scarcity
such as salinization, really negative in semiarid countries such as Algeria [12].
In the north of Chile, the use of water is related to mining activities. The price of
copper has significantly increased and it has supposed catalysis in mining activities,
i.e. a much higher consumption of water by these companies [4]. Other sectors such
as the energetic (e.g. hydroelectric) are also intensifying their pressure on water
resources since they are now living an expansionist time [3], perhaps provoked
by many decades of criticism against the use of fossil energies such as petrol and
coal or the pressure exerted by conservationists that consider wind turbines to be
dangerous for birds [13].
Regarding the agricultural sector, water is progressively being more demanded
because of the growth of population in Chile and the increase in the amounts of
products exported to the global market [14]. It is provoking a higher scarcity and
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more competition for water in the whole country. In fact, Larraín and Poo [3]
have reported a worrying increase in the number of conflicts related to (spatially
unequal) water management. Most of these conflicts are happening in the central
and north of Chile where water has become a valuable good due to erratic climatic
conditions (Mediterranean and semiarid climates) and increasing pressure of the
economic sectors [4].
Water management will be a challenging question for any regional and national
government of Chile. The reserves of water in the aquifers and the estimation of the
accurate consumption of water by people, mining, and different commercial crops
such as avocado will decide the sustainability of this valuable resource. Specifically,
in the agriculture, the recent crops (thought for exportation) are important consumers of water. In fact, most of them grow naturally in tropical conditions, and
they are produced in Chile by using irrigation water [15].
The branch of knowledge, with an outstanding global success, that is dealing
this problematic is being the ecohydrology, recently popularized and key as scientific support for making decisions on water and land management properly by the
political power [16]. So, we consider countries at risk of having serious problems of
water availability; Chile, Spain, and Israel, for instance, should pay more attention
and promote more specific research programmes for ecohydrologists. Studies on
land capability of some crops and on the sustainability of traditional systems such
as the espinal we think are more necessary than ever.
Another challenging task both for scientists and decision-makers is the proper
scale of work. Here we have emphasized about the existing differences between the
16 administrative regions of Chile, but it is totally necessary to know the mechanisms that rule in a leaf, plant, farm, and catchment, among other work scales.
In addition, the rights for water exploitation granted by the DGA should be very
strict in terms of the total amount of water per year that each company must utilize.
These rights should vary in time according to the rainfall variability or presumably
increasing in evapotranspiration, i.e. companies and/or public agencies should have
tools for monitoring water reserves constantly.
Another aspect that can be also discussed by the scientists and decision-makers,
although it is not the leitmotiv of this work, is the usefulness of using long-term
datasets. It means an extraordinary effort in monitoring many parameters linked
to water and vegetation is still needed since datasets of more than 10 years are still
infrequent [17]. Some published works based on long-term datasets [18, 19] have
contributed to understand the interrelationships between ecohydrological processes
and the time of adaption with respect to the arrival of environmental changes.
In this study, we have shown the variation in water surplus for 2050, but nothing
has been mentioned about the synergetic interaction between water and vegetation.
The presence of vegetation is a cause and consequence of the presence of water and
vice versa [15]. For instance, the spatial vegetation patterns exert a strong control on
the spatio-temporal variability of soil moisture and, consequently, on water infiltration or redistribution of water through soil macropores [20]. In addition, it is soil
moisture content who determines species phenology and biomass production [21].
The works published on this topic in the last decades have served to understand
that the existing relationships abovementioned between water and vegetation
parameters are nonlinear. According to Scheffer et al. [22], these relationships are
based on thresholds, i.e. some properties keep on a stable status until they cross a
certain threshold. It means that ecosystems of Central Chile that traditionally have
been Mediterranean (dry subhumid) can change to semiarid and keep steady for
decades and centuries. Nonetheless, the concept of stable status has just arrived to
the studies of ecohydrology. So, further research is still necessary to draw definitive
conclusions.
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Every ecosystem is controlled by the availability of water that it is naturally
provided, but it can be worn up by human activities. In the ecosystems in which
water is naturally abundant, the control of ecohydrological processes is ruled by the
level of the water table [15]. Meanwhile in Mediterranean and semiarid ecosystems,
ecohydrological processes are adapted to different moment or pulses ruled by water
surplus or deficit in the non-saturated soil zone [23]. To investigate these mechanisms and processes to better understand the sensitivity of each ecosystem face
environmental disturbs is the main challenge of the ecohydrology.

5. Conclusion
The availability of water in Chile is of crucial interest for the near future since
it is one of the countries that will be more affected by climate change. The regions
that show a higher risk are those located in the central part of the country that are
ruled by dry subhumid conditions (Mediterranean climate type) and inhabited by
almost half of the total population. This forecast should serve the decision-makers
to prepare a new scenario in which high consuming crops in water such as avocado
(Persea americana) and mining activities perhaps cannot be exploited due to lack of
water. Another controversial question that should be treated in the future is the role
in water management of the DGA (Dirección General de Aguas) since it is a national
agency and the regional differences detected can be a good indication of the necessity of making decisions at a regional level, i.e. by the regional governments of each
one of the current 16 regions of the country. Finally, more efforts in data collection are still needed both by part of the scientists and by governments that grant
research programmes, funds, and scholarships.
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Chapter 3

Smart Water—How to Master
the Future Challenges of Water
Management
Günter Müller-Czygan

Abstract
Innovative digital developments from industry like autonomous machine
controls based on intelligent data acquisition, collection and evaluation, promises
better adapting municipal infrastructure systems to changing conditions. When
the technology initiative KOMMUNAL 4.0 was developed as an idea in 2015,
digitalization was not a central topic in water management. As Industry 4.0 was
present everywhere in the media, the idea of transferring suitable parts of the
basic idea of Industry 4.0 to municipal water management was born. In particular,
it was necessary to implement consistent IT and IoT communication at all levels
of water management tasks. The aim was not only to create a uniform structure
for networking a wide variety of applications, but also to round off KOMMUNAL
4.0’s complete range of services with IoT for existing and newly developed
products and solutions. Regardless of whether it concerns measurement and data
technology applications, smart machines, SCADA or asset management systems,
all application solutions contain a standardized network core that guarantees
standard data communication and also complying with safety and cybersecurity
requirements.
Keywords: digitization, smart water, municipal 4.0

1. Introduction
In Germany, approx. 6–7 billion EURO is invested every year in the renovation
or new construction of buildings and plant technology in the municipal water
and sanitation sector [1]. The German water and wastewater infrastructure has
developed socially and spatially balanced in the past and has grown over many
decades and guarantees today a comprehensive disposal with high drainage safety
combined with an extremely long technical and economic service life. In opposite
it results in a lack of operational flexibility for sewer network and sewage plant
operators, e.g. in the event of extreme weather events as an effect of climate change,
changed consumer behavior or the consequences of demographic change. Experts
and decision-makers are therefore looking for ways to adapt the dimensioning and
calculation of future investments more closely to real usage requirements and to
dispense with previous inaccurate estimates. At the same time, the existing systems
must be operated more flexibly and thus more efficiently, even under described
changed conditions.
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Innovative digital developments from industry like autonomous machine
controls based on intelligent data acquisition, collection and evaluation, promises
better adapting municipal infrastructure systems to changing conditions. When the
technology initiative KOMMUNAL 4.0 was developed as an idea in 2015, digitalization was not a central topic in German water management. As Industry 4.0 was
present everywhere at these time the idea of transferring suitable parts of the basic
idea of Industry 4.0 to municipal water management was born. In particular, it was
necessary to implement consistent IT and IoT communication at all levels of water
management tasks (Figure 1). The aim was not only to create a uniform structure
for networking a wide variety of applications, but also to round off KOMMUNAL
4.0’s complete range of services with IoT for existing and newly developed products
and solutions. Regardless of whether it concerns measurement and data technology
applications, smart machines, SCADA or asset management systems, all application

Figure 1.
Consistent IT and IoT communication of digital products and systems [2] (translation: IT-Sicherheit,
Asset Management und Digitalisierung, Betriebsführung, Recht = IT security, asset management and
digitization, operations management, law; Fernwirkung, Fernüberwachung = remote control, remote view;
Automatisierung, software = automation, software; mess-und Datentechnik = measurement and data
technology).
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solutions contain a standardized core that guarantees standard data communication
and also complying with safety and cybersecurity requirements.
Another important requirement was (and is) that all applications work as
individual and independent solution. This enables the user to go down the path to
digitization in individual steps, which are, however, coordinated with each other
right from the start. The purchase of a complete system at the beginning of a digital process is not absolutely necessary. The user can start where there is currently
the most urgent need at daily work without losing the network compatibility of
individual elements that have to be adding later. One of the most important tasks
in municipal water management, for example, is an effective and efficient management of the entire infrastructure. Data plays an increasingly important role at
this topic. Only where data from different sources can be usefully related to each
other real added value can be created. Various IT systems such as GIS, process
control (SCADA) or asset and maintenance management systems are used for
this purpose in water management. Systems are desirable which, like MS Office,
function in both ways as individual solutions and offer high benefits by networking with each other. And just as every printer today communicates perfectly with
MS Office smart products, measurement and data technology applications as well
as Smart Machines should be integrated in a plug & play manner. Some of the
products and solutions belonging to KOMMUNAL 4.0 already offer these requirements already today.

2. Industry 4.0—a model for sustainable water management?
The digitization offensive of the industry, known since 2013 in Germany as
Industry 4.0 and initiated by the Federal Government, is intended to turn simple
machines using the Internet into so-called Smart Machines. These are self-regulating production units (they are also called CPS = Cyber-Physical Systems) which
leads to significant cost savings. For example, they are fed with orders directly from
commercial databases, receive their technical instructions directly from CAD/
EPLAN tools of development engineers, order necessary materials independently
from suppliers, coordinate their interdependencies and report the completion of
the manufactured products to logistics for dispatch. The entire industrial value
chain is recorded in data form, analyzed and controlled or optimized by automatic
processes. Can this approach be transferred to the level of water infrastructures as a
model?
In water management, the possible applications of intelligent and smart solutions are being intensively discussed and are already being used (see e.g. at [3–6]).
Modern automation technology for water management already has elements in its
core that need not fear comparison with Industry 4.0 solutions. Real-time-based
control or monitoring solutions are just as much in use as numerous intelligent
sensor technologies. They form an important basic framework for future digital
strategies. In order to obtain innovative and thus sustainable digitization solutions,
such automation and IT systems must be extended by suitable analysis and evaluation tools (Big and Smart Data). Only this enables an intelligent networking of
several objects with each other.
For the municipal user, the question now arises with whom he can start digitization. There are many specialist providers for individual application solutions, but
how will be done a well integration into a future platform solution? Whoever is
faced with the procurement of new IT systems, e.g. in the GIS/PLS-SCADA/ERP/
BFS areas, that is not an easy task to master. If there is a high degree of network
compatibility due to a close technological relationship between the individual
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solutions (see example MS Office), this facilitates the start incl. a step-by-step
development of a complete digitization.
In the fields of municipal water management that are eligible for digitization, there are already a large number of established providers whose solutions in
principle include these useful and expected functions. With regard to the basic
functions, normal companies are moving forward in small steps. The differences in
the functions can be recognized and evaluated more precisely after intensive use. If
providers have several applications, there is concern on the user side not to obtain
the supposedly best software for every task. If, however, a provider understands the
current requirements of networking and has its own development of its product
lines, this also has significant, clear advantages for the user compared to the sole
availability of a special function. These range from interoperability up to the elimination of un-useful complex parameterizations. The importance of standardized
user interfaces and dialogs, administration, data formats, menu navigation, etc.,
can be seen again when considering the development of the office world. For the
KOMMUNAL 4.0 product lines, the overall system selection is based on the aspects
of secure investment through technological sustainability as well as networking and
usability. In this case, the technology is concerned with the methods, technologies
and resources used in product development itself. They are essentially responsibilities for what is working today, in the future and what does not fit. At this point the
user must inform himself accordingly early enough in order not to wait too long or
also in vain for the necessary adaptations of his (special) provider in the future.
In particular, the currently pending change through digitalization is a good
way to orient himself comprehensively and to make new decisions if necessary.
If the user succeeds in procuring systems from one platform and possibly from
one provider, the networkability and operability of the overall solution will be
simplified. The solution should also offer the possibility to integrate already existing software applications. The conversion and renewal of software and its entire
technological basis also requires a lot of orientation, strength, competence and
investment at the providers side. A changeover from classic client-server software
to web systems, for example, also requires new thinking in development. As a result
of the high challenges, only small steps or adaptations of the outer shell are often
successful but no innovative progress or better results have to be achieved. Fitting
usability and an intuitive using of a software can only be determined after several
days of practical work. On the other hand users expect more today. They want deep
horizontal and vertical networking of the systems, e.g. with asset/maintenance
and SCADA systems. This has taken on a new and higher significance and it is
the most discussed topic of interfaces or integration capability or networkability
of the systems. Synchronization functions, uniform grammar, file formats, reliability and warranty are more and more in focus. Regarding these requirements
the KOMMUNAL 4.0 world is already one step ahead and offers compatible web
systems for GIS/PLS-SCADA/ERP/BFS tasks as well as integrated measurement and
data technology applications and smart machines. The company HST (consortium
leader of KOMMUNAL 4.0) for example has converted all its systems to platforms
and web technology in recent years and comprehensively networked its systems.
The widely used asset/maintenance management system KANiO and the process
control system SCADA.web are today highly communicative networkable solutions
with open standard interfaces as well as integration and synchronization functions
also for third-party systems. Reliability and optimal operability have priority.
An IT-supported ISMS (Information Security Management System) is already
available (KANiO-ISMS) for secure compliance with the requirements of the IT
German Security Act. It represents an important building block for the individual
steps on the way to a legally compliant IT security structure and is available as a
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separate application and also as a component of the KANiO system. The use of the
tool avoids uncoordinated individual measures that do not guarantee sufficiently
secure IT operation. In addition, the tool ensures that the company’s own efforts to
ensure secure IT operation can be proven to customers or legislators. Earlier measures can thus also be better aligned with the current security standard. In addition,
almost all process engineering machines of HST are gradually being equipped with
sensors and actuators (so-called IntelliSystems) so that SCADA and asset/maintenance management system can be directly networked and collaborated. This means
that there are already solutions for integrated IT and IoT communication across all
application levels, as shown in Figure 1.

3. Why does digitization differ from earlier technology developments?
Classical engineering-based research does not fully reflect the comprehensive
developments of digitization. With digitization, something very big has happening with increasing speed. It has now also reached the water industry. An analysis
of publications, studies and research carried out in the context of KOMMUNAL
4.0 in the field of industry 4.0 has shown that, in addition to technology patterns,
other subject areas are important which will also have a serious impact on the water
management. This applies, for example, to data sovereignty, data law and public
procurement law.
Thanks to the accompanying research of the federal technology program “Smart
Service World”, in which the KOMMUNAL 4.0 project is embedded, and the associated networking with other Industry 4.0 research networks such as the federal
technology program “Smart Data”, the project partners in KOMMUNAL 4.0 are
able to access the current state of knowledge and expected developments not only
at the field of IT security and legal issues. These coming topics, some of which have
not even been discussed in the water industry until today, are already the subject of
KOMMUNAL 4.0.
Previous technology flows primarily arose from development ideas that were
examined in individual objects or tasks. An example of this is the extended elimination of nitrogen in sewage treatment plants. When this aspect was investigated
and applied broadly after being anchored in legislation, the effects were limited to
the respective sewage treatment plant or the responsible organization. The other
departments of a municipality, city or association were not affected. The same can
be noticed for example for the so called fourth sewage treatment stage. From this
point of view, research institutes and plant operators were able to investigate into
such issues independently to get an isolated developed solution. Consequences of
a lack of communication between research institutes were not significant due to
low need of interdisciplinary interfaces. Although the existing scientific-technical
exchange among experts is maintained and also inspires research initiatives, a
mutual agreement on the research and development contents was not absolutely
necessary for the previous form of technology development.
In opposite to aforementioned situation the appearance of digitization must be
judged differently. Since as a cross-sectional technology it has an almost unlimited
influence on all technological and organizational environments. At the horizontal
level individual objects such as rain basins, flood reservoirs, water treatment plants
or sewage treatment plants have to be connected more and more with the entire
infrastructure systems across city and municipal boundaries. At the organizational
level (vertical level) different departments and organizations have to be linked to
each other. In addition, regional and supra-regional administrative and authority
units should also be integrated into these networking efforts.
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“It also applies to water management that everything that can be digitized
has to be digitized”. This comment made by Martin Weyand, BDEW Managing
Director Water/Wastewater [7] confirms the cognitions of KOMMUNAL 4.0.
Previous technological developments in water management have had only a limited impact on organizations and working methods, but in contrast to this, digitalization is expected to bring about massive changes in the everyday working lives
of individuals as it unfolds its full potential. Already from individual elements as
part of growing complex systems more far-reaching effects are to be expected.
This leads to the conclusion that an examination of new digital solutions must be
more comprehensive and must go beyond the previous horizon of knowledge and
understanding. This is where the holistic approach of KOMMUNAL 4.0 comes
in, in which all relevant individual modules and their interaction with each other
were taken into account from the very beginning. This approach allows a better
assessment of how to deal with digitization, even if it increases the amount of
work at the beginning. As a result, it is easier to assess the major consequences
of individual solutions and thus enables the foresighted engineering of networked systems. Based on this, current and future products and solutions will be
manufactured.

4. The KOMMUNAL 4.0 project—a German beacon of digitization
4.1 The funded project KOMMUNAL 4.0
The cooperation project KOMMUNAL 4.0, which is funded by the German
Federal Ministry of Economic Affairs and Energy, will devote itself in a special way
to the challenges described above. Current and expected future developments in the
field of Industry 4.0 were examined for applicability in municipal water management. KOMMUNAL 4.0 was selected as one of the 16 winners in a pure industrial
competition from 130 applicants [8]. The intended developments for digitization
lead to higher efficiency, safety and control in the operation of water management
plants and systems and can serve as a model for other infrastructure sectors. The
current low adaptability of municipal infrastructures to changing conditions such
as heavy rainfall or demographic change can be significantly increased with the help
of the IT and organizational solutions from KOMMUNAL 4.0.
The project consortium (see www.kommunal4null.de) under the cooperation
management of HST Systemtechnik GmbH & Co. KG strives for the following
essential goals:
• Standardization of data acquisition and transmission from heterogeneous CPS
(cyberphysical systems).
• Development of a web-based data platform for collection, structuring and
conversion of different data/data formats.
• Development of flexible platform architecture for optional use as intranet or
internet application.
• Development of application tools in the areas of design/engineering, benchmarking, object/network monitoring, data fusion, procurement, end-to-end
process chain and operational optimization.
• Development of required IT security concepts.
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• Development of digital business models such as machine sharing.
• Analysis of legal aspects of cloud computing.
The developments focus on modular and step-oriented solutions. It starts with
individual intelligent aggregates, so-called smart machines, and lead to the linking
of several objects with each other up to a completely networked infrastructure system. Essential objects of the project are so-called pilot projects. Here, the developed
application tools were installed at selected municipalities or operators in a real
infrastructure environment incl. comprehensively testing.
4.2 Association KOMMUNAL 4.0 e.V
In order to maintain the previous ideas and the already established network
of experts in the KOMMUNAL 4.0 funding project after the end of the project
(31.12.2019), the Federal Association KOMMUNAL 4.0 (www.kommunal4null-ev.
de) was founded in 2017. It supports the previous basic and competence transfer of
the funding project and will work as a hub for the digitization of municipal infrastructures. It also takes care of central tasks such as public relations for digitization,
training and further education, standardization and networking. The association
sees itself as a central point of contact for planning and implementing the first steps
toward the digitization of municipal infrastructures or for carrying out advanced
technological expansions. Even though the current focus is on the municipal water
sector due to the proximity to the funding project, all other relevant sectors of
municipal infrastructure are to be added in the future.
A central importance for the water sector is the establishment of a KOMMUNAL
4.0 academy. So far, the sector is not be able to offer any application-related
further training courses. The Federal Association KOMMUNAL 4.0 will offer a
corresponding service which covers the topics IT security, IT systems, operational
management, process control engineering as well as measurement and automation
engineering. But there will also be application-related offerings, e.g. how digitization can look specifically in water supply or wastewater disposal or in special
structures such as pumps, rainwater basins, sewage treatment plants, etc. In addition, there will be special seminars for mayors, heads of offices and planners so that
these industry participants can set their very special requirements in relation to the
challenges of digitization.
4.3 From smart machines to smart infrastructures
Embedded systems have been around for a long time at the water management.
The state of the art is that mechanical aggregates are connected to automation
technology, which takes over monitoring, control and regulation functions based
on various information (mostly from measurement sensors). Automation technology is also used for data acquisition and transmission to higher-level units such as
SCADA systems. They form an important part of a complete networking solution
(see Figure 1).
The stored specifications of a smart machine follow clear assignments and rules,
especially for control. Changes to the specifications are made by the operator via set
points or directly at the PLC level by a programmer. Data is linked locally by cable.
And how do smart machines emerge from this? Thanks to the availability of rapidly
increasing web-based application options, the monitoring, control and regulation
of actuators no longer needs to be carried out in isolation with locally recorded
data and locally used automation technology. For example, additional information
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such as current precipitation data or status information from a piping system can
be transferred from a central database to the local controller via a wireless Internet
connection or data line. Based on corresponding algorithms, the controller permanently analyzes the functional environment (in real time) and independently
adapts the control specifications (set points) to changing environmental conditions.
This is illustrated by the example of a pumping station.
Pumps are designed for an optimal but static operating point based at only one
expected operating situation. However, fluctuating water volumes and losses due
to unfavorable piping or other operating conditions cause pumps to run outside
their selected characteristic curve. This is also due to the fact that, unaware of
the actual delivery peaks, corresponding safety surcharges/reserves are provided
while dimensioning the pumps. This results in higher energy consumption and less
efficiency of the overall system and thus also reduces the service life of the units.
Innovative pump controllers (software solutions such as so-called IntelliPump system) permanently evaluate the entire operating situation and, by using frequency
control, enable operating sequences that permit several optimum operating points
depending on the requirements. This permanently guarantees the intended pumping safety and thus reduces wear and energy consumption of the pump. Another
advantage is the continuous monitoring of system operation. This enables faults to
be detected more quickly and a better condition assessment of the machine, thus
increasing overall operational safety. The formerly simple pump becomes a smart
pump system.
In the near future, smart machines will become standard equipment in water
management, also as a result of the KOMMUNAL 4.0 project. The connection to
web-based data portals, such as the precipitation portal NiRA.web, increases the
adaptability and efficiency of individual machines and the system in complete. The
virtual connection of the machines with the Internet allows access to all operating data from a central location. Selected operation-relevant data supports local
machine control, link systems/objects with each other and ensure efficient operation throughout the entire infrastructure system. An example of this is a sewer
network with various rainwater basins, pumping stations and a central connected
sewage treatment plant.
The interconnection of the objects, as shown in Figure 1, permits an optimal
congestion, flushing and operating regime of the entire infrastructure network. A
central data evaluation of all structures decides about the right time to empty storm
water tank, e.g. to keep sufficient storage capacities free for a next heavy rainfall
or flood event, or to make optimum use of capacities or to control the relief events
from storm water tanks in the sense of optimum water protection. The more quantitative and qualitative data are available for each structure/object, the better and
more efficiently each individual machine, each object and also the entire infrastructure system can be operated. Similar applications, e.g. the intelligent basin cleaning
system IntelliGrid, the self-regulating occupancy control system IntelliScreen for
increasing the material retention in horizontal bar screens or the EMA flow rate
recording system at rainwater overflows, are increasingly being used in water
management. In the course of the KOMMUNAL 4.0 project, the prerequisites are
now being created for networking individual applications across buildings in order
to create a genuine, smart infrastructure.

5. Where to start? Start digitizing correctly!
If, for example, current new installations of technical equipment are due, this
can be the ideal start of digitization on the basis of individual measures. At this
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stage, it should be examined whether it makes sense to design the new technical
equipment as a so-called smart machine or as a smart system. If digitization is
started with a smart local solution, it must be ensured that this solution is also
future-compatible with larger networking solutions, such as the KOMMUNAL
4.0 platform. A municipality benefits from this kind of digitization very early,
for example by installing a smart machine. This is a comparatively simple way of
approaching the complexity of digitization.
Smart machines and solutions based on the Intelli principle work autonomously
with the full advantages of digitization and can therefore be easily integrated
into a higher-level networking system at a later point in time, even if an overall
digital strategy for the municipality has not yet been defined. Figure 1 shows the
systematics of networked products that are already prepared for a platform connection and cover almost the entire range of applications on a horizontal and vertical
level. The same applies to upcoming new acquisitions of software solutions in the
areas of asset/maintenance management systems and SCADA. The compatibility
to the (smart) machine world has to be checked. The necessary knowledge can be
acquired by the KOMMUNAL 4.0 experts.
The example of the selection of a computer system on a relief threshold of
a sewer system will illustrate how smart systems as described can be applied.
Increasingly, screening systems are being used on discharge thresholds to reduce the
amount of dirt discharged into water bodies during discharge events. Conventional
systems automatically clean the screen bars at fixed intervals. The focus here is on
ensuring the hydraulic capacity, regardless of whether the current operating condition requires this or not. Smart rakes equipped, for example, with the IntelliScreen
system (see Smart Machines IoT level in Figure 1) use networked information
from local machine, operating data, webcam data and precipitation data from data
portals (see Measurement and Data Technology level in Figure 1) to achieve greater
operational safety and water protection.
While overflow screens have been cleaned by continuous comb and/or clearing devices up to now, screens equipped with Intelli systems have the advantage
of recognizing their current and prognostic screenings. In addition, speedcontrolled drives enable variable combing and clearing speeds and extended
power reserves. Networking and the inclusion of precipitation data enables an
even more accurate prognosis of the operating process and the combing and
clearing requirements. On the basis of this expanded and improved information
situation, the filter effect of the screenings is now used more intensively and for
longer in terms of water protection on the one hand. On the other hand, in the
case of heavy rainfall and overflow requirements, the spatial performance and
thus the relief safety is increased. The machine works locally by integrating digital
precipitation data from a web portal. In further steps, the machines are connected
to a process control system (see level Telecontrol or remote monitoring technology in Figure 1) or integrated into an asset/maintenance management system
for the organization of the necessary maintenance and repair work, in which the
documentation requirements of the IT Security Act are also fulfilled by using an
ISMS system (see IT Security, Asset Management and Digitization, Operations
Management, Law in Figure 1).
The integration of the various system modules as shown in Figure 2 into a
data and service platform (e.g. KOMMUNAL 4.0) optimize the technical side of
digitization. All data streams flow together at this platform and can be processed
for further analyses and purposes such as Big and Smart Data or for operational
support with a user-specified dashboard (see Figure 3). The system in Figure 1 can
also be used in the form of a process template to derive the necessary organizational
measures from the technical elements.
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Figure 2.
Increase pump efficiency with IntellPump software [4] (screenshot shows real pump characteristic curve and its
adaptation by software to ideal curve).

Figure 3.
Dashboard KOMMUNAL 4.0 [9] (screenshot shows example for a KOMMUNAL 4.0—cockpit = cockpit of
a smart city. It shows different data monitoring systems of water facilities that includes energy consumptions,
water level, traffic, dust, alarm events incl. local weather data).

5.1 Start with “anyway” projects
Even it is often propagated that the development of a comprehensive digital
strategy is needed to start digitization, it is often better to start digitalization at
a concrete and manageable practical case. Also at the beginning of KOMMUNAL
4.0, the planned application ideas were very strongly described from the perspective of an abstract digitization vision. Addressed municipal users (rightly) hardly
understood these ideas and could not transfer them to their own application
needs. More and more the communication of the project goals and the first results
were changed to take the needs of the municipalities in clear focus. With this
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strategy suitable digitalization ideas could be discussed and subsequently projected. The most important result to achieve an ideal start was using a current and
manageable investment project as an introduction to digitalization [10]. For this
purpose, the project partners carried out an analysis of a possible “Anyway” project (investment project, which has already been determined for implementation)
and examined how a KOMMUNAL 4.0 solution would serve the respective project
objective. In many cases, individual measures have to be filtered out from these
“Anyway” projects, in which digitization could be tested to a manageable extent.
If the use of the selected digitization measures were reached, the ideas were
transferred to the further measures of the “Anyway” projects or would be taken
into account in future projects. One example is the above-mentioned development
of standardized switchgear for digitized physical precipitation recording. In this
pilot project a KOMMUNAL 4.0 idea was tested at 10 physical precipitation measuring stations. If the test run would be successful, the digitization technology
of KOMMUNAL 4.0 will also be used in more than 200 measuring stations. The
feasibility of more than 40 application development was checked at the project
KOMMUNAL 4.0. Also corresponding application concepts and business model
possibilities were examined. 20 ideas could be developed up to implementation
maturity, half of which were put into practice and tested. The other half of ideas
will be implemented outside of the KOMMUNAL 4.0 project starting in 2020 with
the exception of four cases. This corresponds to an implementation rate of 80%.
This high rate was only possible because almost all pilot projects were based on
“Anyway” projects of the communal partners. Three exemplary applications are
presented below.
5.2 Predicting the flooding of gullies
An exemplary example of a KOMMUNAL 4.0 pilot project is the so called
“sinkbox management”. It was developed and tested as one of the first ideas in close
coordination with the municipal partner. All sinkbox data were already stored in
the HST asset/maintenance system KANiO before the project starts. However, at the
beginning it was not possible on the basis of the existing data to estimate which sink
boxes were under the risk of flooding during a rainfall event, so an effective preventive maintenance with regard to future heavy rainfall event was not possible. This
had to be changed by the joint project.
On the basis of 10 assessment criteria developed in cooperation with the operating people (Figure 4), a hazard matrix was developed that could be individually
created for each sink box. The matrix was integrated into the KANiO software by
connecting KOMMUNAL 4.0 platform elements. By linking the KANiO software
to KOMMUNAL 4.0 platform and precipitation portal NiRA.web, an automatic
data comparison of precipitation forecasts for selected urban areas with the data
of the hazard matrix is now carried out. If, for example, a defined rainfall event is
forecast for the selected period (e.g. >15 l/mm2 in the next 24 hours), the data of the
hazard matrix is compared with the precipitation forecast of NiRA.web and those
sink boxes are identified which are most at risk. The system automatically generates
a work order for the endangered sink boxes so that the affected sink boxes can be
emptied and cleaned as a precaution.
5.3 Wastewater flexibility “Diemelsee 4.0”
The municipality of Diemelsee in the district of Waldeck-Frankenberg/Germany
is currently constructing a new biological wastewater treatment plant by using the
SBR process in the holiday resort of Heringhausen. With its 400 inhabitants, the
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Figure 4.
Input screen sink box management (screenshot shows the input screen for one sink box with different
influencing criteria like e.g. heavy rain, leaves, high hydraulic flow, street gradient, root ingrowth snow, flow
from dirt roads, drainage capacity; also geodetic and type date).

town has an estimated 4000 overnight guests and 1000 day visitors in the summer
months. The large number of guests leads to an extremely fluctuating amount of
wastewater monthly and daily. With the help of KOMMUNAL 4.0, the idea was
developed to equip the infrastructure with digital control technology to increase the
flexibility and efficiency of the sewage treatment plant and the sewer network. The
idea was modeled on the pilot project “Digital Sewage Plant Söllingen”, which has
already been reported on in detail elsewhere [11]. The wastewater treatment plant
and the associated sewer network will be equipped with KOMMUNAL 4.0 control
technology elements and networked with precipitation forecasts and tourism data.
An additional innovative data analysis for the optimal coupling of the wastewater
treatment plant with pressure pipes, pump stations, rainwater retention basins
(which are connected upstream of the wastewater treatment plant), for the absorption of hydraulic peak loads and inlet fluctuations into the new SBR plant to be built
and the associated sewer network are part of the project. A core element of the
project is the Case-Based Reasoning (CBR) approach, which is a kind of artificial
intelligence that learns from experience from previous events and derives improvements from it.
5.4 Practice-integrated learning ensures effective knowledge transfer
To ensure that even small measures from the “Anyway” projects are suitable as
a start into digitization, a high level of learning and transmission success should
be ensured. For this reason, KOMMUNAL 4.0 tested two further developments
in practice in addition to the technical pilot projects. On the one hand it is about
securing the knowledge of older employees and on the other hand it is about the
question how planning, variant consideration, implementation and learning can
be integrative and agilely interlinked in a common project execution. In view of
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the increase in municipal tasks and the simultaneous shortage of personnel and
skilled workers, there is a lack of human resources to try out new developments
as complementary projects. In the course of KOMMUNAL 4.0, the new methodology HELIP (Highly Efficient Learning in Projects/Processes) was developed in
order to meet this challenge effectively. On the basis of current research results
on learning and transfer research as well as from project management, measures
such as the pilot projects presented are suitable for starting practical digitization at an early stage, even if many digitization topics still need to be learned
[12]. The HELIP concept is based on a 360° reflection of the tasks and necessary
learning content at the beginning of the planning phase. It assigns the necessary
knowledge transfer of new contents to individual organizational contexts and
the task of the respective municipality/department/division and integrates them
into selected “Anything” projects. The appropriate practice-related task packages are also adapted to the further decisions and planning steps of the overall
process. This ensures that the learning outcomes of smaller “Anyway” projects
are optimally transferable to larger digitization projects. Learning takes place in
everyday working life and is not separated from practice in remote seminars or
training courses. The separation of planning/implementation and further training, which has been customary up to now, is thus abolished. In addition, HELIP
supports the effective implementation of the Sustainable Development Goals No.
4, 6, 8, 11 and 13 of the United Nations and can be further developed as a basic
principle for management and education in projects to achieve the goals No. 7, 9,
12, 14 and 15.

6. KOMMUNAL 4.0 ensures that infrastructures retain their value
in the future
Many small and medium-sized communities are faced with the challenge of
reliably planning for the future in terms of maintaining and expanding their infrastructure in view of the consequences of demographic change. It is not unusual for
the largest infrastructure assets to be hidden underground. Up to 70% of this can be
accounted for by the sewer system with its special structures and sewage treatment
plants [13]. Sufficient and reliable data is required to achieve optimum investment planning. Decisions, based on inaccurate assumptions and estimates, must
be reduced to a minimum in the future. A major role is playing a value-preserving
operation of existing plants and objects, e.g. through efficient control solutions or
cost-saving condition monitoring.
The basis for intelligent data management and the control and operation
management is meaningful data acquisition and evaluation. This requires
modern IT structures that can be used both locally and as web-based solutions.
KOMMUNAL 4.0 pursues this premise and takes care of a fully comprehensive
data and IT structure. This starts locally at the machines (CPS), networks the
objects with each other and aims at a networked analysis and management of
entire infrastructures via the web-based data and service platform. This will
create a basic structure that is not limited to applications in water management
alone, but will also be suitable for use in other infrastructure sectors. The start
into digitization can be made from an overall strategic perspective by setting
up a central data and service platform, but also on the basis of software-related
or machine-related individual solutions. It must be ensured that all required
individual components (see Figure 1) can be networked and thus integrated into
the intended overall system.
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Chapter 4

Aquifer Characterization: The
Case of Hawassa City Aquifer
Shemsu Gulta and Brook Abate

Abstract
Hydrogeologists and other water experts agree on that the effective groundwater
management requires: firstly, a good understanding of the aquifer system; secondly,
identification of practical measures to control abstraction; and thirdly, improvement in groundwater resource through artificial recharge. A 16 years’ pumping test
and drilling lithology data and productive 29 wells were used to characterize the
aquifer parameters of the Hawassa City, Ethiopia. The aquifer system was characterized physically, potentially, spatially, quantitatively, and qualitatively using
AquiferTest software by applying Moench method to pumping test response data
considering the basic assumptions in the model. Weathered and fractured pumice,
basalt Scoriaceous rocks, fine-to-coarse-grained sand, and weathered ignimbrites
are major water-bearing formations found from the analysis. High porosity and
permeability due to these fractures are found to be a risk for the easy contamination
of the ground water from surface wastes especially at the shallow aquifer water
areas. Spatially, the southern corner and the lake shore of the city were identified as
a huge potential area. Percentage of recovery results are 95–100% and transmissivity varies from 4.77  104 m2/s to 1.75  101 m2/s. This follows the general pattern
of increasing value from east to west, that is, the value increases from the upper part
of the basin to the lower. Moreover, the annual ground flow vector map of the area
was developed using static water level data to see the direction of subsurface flow in
the area. Accordingly, a large magnitude of water flowing from the central and west
directions to the lake shore is identified showing similar profile with the surface
flow.
Keywords: Hawassa City, pumping test, AquiTest, Moench method,
aquifer characterization

1. Introduction
1.1 Aquifer characterization
Characterization of hydraulic properties of an aquifer involves the use of
existing pumping test data, hydrogeological map, geologic map, soil map, lithology
obtained from well logs, aquifer thickness, water table depth, structures and surface
water features, etc., so as to analyze the lateral distribution and nature of the
aquifer.
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Pumping test analysis and well logs were used to identify the aquifer system of
Tarmaber formation by the author [1]. Accordingly, the formation is categorized as
fractured aquifer where the dominant aquifer types are confined-double porosity
and single plane vertical aquifer. The double porosity aquifers are related to deeply
drilled wells reflecting presence of large and narrow fracture systems with high
permeability but with lower storage capacity. Transmissivity varies between
0.5 and 1400 m2/day.
1.2 Pumping test, slug test, and recovery measurement
1.2.1 Pumping test
Aquifer pumping test involves posing artificial stress on the hydrogeological
system by pumping water from a well and measuring the changes in water levels in
the pumped well and nearby observation wells. The response of the hydraulic head
in the aquifer can be used to estimate transmissivity or hydraulic conductivity in the
particular aquifer. The data from the pumping tests are used to calculate the specific
capacity (specific capacity = Q/s, where Q = yield and s = drawdown) of the well.
The total drawdown is the algebraic sum of the individual drawdowns during
the constant rate of pumping. The total drawdown can be estimated as:
TDDW ¼ DWL � SWL

(1)

where TDDW is total drawdown, DWL is dynamic water level, and SWL is static
water level.
In addition to estimating hydraulic properties of an aquifer system such as
transmissivity and hydraulic conductivity, a step-drawdown test is made to evaluate well performance criteria such as well loss and well efficiency. All conventional
well hydraulic theories are based on the assumption that laminar flow conditions
prevail in the aquifer during pumping.
In our study area Lake Hawassa catchment, pumping tests are most commonly
conducted following the development works usually for 24 h. The objective of the
pumping test is to evaluate the production capacity of the well and the aquifers and
to decide on the capacity and the position of the production well. Moreover, the
results of the pumping test are of great value to be used in the well operation and
maintenance apart from being used for future ground water study and research
purposes. A pumping well with a pump that allows to control the pumping rate, one
or more observation wells close enough to see the influence of the pumping well
(mostly in the pumped well or control well itself), some means of measuring water
levels in the observation wells at specific times throughout the course of the test;
using automatic pressure transducers or manually using depth meters.
1.2.2 Slug tests
Multiple well pump tests are not always feasible—there may not be any observation wells, and it may cost too much to put new wells in or it could be that we are
dealing with a contaminated system, and everything we pump out of the well have
to be hauled away and treated, which need more investment. There are alternative
methods that involve piezometers and a general set of tests called “slug” tests. These
tests involve introducing or removing a known quantity of water (a “slug” of water)
from a piezometer and measuring the time it takes to recover to the initial static
water level [2].
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1.2.3 Recovery measurement
After a pump test is performed for the specified time period, the well is shut off
and recovered data (heads in the observation well at times after the pump is shut
off) are collected. The recovery is the rate at which water in the well returns to
its static water level after the pumping is turned off. The recovery measure is
another estimate of the well yield. Percentage of recovery can be estimated by the
following relationship:
PR ¼ 100 � ðDWL � MRWLÞ=TDDW

(2)

where PR is percentage recovery, DWL is dynamic water level, MRWL is the
maximum recovery of water level, and TDDW is total drawdown.
1.2.4 Specific capacity
Specific capacity is known as well performance test estimated by assuming the
well is pumped at a constant rate long enough to establish the equilibrium drawdown; within the well, there is a combination of the decrease in hydraulic head
(pressure) and a pressure loss due to well loss. Specific capacity is defined as:
Sc ¼ Q =TDDw

(3)

where Sc is specific capacity, Q is the pumping rate, and TDDw is the total
drawdown in the well due to both aquifer drawdown and well loss.
Well loss is created by the turbulent flow of water through the well screen and
into the pump intake. Specific capacity is estimated by discharge on a linear x-axis
and drawdown on a linear y-axis and measuring the slope of the straight line fit.
1.2.5 Analyzing and evaluating pumping test data
Different hydrogeologists [2, 3] suggested very similar procedures for analyzing
and evaluating pumping test data. In general, it is as much an art as a science. It is
a science because it is based on theoretical models that the hydrogeologist must
understand and thorough investigations must be conducted into the geological
formations in the area of the test. It is an art because different types of aquifers can
exhibit similar drawdown behaviors, which demand interpretational skills on the
part of the hydrogeologist.
During an aquifer test, the hydraulic head in the aquifer declines as the time of
pumping increases. Analysis of hydraulic head decline, or drawdown, allows for the
estimation of aquifer hydraulic properties. For instance, authors [4] in the study of
aquifer parameters estimation in basaltic terrain and the application of wireless
sensor networks at Chikhaldara region, India; identified a pumping test as the best
available method to evaluate aquifer parameters. The tests were performed at 20
locations using the local farmers’ well pumps. The pumping phase of the tests had a
short duration of 60–210 min; the recovery phase of the tests had a longer duration
of 90–300 min. Three methods were adapted to estimate the aquifer parameters
in a basaltic terrain. Out of the three methods, two were conventional or analytical
curve matching techniques (the study is found in [5, 6]). The other technique was
a numerical method. Moreover, this study determined the flow direction of
sub-surface water using static groundwater level data within a basin from the past
20 years (1972–1992); an annual average water level map was constructed (with
respect to the above mean sea level).
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1.2.6 Pumping tests and methods of analysis
Among the main techniques are analytical/conventional methods and numerical
methods. Analytical/conventional methods involve one of the curve matching,
finding inflection points, or for special cases and fitting straight lines to the
pumping test data [4].
Models for the interpretation of pumping test data were initiated under constant
pumping test rate and equilibrium conditions for confined and unconfined aquifers.
Since then, different methods have been designed for pumping test analysis. Reliable estimates of the hydraulic parameters controlling an unconfined aquifer’s
capacity to store and transmit water are generally obtained by pumping test analysis
with one or more analytical models, of which authors [5, 7–14] are the most popular. Nowadays, the entire computation procedures and hydrological equations are
typically written into computer programs.
However, each of the methods is based on basic assumptions relating to geologic
formation, the basic types of well, such as well diameter, dug well and bore well.
Therefore, it is important to choose the right method of interpretation based on the
field conditions [3].
The study by Mishra and Kuhlman [6] discussed concisely the issue of which model
for which well conditions. According to this study, analytic and semi-analytic solutions
are often used by researchers and practitioners to estimate aquifer parameters from
unconfined aquifer pumping tests. The nonlinearity associated with unconfined (i.e.,
water table) aquifer tests make their analysis more complex than confined tests.
As the method by Cooper and Jacob [5] is a simplification of the Theis method
solution, the pumping well should fully penetrate a confined, homogeneous, and
isotropic aquifer. Single well tests from partially penetrating wells in unconfined
aquifers depart greatly from the Theis model. Moreover, unconfined aquifer tests
are affected by vertical anisotropy and specific yield in addition to transmissivity
and storage coefficient. These additional parameters control vertical gradients that
are created by partial penetration and drainage from the water table. Likewise,
leakage from adjacent confining beds also could affect transmissivity estimates,
which likely will be overestimated by the Cooper-Jacob method [15].
The study in Neuman [7] presented a physically based mathematical model that
treated the unconfined aquifer as compressible and the water table as a moving
material boundary. Newman’s approach describes the aquifer delayed response was
caused by physical water table movement; therefore, it was proposed to replace the
phrase “delayed yield” by “delayed water table response.” Besides this, the model
exhibits three distinct drawdown segments as shown in Figure 1.
Early-time response is controlled by the transmissivity and elastic storage coefficient and is analogous to the response of a confined aquifer, and the water table

Figure 1.
The three distinct drawdown segments in an unconfined aquifer (from [16]).
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does not drop significantly. Late-time response is a function of transmissivity and
specific yield (drainable porosity). Release of water is due to drainage from formation over large area water table decline slows and flow is essentially horizontal. At
intermediate time, the response is controlled by the aquifer’s vertical hydraulic
conductivity. The release of water is from gravity drainage and slope of timedrawdown curve relative to Theis curve decreases.
After comparative analysis of various methods for determination of specific
yield, the author in [8] concluded that the water table response to pumping is a
much faster phenomenon than drainage in the unsaturated zone above it.
The analytical model developed by Moench [14] combines and extends the work
of Boulton [13] and of Neuman [7, 8] to account for the release of water from the
unsaturated zone above the water table. In spite of the possible limitations inherent
in the assumption, the Neuman model has been used successfully by many
hydrogeologists in analysis of pumping tests conducted in water table (unconfined
aquifers). One of the primary features of the model is that it allows drawdown to
vary continuously in the vertical as well as the horizontal directions, thus retaining
the full three-dimensional, axisymmetric character of the flow regime. Another
feature is that the model accounts for aquifer compressibility. However, the use of
Neuman type curve fitting for unconfined aquifer conditions has sometimes led to
values of specific yield that are unrealistically low (plus sometime too high) compared to volume-based calculations.
Moreover, although both the Boulton and Neuman models could account for the
compressive characteristics of an aquifer by assuming the pumped well is infinitesimal in diameter, it becomes impossible to account for effects of well bore storage,
thereby limiting the usefulness of the models for accurate evaluation of specific
storage. This assumption necessitates that observation wells be located at large
distances from the pumped well to reduce the influence of well bore storage.
Unfortunately, this last requirement makes it difficult to record accurate early-time
measurements due to small drawdowns at large distances.
The study by Neuman [7] attributed the inability of Neuman’s models to give
reasonable estimates of specific yield (Sy) and capture this observed behavior near
the water table due to the disregard of “gradual drainage.” To resolve this problem,
the instantaneous moving water table boundary condition used by Neuman was
replaced with one containing a Boulton [13] delayed yield convolution integral. The
study by Neuman [7] recommended the composite analysis of pumping test data
and grouping of corresponding time drawdown data for parameterization as
opposed to the analyses of individual drawdown curves.
The Moench solution, presented in AquiferTest V. 2.55, is an extension of the
Neuman solution for drawdown in a homogeneous anisotropic confined or
unconfined aquifer with fully or partially penetrating pumping and multiple observation wells. The Moench solution also allows for water in the overlying unsaturated zone to be released either instantaneously in response to a declining water
table or gradually as approximated by Boulton’s convolution integral.
1.2.7 AquiferTest software application for pumping test data analysis
There are a number of software programs that can be used to complete the data
analysis of aquifer test drawdown data that include, but are not limited to,
AQTESOLV, AquiferTest, WTAQ , and AquiferWin32.
In the analysis of a multiple pumping test conducted in a layered unconfined
aquifer (harbor area of Antwerp, Belgium), the use of two computer programs was
presented: AquiferTest and WTAQ to investigate and compare previous results
obtained for transmissivity, hydraulic conductivity specific yield, and storage
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coefficient. The study made use of the Theis-type [14] curve method in AquiferTest
applicable to both partially and fully penetrating wells. This was used to calculate
dimensional drawdowns that are compared with time-drawdown data from 23
observation points to estimate the hydraulic properties of a finite, layered
unconfined aquifer situated in the harbor area of Antwerp. The study concluded
that AquiferTest and WTAQ form an excellent pair for the analyses of single or
multiple pumping tests in unconfined aquifers.
An assessment was made for the hydraulic properties of the Ethiopian Ashange
formations applying AquiferTest software. In the study, a total of 70 wells raw
pumping test data were analyzed and used besides their respective lithological log to
determine hydraulic property of Ashange formation. This study has done identification, analysis, and interpretation of aquifer system hydraulic properties of the geologic formation using the secondary well pump test data, lithological log, and data of
hydro geological field observations. Among the different stages of pumping tests,
constant rate pumping tests lasting between 5 and 72 h and recovery tests were used
to determine transmissivity, hydraulic conductivity, and storativity values. The study
analyzed single pumping test data mainly using Theis time-drawdown graphic
method by which aquifer properties have been calculated. The pump test data
including measured and calculated ones have been organized and processed using the
Aquifer test software version 3.5. Arc GIS 9.2 and Global mapper 11 were also used for
mapping in that study. As a result, the study finally identified the aquifer characteristics of the Ashange formation with respect to depth of the boreholes, age, and
variation of its spatial distribution and groundwater potential.

2. Geological and hydrogeological setting
In this phase of the research work, the aquifer type and water-bearing formations of borehole sites are generalized on the basis of lithological logs developed
from well cutting logs collected. For the study, 29 boreholes were used to understand the Hawassa City aquifer.
The main water-bearing geological formation in the Hawassa City ground water
system is classified along with the respective water-bearing thickness. The northeast part of the city has water-bearing formation of pumice ash and sand at depth
of 14–20 m, weathered and fractured basalt formations at a depth 23–40 m,
weathered pumice and rhyolite (42–54 m), and black and red scoria (60–66 m).
The north part of the city has sand (25.52–29 m), trachyte (29–39 m), and the
volcanic origins’ rocks (39–42 m) and (39–50.5 m). This shows that the area is likely
dominated by volcanic rocks for depth below 39 m.
The lake shore (east and southeast of the Hawassa city) covers slightly rhyolite
(7.15–9 m), scoria (9–12 m), dominant weathered basalt (12–27 m) and course sand
scoriaceous basalt that covers up to 39 m depth of the area. As the well site goes
apart to the west direction, the hydrogeology appears different for the whole lake
shore; the water striking depth is increasing, and ash with sand formation (23.58–
31 m), fractured basalt (49.43–57 m), and ash with scoriaceous basalt (60–69.24 m)
are recurrently reported. The far southern part of Hawassa city (Gara Riqata area)
where relatively the deepest wells of this study are located, the water striking point
gets deeper and the major aquifers recognized are pumice type of fractured, weathered and course-grained (18–32 m), highly weathered pumice (32–58 m), fine-to-medium-grained sand (66–72 m), silty sand and weathered rhyolite (79–94 m),
fractured pumice (94–102 m), weathered pumice (102–120 m), fine-to-mediumgrained sand (120–166 m), weathered pumice (166–172 m) and fine-grained sand
(184–196 m) are dominant of which sand covers the largest formation.
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Around the western part of the city (the industry zone), the water striking point
is the deepest of the study area. Highly fractured and weathered scoriaceous formation dominates the water-bearing strata (52–84 m). The central areas generally
fractured basalt (12–21.5 m), sand and ignimbrite (22.64–33.54 m), scoria and
pumice (27.38–38.20 m), and highly weathered ignimbrite (39.27–45 m).
About 30–60 m ignimbrites and pumice are dominant in large area of the central
part. These ignimbrite and pumice of the rift floor are well jointed while in some
cases, it is massive and pumiceous. Where it is well jointed, it has a high or moderate permeability, but in the other part, it has low permeability.
The relationship between lithology and aquifer characteristics is used to understand the qualitative and quantitative aspects of the hydrogeology in these areas.
The study by Glenn and Duffield [17] established the estimate of the representative
range of hydraulic properties (horizontal and vertical hydraulic conductivity,
storativity, specific yield, and porosity) of aquifers and aquitards in relation to the
formation type using values reported in different literatures. These tabulated values
are used to understand the hydraulic properties of the study area.
Therefore, the dominant water-bearing formations (weathered pumice, scoria,
fractured basalt, and sand of different types) possess large pores. Pumice and fractured
basalts strata, which are common relatively in the shallower formations, are devoid of
primary openings but possess secondary openings in the form of fractures and joints.
These features aid in the infiltration of surface water. Besides, pores and fractures in
laterites and fractures and joints in basalts act as reservoirs of groundwater.
Highly fractured and weathered scoriaceous formation dominates the waterbearing strata (52–84 m), and the fine-to-course-grained sand is the main water
source in depth beyond 100 m. Furthermore, lack of confining rocks like clay in the
area studied indicates that groundwater occurs in phreatic, unconfined conditions
in the weathered basalts that outcrop at the surface.
Looking into representative values, aquifers in the area are high hydraulic conductivity units and large porosity which will produce higher and more sustained
well yields than an aquifer where the clean sands and gravels are compartmentalized by interbedding with clay and other low hydraulic conductivity units.
2.1 Aquifer physical properties of Hawassa City
The results show (Table 1) the depth ranges from 25 m to 200 m below the
surface. The pumping phase of the tests had a duration of 1440 min; the recovery
phase of the tests had a duration of 45–240 min. Constant rate of discharge was
applied for each of the wells. These constant discharge rates are from 3.0 l/s (for
Gara Riqita 6) to 66 l/s (for Gara Riqita 1). Total drawdown varied from 0.03 m (for
Zewdu Village) to 12.36 m (for HU Techno Village) and average of 2.53 m.
2.1.1 Specific capacity
The specific capacity of the wells as the ratio of the yield to the total drawdown
is determined using Eq. (1). These two parameters (TDDw and Sc) along with the
discharge rate are calculated and tabulated for 29 wells as shown in Table 1.
As per Table 1, values of specific capacity range from 0.54 l/s/m to 2200 l/s/m.
Maximum values are toward the southwest part of the city (at Hawassa University
Referral Hospital) and tend to decline toward the central and then to the northern
corner. A decline in specific capacity may indicate declining S or T values due to
declining water levels or piezometric surfaces, thus large water level drawdown for
the specified discharge rate. It can also be used to determine the distribution of
transmissivity in the aquifer. The spatial distribution of specific capacity reveals
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Table 1.
Discharge rate, total drawdown, and specific capacity results.

that the increase in values coincides with the storage coefficient or transmissivity
value presented in Table 1. Higher specific capacity values were also found to
coincide with areas where extension fracture systems occur.
Using the total drawdown of the wells, a contour map is developed (Figure 2) to
see the response of the wells at the end of the pump test duration. This is important
to conclude about the potential of the aquifer for discharging.
This map shows, at the final hours, the water level that has been nearly stabilized
at the end at about water strike zone for those high potential wells of smaller
drawdown. This fluctuation could be due to the difference in the rock type of that
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Figure 2.
Contour map of the total drawdowns (UTM Coordinates at Zone 37).

area. Percentage of recovery is also estimated using TDDw and the maximum
recovery of water level during pumping test using Eq. (3). The results have 95–
100% recovery percentage which reflects high recovery rate. The recovery of these
wells is also fast that they recover up to the SWL within few minutes, even in 30 s.
The results clearly show that the study area is of high potential of ground water with
fast recovery for dewatering of the aquifer.
2.1.2 Saturated aquifer thickness (b)
The thickness values found in the study area range from 8 m to 136 m and
average of 30.30 m. Within the study area, the spatial distribution of saturated
thickness clearly indicates that the depth and the lakeshore have significant effect
on it. As the cutting depth increases and the site getting nearer to the lake shore, the
water-bearing formation thickness increases.
2.1.3 Analysis results using Moench method
This hydrogeological analysis method is done to determine the important
hydrogeological parameters of the wells using the method selected. Along with the
curve, the analysis result displays the important parameters, that is, transmissivity,
hydraulic conductivity, aquifer thickness, and storativity (specific yield for
unconfined aquifers). The result of the hydraulic parameters determined for the
analysis of all the wells are tabulated in Table 2.
As presented in Table 2, the three parameters are discussed below.
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2.1.3.1 Specific yield and storativity
If the aquifer is considered as a confined one, the storativity is determined, and
if it is unconfined, its specific yield is determined. The results show that confined
aquifers have very low storativity values (much less than 0.01, and as little as 105),
which mean that the aquifer is storing water using the mechanisms of aquifer
matrix expansion and the compressibility of water, which typically are both quite
small quantities. Unconfined aquifers have specific yield greater than 0.01 which is
about 0.517 for the Hawassa City subsurface.
As per the results, the specific yield is high in the south, west, central, and
southwest lake shore parts of the area and low in the east and northeast corner part
of the area. The storativity or/and specific yield values generally range from
4.77  104 to 5.17  101. Further, it could be seen that there is a decrease of
specific yield in the eastern to southeastern parts and again an increase toward the
west and central areas.
2.1.3.2 Transmissivity
Results show that the value of transmissivity varies from 4.77  104 m2/s to
1.75  101 m2/s. This follows the general pattern of increasing value from east to
west (the lake shore), that is, the value increases from the upper part of the basin to
the lower. This also shows a gradual increase of the hydraulic gradient. The high
transmissivity coincides with areas where the fractured zone occurs.
This high transmissivity in the study area is a better indicator of the water
production capacity of an aquifer than hydraulic conductivity. To see why, if we
consider a thin aquifer, for example, a sand bed interbedded (sandwiched) between
thick clay layers. The bed has a very high hydraulic conductivity because it consists
of clean sand; however, if it is not thick, it will not sustain a large production well
(its transmissivity is low).
2.2 Ground water flow dynamics
Annual ground water flow of the Hawassa City aquifer system is determined
using wells that are tested at same year and similar season of that year. This is aimed
to understand the spatial and temporal regional ground water flow pattern which is
essential for managing local and regional groundwater resources, protecting
groundwater quality, and delineating wellhead protection zones or drinking water
supply source areas. To develop hydraulic head distributions contour map of the
area, SWL and DWL data were used from Table 3.
From Table 3, five batches of wells are selected since their pumping test and
completion are undertaken at nearly similar season of that year. In this respect, for
2006, 4 wells; for 2009, 6 wells, for 2012, 5 wells; for 2013, 4 wells; and for 2014, 4
wells are annually grouped along with their SWL and DWL data.
To understand the spatial trend of the flow, contour maps and vector maps
are developed (Figure 3A–J). During vector map development, the vector
orientation is reversed using the command in the Surfer software. Because the SWL
and DWL readings are from the top surface downward and the software assumes
the values as elevation points otherwise and then wrong flow direction will be
identified.
From the above five sets of graphs (Figure 3A–J), groundwater moves from
higher elevations to lower elevations and from locations of higher pressure to
locations of lower pressure.
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Table 2.
Analysis result of the hydraulic parameters in Hawassa City.
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Table 3.
The ground water level data with space and time.
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In the vector maps shown, the arrow symbol points in the “downhill” direction
of water table and the length of the arrow depends on the magnitude, or steepness,
of the slope. A vector is drawn at each grid node; however, some nodes are
skipped by changing the frequency setting for the better view of the contour. Since
the grid contains dynamic water level data of wells, the direction arrows point in
the direction of water flows—from high water elevation to low water elevation.
Magnitude is indicated by arrow length. Therefore, the steeper slopes would have
longer arrows.
Looking into the map of the study area, SWL and DWL vectors indicate similar
trends for each of the years. The results show that for the year 2006, medium to
high magnitude of water flowed from the northern and central parts to west and
S-W direction. This indicates that there was high discharge from the western and
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Figure 3.
(A) SWL contour map and vector map showing flow direction (2006) with color scale; (B) SWL contour map
and vector map showing flow direction (2009) with color scale; (C) SWL contour map and vector map showing
flow direction (2012) with color scale; (D) SWL contour map and vector map showing flow direction (2013)
with color scale; (E) SWL contour map and vector map showing flow direction (2014) with color scale; (F)
DWL contour map and vector map showing flow direction (2006) with color scale; (G) DWL contour map and
vector map showing flow direction (2009) with color scale; (H) DWL contour map and vector map showing flow
direction (2012) with color scale; (I) DWL contour map and vector map showing flow direction (2013) with
color scale; and (J) DWL contour map and vector map showing flow direction (2014) with color scale.

S-W areas. For the year 2009, the map presented shows turbulence, so the flow
direction has no clear trend except for the lake shore area that receives water from
the nearby aquifer. For the year 2012, relatively medium magnitude water flows
into the Gara Riqata area, which produces huge water discharge for the next year
2013. The two years 2013 and 2014 results clearly reveal that significant amount of
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Figure 4.
Well depth wireframe map.

ground water flows from the large area of the city toward the lake shore. Thus, the
ground water system feeds the lake which will in turn accelerate the lake level rise.
For those months in which the pumping test of the wells conducted (i.e., March,
April, and May) large amount of infiltrated water from the discharge spots join the
ground water reservoir as this is the time immediately after the rainy season stops in
the area. Combining these graphical results and the one for the surface water flow
direction (Figure 3A–J), groundwater flow direction follows similar tendency of
the surface water movement, that is, it follows the surface profile. This also implies
the fact that the highlands are recharge areas and the lowland areas as nice spots for
discharging.
2.3 Guide to drilling depth in Hawassa City
Using the wire frame and the grid map of the well depth on Surfer 8 Software,
one can interpolate the required depth to be drilled at specific GPS location in the
study area. This is an important guide for borehole drillers and clients to estimate
the depth of the water striking formation at that specific site. To do so, the Surfer 8
Software can be used to display the map as shown in Figure 4.
The gridding method in Surfer 8 Software uses weighted average interpolation
algorithms. This means that with all other factors being equal, the closer a point is to
a grid node, the more weight it carries in determining the Z value at that grid node.
The difference between gridding methods is how the weighting factors are computed and applied to data points during grid node interpolation. The coefficient of
determination for this analysis is found to be R2 = 0.87, which indicates the strong
acceptability of the guide.
To increase the likelihood that these data are honored, one can increase the
number of grid lines in the X and Y direction. This increases the chance that grid
nodes coincide with data points, thereby increasing the chance that the data values
are applied directly to the grid file.
The geological formation at the depth to be drilled and the other
parameters determined by this and other studies shall be combined to get more
detailed information. Certainly, the more the depth drilled, the better will be
the safe yield.
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3. Conclusion
The main aquifers tapped by the Hawassa City ground water system is
unconfined and semi-confined type since no confining beds like clay are clearly
identified up to 200 m depth. Weathered and fractured pumice, basalt scoriaceous
rocks, fine-to-coarse-grained sand, and weathered ignimbrites are major waterbearing formations. The first water striking point is the shallowest around the lake
shore (west and S-W) and as the well site goes apart to the west direction, the water
striking depth is increasing and ash, fractured basalt and ash with scoriaceous basalt
are dominating. The Hawassa City ground water system is of high performance
and potential due to the very small drawdowns, fast recovery percentage (up to
100%), high transmissivities, and saturated thicknesses of the aquifer. The aquifer
materials are highly porous and the high aquifer porosities imply aquifers of high
storativity and better yield. The protective capacity of the overburden rock materials in the area is very low. Transmissivity and hydraulic conductivity values are
generally high in the lake shore and central parts. Since the aquifer materials in the
study area are highly permeable and relatively shallow, the groundwater has a high
susceptibility of being contaminated over large area. The ground water flows from
the E and S-E parts toward the central and western side of the city with a very
similar profile with the surface water flow direction.
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Chapter 5

Community Management and
Water Service Delivery in Africa
Joseph Okeyo Obosi

Abstract
Access to affordable and clean water has remained a challenge globally. Most
states in Africa states have championed the provision of water to its citizens through
state driven approaches. Despite the evidence that community water supply has
contributed positively more than any other single approach to provision of water
supply in Africa, it is still regarded as an informal approach. Most states in Africa
still prefer other conventional approaches like Concession and Affermage in
Francophone Africa and Commercialization through Management contracts in
Anglophone Africa at the expense of the community water management. Either
the state has not used the right approach or has neglected the community. Using
evidence from Kenya, Tanzania, Malawi, Ghana and Nigeria, the paper has argued
that the failure by the governments to acknowledge the disconnect between the
community needs and state priorities has been responsible for the poor state of
water provision in Africa.
Keywords: community management, service delivery, public private partnerships,
community water, state

1. Introduction
Community water supply may acquire region or county specific definitions.
However, it is generally identified by the people it serves, the purpose it serves
and the manner in which it is operated. The meaning ranges from a public water
system that serves at least 25 residents throughout the year and may consist of one
or multiple wells or reservoirs as in Sri Lanka. Ref. [1]; an alternative to private
sector participation in water supply, particularly with respect to urban areas [2] to
a community-run small-scale water projects which play a crucial role in the provision of an essential service, especially in the absence of any other alternative [3].
Irrespective of the finer details of the typologies, there is a consensus on the nature
and purpose of community water management. Typically, local community groups
or ‘community-based organizations’ (CBOs) bring together people for a common purpose and are agreed on how to achieve the objective through their own
management, in the pursuit of which they could be partnered in their operations
by NGOs which facilitate technical and financial resources and help relax the
prohibitive restrictions regarding land tenure [3]. They could also be partnered by
the government or other communities for the realization of the same objective. The
Community-based self-provision allows communities to form their own institutions
for water delivery without formal connections or partnerships with utility operators or municipal governments. Community self-help initiatives tend to be smaller
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in scope than formal utility-community partnerships and often operate in small
towns [4]. The rise of community water initiatives in different parts of the world
gained momentum after the UNDP led Community Water Initiative (CWI) to
support decentralized, demand-driven, innovative, low-cost, and community based
water resource management and water supply and sanitation projects in rural areas
through participatory development approach for water supply scheme planning,
construction and scheme management.
From 1990s, the community water management has gained more credence as an
alternative source of water supply especially in the rural areas and informal settlement areas in the urban centres. Community management of rural piped water
supplies is now widely established in many countries and will become even more
common in future [5]. This increasing emphasis on institutional dimensions of service delivery is also reflected in the Delhi Statement1 of 1990, which was to provide
guiding principles for water supply and sanitation in the 1990s. While maintaining a
focus on the use of low-cost appropriate technologies, the Statement include principles for institutional reforms, institutions of community management of services
and sound financial practices [6]. In Latin America, the disadvantaged segments of
the community get supply from leased regular water pipelines operated by richer
businessmen on behalf of the government. In Cochabamba-Bolivia, 74% of the poorest residents lack access to municipal water service and therefore rely on communities built commonly managed wells and water systems. Although Sub-Saharan Africa
is making the slowest relative and aggregate global progress with one in three people
(30%) without improved drinking water access [7], most clean water is delivered via
community-managed water points, either hand pumps or piped gravity-fed systems.
In Bolivia the dissatisfaction of the community against privatization of water
services caused serious riots that resulted into the cancelation of Multinational Water
supply contract. There are scholars who have little faith in service delivery under
the community management mode. In separate studies, argued that community
management is less impressive than theory suggests and has serious problems have
regarded the concept of community management approach as ‘myth’ in common
pool resource management in Africa [7–10]. This is further lent credence by the fact
that whether at central, regional or local, governments play dominant role in allAfrica infrastructure assessment except in water. It is only in the area of providing
and maintaining water services that local communities have a leading role.
In Africa, community water supply operates mainly as an informal sector.
Whereas in some countries, the supply has been a deliberate move by the government to distribute water to the disadvantaged through water communal points like
in Uganda, Ethiopia and Malawi and Tanzania [11], in others especially, Kenya;
community water supply has been orchestrated through self-help initiatives by
local communities with no direct involvement by the government. It is prevalent
in both rural and urban sectors. Once established, the community water projects
seek support from donors which may include the government and its agencies;
nongovernmental organizations, Church and even individuals to help them increase
water access, first to the members of the organization and secondly to customers.
To that extent, community water has increasingly become an alternative means to
water supply to increasingly larger and economically disadvantaged segments of
the society. Despite the evidence that the community water supply has contributed
positively more than any other single approach to provision of water supply in
Africa, it is still regarded as an informal approach.
The paper argues that community water management approach has not been
pursued through its optimal level. Either the state has not used the right approach
or has neglected the community. The argument is that the state ought to have used
deliberate and formal approach to facilitate the management of community water
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supply. It is therefore the absence of a strategic approach which paved way for the
community to be engaged through some semi-formal Public Private Partnership
especially in Kenya.
To what extent has failure of the governments to source and distribute water
to the deserving population responsible for mushrooming of community water
management approach in Africa? The obtaining trend is the observation that the
government is inadvertently acknowledging its inability to provide water to its
citizens in the required quantity, quality and time and thereby inviting alternative suppliers/communities. Are the communities competitors or partners of the
government in this endeavor? By analyzing community water management systems
in Kenya, Tanzania, Malawi, Ghana and Nigeria, the paper argues that Community
water management increases access to water through enhanced PPP, popular
participation, and institutional governance.
1.1 Theoretical framework
The paper is based on the theory of New Public Management in the delivery of
public services as propagated by Hood 1990, Kaboolian, 1998, and Page, 2005. The
assumption is that governments need to disaggregate public services to their most
basic units and focus on their cost management. In this context, the government shall
increase access to water by recognizing and establishing community water organizations by focusing upon entrepreneurial leadership under community management,
each of which will initiate their own innovations to ensure result based outputs. The
community water organizations that will then be subjected to input-output control
and evaluation upon performance management and audit. By doing this, more
efficiency, public private partnerships and innovation shall be realized resulting into
increased access to affordable water to the undeserving segment, currently unprioritized. This is informed by the argument that as currently constituted, community
water management has largely been ignored. They either operate informally and independently as in Kenya, direct control under local governments like in South Africa,
managed public private partnership as in Ghana or with under loosely managed and
unmonitored outfits in countries where the government had initiated the projects like
in Ethiopia, Malawi, Uganda and Tanzania, hence gross underperformance.
1.2 Methodological approach
The paper has used a comparative case analysis method to discuss community
water governance in Kenya, Malawi, Nigeria, Ghana and Tanzania. The countries
present a geographical diversity; Kenya and Tanzania in East Africa, Nigeria and
Ghana in West Africa while Malawi in Southern Africa. All are part of Anglophone
Africa. All except Nigeria have gone through water sector reforms and adopted
mainly commercialization of water services. Whereas Kenya and Nigeria have non
institutionalized community water management approach, the other three have
institutionalized government driven community water management approach,
with Ghana most vibrant. Tanzania and Malawi are cases of overwhelmed state
projects, which are steadily giving space for private community water management
interventions. Final the states form different categories of role of state in community water management. Whereas, Kenya demonstrates an Inspector/Prefect
role, Tanzania and Nigeria are Mediator category while Ghana and Malawi are
Benevolent States. We evaluated (1) the different sources of water for the communities, (2) The membership of community water organizations (3) the role of
government in community water management and (4) The role of public private
partnerships in community water service delivery. We conducted a desktop analysis
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of the interactions of the actors involved in community water management systems
in each country ranging from source to distribution. Of particular importance was
the role of the government in each of the activities and how that impacted on water
access to the consumers and with what results. The fundamental question was
whether or not community management improved water service delivery in the five
African counties.
1.3 Results and discussion
We have discussed in this section, the dynamics of community water management in the five counties namely, Kenya, Tanzania, Malawi, Ghana and Nigeria
by evaluating four processes of: sourcing and distribution of water; the role of
government; the community membership; and the involvement of public private
partnerships.
1.3.1 Sourcing and distribution of water
The central question was to establish how water is sourced and distributed in
Africa. Different countries use different methods to facilitate water access to the
community. Although the categorization of water sources usually takes the form
of rural–urban community dichotomy, the sources could also be categorized as
natural and artificial/conventional dichotomy. There are mainly two sources of
community water supply in Africa, Artificial/Conventional and Natural. Whereas
artificial sources include pipes, bore holes, wells and dams, Natural sources include
rain, rivers/streams, and ponds. The uniqueness lies in the management of the
distribution of the water from the sources to the consumers and the actors involved
in the process. The extent to which a large population depends on natural sources
is a manifestation of low level intervention of the government, thereby leaving
the population to depend on nature. Whereas the natural sources are free, the
water quality is unsafe and depends on climate variability. The use of conventional
sources, whether fixed point or mobile vendors require investments in pipe, treatment and other means of distribution and abstraction permits for Water service
providers (WSPs).
Each of the five countries, in different proportions, has both natural and artificial sources of community water supply. In Kenya, community water projects have
been recognized as alternative water Service Providers (WSP) and are registered
by Water Services Regulatory Board (WASREB) after meeting the conditions set by
the regulator. The community water supplies are mainly through Individual bore
holes, shallow wells, and water connection (kiosks) main utility companies [12].
Whereas some households have shallow wells in their yards, which neighbors are
able to access free of charge, others rely on a single tap from which they sell water
by the jerry can. In Dar es Salam, Tanzania, some entrepreneurs have constructed
small-scale piped networks, supplying water kiosks (canteens) without a piped
connection and sell water from Dar es Salaam Water and Sanitation Company
(DAWASCO) even in areas that are beyond the reach of the utility’s piped network.
The Mobile Vendors include water tankers and trucks; pushcart and bicycle vendors
who buy from a variety of water sources and resell to households. Another system is
where DAWASCO supplies water to a community water public taps, managed by a
Water Committee elected by the community for a three-year term [13].
Water shortages in the city of Dar es Salaam, Tanzania, had forced the community to seek for alternative ways of having clean and safe water. In other words,
inadequacy in the quality and quantity of water for each of its intended purposes
creates need for a communal approach as a coping response. The sources to
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community approach to address the unmet needs. Even in cases where the government initiated water projects for the community, the management and sustainability of the project is left at the hands of the community. More often than not,
citizens cannot access water without private efforts e.g. by installing water pumps
or by colluding with water utility staff, or by tapping into informal networks of
neighbors, water vendors and other intermediaries. Setting up a functional community water project takes high costs, a long time, complex processes of mobilizing
citizens, government authorities, NGOs, and many other stakeholders.
Citizens increasingly lose hope and trust towards the government if they have to
pay a high transaction costs in terms of time, money and other resources to access
official improved drinking-water sources, hence encourage either the proliferation
of informal water providers as alternatives or corruption within official providers
[14]. Poor communities therefore either resort to buying water from water vendors,
water kiosks, and other unapproved sources which inflate their household expenditure. Whereas in settlements with piped water close by, residents walk to fetch
water or pay for people to cart water to their residence, where they are far from
piped water supply, residents contract small-scale suppliers who deliver water in
motorized tanks. To help alleviate the deficit, the government of Ghana encourages the communities to provide services for themselves in the form of self-help
projects [15].
Like in Kenya, Ghana, Tanzania and Malawi, Nigeria’s main sources of community water supplies, are both natural including rain water, rivers, stream and
conventional ones which include public tap, borehole, hand dug well, neighbors
and Water vendors formal or informal [16]. Daily water supplies either come from
the natural sources or modern/conventional supply sources. While relatively over
80% of the rural population depend on the natural sources of supplies, the urban
residents are mostly served with supplies whose regularity vary depending on
residential areas and other socio-economic characteristics, mostly related with
ability to pay as well as the relative influence of certain individuals and groups
[17]. Unlike in Kenya and Tanzania, formal water vending in Nigeria is undertaken
by formal bodies, such as water utilities themselves or registered associations, or
by small scale informal supplies in tankers and the water is obtained either from
treated utility supplies or from registered sources. Like in Kenya and Tanzania,
informal vendors in Nigeria obtain water from many different sources, protected
and unprotected and deliver small quantities of water for domestic use in a variety
of ways ranging from carts and cycles to containers or wheel barrows, trolleys and
animal-drawn or mechanized carts and tanker trucks [18]. The government does
very little to guarantee safety of the sources of community water.
Notwithstanding its intervention, Community water supply in Nigeria is still
uncoordinated, mainly done by individuals to address the unmet needs by the government supplied water to the community. Unlike in Kenya, the registered associations do not necessarily supply water to the defined membership but to the market
implying that those who cannot afford are still at risk of going without water. In
the face of absolute neglect by the government with respect to water provision,
water vendors come in as an intervention. Although source is defined as unsafe, it
is unlikely that in the immediate future the government will succeed in providing
adequate and safe water supply to most urban centres in Nigeria [16].
In all the countries, the government has acknowledged community water
supply sources, irrespective of their safety and quality. In Ghana and Malawi, the
government contributes heavily for the establishment of conventional sources. In
Tanzania, the government has accommodated community identified sources. In
Kenya, the choice of sources to establish is the prerogatives of each community.
The fact that natural sources, most of which are unsafe, still form a large portion of
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the community water source, is an indication of the African governments’ lethargy
towards providing quality water to its citizens. The use of different sources of
community water is therefore a coping mechanism to mitigate the failures of the
governments to provide adequate water.
1.3.2 The role of the government
Different governments play different roles in community water supply in Africa.
In assessing the role of government, we targeted not only the regulatory roles but
also mobilization of the community, financing the development and maintenance
of the water sources.
The government of Kenya performs the following responsibilities in as far as
community water projects are concerned: issue of permits for sinking of bore holes;
registration of water service providers (WSPs); payment of water abstraction fee
and regulation of water tariffs and quality. The Water and Sanitation Regulatory
Board (WASREB) oversees, on behalf of the Ministry of Water and Irrigation,
the implementation of the National Water Services Strategy and Pro-Poor
Implementation Plan, which specifically focuses on expanding services to underserved low-income areas in Kenya.
The government of Tanzania initially provided water directly to communities
by facilitating sinking of boreholes to residents of a locality before the strategy was
overwhelmed and the government warmed up to private initiatives. The Water
Supply and Sanitation Act 2009 provided room for the formal establishment of
Community-owned Water Supply Organizations in various forms operating around
the aegis of: Dar es Salaam City Council (DCC); the civil societies; political party
organizations and private individuals as well as youth and women groups; and the
donor community which provided facilities to fringe settlements. The organizations individually operated water-kiosks or boreholes in informal or peri-urban
settlements, initially constructed by DAWASCO or by NGOs such as Water Aid
and PLAN International. The flexibility is intended to allow them to build on trust
and integrity already developed through existing social networks. According to
the Water Policy, grassroot institutions linked to local government including the
Village/Mtaa Water Committees (VWCs), are responsible for the management
of water supply schemes in their localities. Recognition of these structures by the
government through DCC gave the Mtaa some power of implementing community
action plans prepared by the various committees. The Mtaa leadership had been
playing a vital role in mobilizing resources and organizing community participation
and private involvement in water provision to the fringe areas [19].
Similarly, the government of Ghana established Community Water and
Sanitation Agency (CWSA) in 1998 by an act of Parliament (CWSA Act 564) to
provide the institutional base for the implementation of the national community
water and sanitation programme [20]. In conjunction with District Assemblies, the
CWSA developed procedures which Communities applying for water and sanitation
facilities should follow including composition of membership and proportion of
women in the membership and bank account before the grant could be provided.
This was to facilitate access to water for those without direct connection to the
state owned Ghana Water Company Limited (GWCL) and continue to rely on
informal services or secondary and tertiary sources due to reasons including lack
of land titles or non-affordability of the upfront connection fees [21]. The strategy
was to involve the community in planning and management of their water supply
systems and water resources through their elected Water and Sanitation (WATSAN)
Committees, Local Water Boards, Water and Sanitation Development Boards, Unit
Committees and Area Councils [22].
62

Community Management and Water Service Delivery in Africa
DOI: http://dx.doi.org/10.5772/intechopen.90746

Although not necessarily to the same extent as Ghana, the government of
Malawi also facilitated community water supply through Water service boards and
establishment of Water Users Association (WUA). The government owned water
management Boards own the main water infrastructure (treatment plants, etc.),
and communities own public standpipes or water kiosks that are managed by their
respective WUAs.
The National Rural Water Supply and Sanitation Policy, 2000 enhanced the role
of government of Nigeria at the centre of community water management by emphasizing rural water and sanitation through community participation. In most cases,
Water Boards or Water Corporations are used at the state level for urban water
services while rural water supply and sanitation (RWSS) is used for rural water
supply and sanitation. All the 774 local government authorities are further involved
in the provision and management of rural water supply and sanitation within their
respective domains, mostly through various community organization including
water and sanitation committees (WASCOMS).
In all the countries except Nigeria, community water supply had institutional
domains by either being domiciled in Ministries of water and Health or equivalents. In Nigeria, different Ministries and Agencies assume relevance and arrogate
water and sanitation responsibilities for their respective Ministries without clear
mechanism of coordination. At the state and local government levels, there are
further fragmentation and division of authorities to the extent that what emerge are
inter-agency competition both between agencies of each state and between agencies
of States and the Federal Government. This consequently leads to parallel drinking
water projects in some areas and communities as well as duplication of responsibilities. Allocation of water and sanitation projects is often politicized to favor communities with influential public officials, bureaucrats or politicians [16]. Whereas there
is direct intervention by the government in community water supply in Ghana,
Malawi, Tanzania and Nigeria, in Kenya, there is indirect intervention with a lot of
self-initiatives. In Nigeria, government has a selective intervention and makes little
attempt at mobilization of community participation.
1.3.3 Membership to community water projects
The membership to community water projects depends on the type of supply.
For individual and private water sources, there is no standing membership save for
the payment to the owners. Most of community water projects in Kenya are communally owned by individuals who came up together and formed an association to
source for funds to supply water to its members, usually those in the neighborhood.
With time they expand to access other non-members through payment for water.
The access could be either through water stand points or connection to individual
households. The associations could equally draw water from main water utility
company and set up a bulk meter outlet from where they could establish other connections. In a way, they serve as distributing agents at a profit on behalf of the main
water companies (Obosi).
The membership to community water projects in Tanzania is tied to area of
residence, or village commonly known as “Mtaa”, an extension of local government. Each village committee elects leaders who mobilize the community to run the
government-sponsored water project. Water is managed by water committees and
overseen by the political leaders such as street chairpersons. In Dar es Salaam, the
performance of community water projects in ensuring reliable access of water to
citizens greatly depend on the performance of local political leaders [13].
Like in Tanzania, membership to community water projects in Ghana are also
area specific and is indirectly driven by the state which has stipulated conditions
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including quota for women and initial 5% of the cost, for support to establish
community water supply through the District Assemblies and CWSA. Community
projects formed this way receive government support to the tune of 95%. Most of
them (56.3%) were jointly initiated by the government (represented by the District
Assemblies and the CWSA) and the community. The community water projects,
in reality, are largely donor-sponsored projects, which were implemented by the
government through the CWSA [14].
Membership of community water projects in Malawi is tied to proximity and
is state driven through Water Users Associations (WUA). Each community has
one WUA that is expected to represent the interests of all water users. The utility
provides technical expertise to WUAs through trained plumbers and other certified
workers. WUAs collect revenue from water sales and pay the utility on a monthly
basis. The Water Board (WB) benefits from this organized, streamlined revenue
collection system and can operate more efficiently, not having to supervise and pay
for employee (vendor) salaries. Each WUA typically comprises an appointed board
of trustees that is the final decision-making body and disciplinary arm; an executive
committee that is voted into office to oversee the day-to-day running of the association; a secretariat with employees headed by an administrator; inspectors who audit
water meter readings and report faults to the WUA office; and water vendors who
sell water at the kiosks. Community member customers contribute financially to the
WUAs by purchasing water and participate in the election of executives.
The fact that all the four countries have relied on government for community
water supply yet they still have challenges is an indication that reliance on the government by residents may not guarantee them unlimited access to water supply. Like in
Kenya, there is need to engage in self- help water supply projects by pooling resources
together to either sink boreholes or dig wells for their common use. This should be
coupled with community involvement in the water management process, which is
existent in all the countries except Nigeria. This will help residents to have a sense of
responsibility and thus curb the occurrence of vandalism of water equipment [17].
1.3.4 Involvement of public private partnership
Public private partnership is an arrangement in which the private sector in form
of individuals, corporates or community get into a co-production with the state
through shared responsibilities. In water supply the arrangement have included
Public Enterprise, Joint Ventures, Affermage, Built Operate Transfer, Built Operate
Transfer, Concession, Lease, Management Contracts and Private Ventures [12].
The timing and extent is a prerogative of the partners. Most of community water
projects in Kenya operate through public private partnerships. In addition to
engaging government for regulatory services, they also apply for government funds
as self-help projects either through constituency Development Funds (CDF) or
through Water services Trust Fund (WSTF) mainly to improve their infrastructural
development for uptake, supply and storage. These are usually one off assistance
and no compelling continued partnership. However for the funding from the
WSTF, the condition for qualifying for the grant is access to the rest of the community. In the urban areas, some utility companies, like Kisumu Water and Sanitation
Company (KIWASCO) in Kisumu, have as part of its approach to providing services
in low-income areas of Kisumu implemented a delegated management model since
2004, in which it partners with small-scale private operators which are formed from
within the community that is to be served [23].
Under this model “the utility sells bulk water to an agent who has been contracted
to operate and manage part of the system”. These agents who operate and manage the
last part of the service delivery system are known as ‘Master Operators’ (MOs) [6].
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The first appearance of PPP in water sector in Tanzania was the setting up of
Water kiosks by DAWASCO as a means to supply water to communities that do not
have in-house water connection. The kiosks are run by private agents who in return
pay rent to DAWASCO [24]. The other aspect of Partnerships involved drilling
of boreholes in which both public and private water drilling companies mediate
citizens’ access to water. The partnership usually brings together public services
and NGOs to provide water [25]. The strongest move towards actualization of PPP
in Tanzania was setting up of a Community Liaison Unit by DAWASA in 2003 to
help community-managed suppliers [26]. Various resources such as expertise and
experience, ideas, ability to organize, materials, labour and finance were mobilized
and used to improve potable water in informal settlements through participation of
various grassroots and external actors were involved. The grassroots actors include
the water users, i.e. individual households, vendors and the Mtaa leaders. External
actors came in as advisors, financiers and contractors in the construction of the
wells and include DCC, DAWASA, the Water Resource’s Institute (WRI) and the
UNDP and Lions Club. While DCC has been acting as a facilitator, DAWASA staff
have been providing free professional support in the form of, for example, amount
of chemical materials for treating water, to the WMCs and to individual private
owners. The community, private individuals (vendors), government institutions,
training institution, NGOs, e.g. Lions Club, local informal and formal businesses
and the United Nations Development Programme (UNDP). The community had
contributed funds through the initiation and co-ordination by the then village
government (known also as CCM leadership) of the area - financial assistance from
the Lions Club of Dar es Salaam and technical assistance from the Water Resource
Institute also of Dar es Salaam.
In 2006, the government of Malawi, in an attempt to address chronic water
scarcity in urban informal settlements, promoted community-public partnerships
(CPPs), a form of service co-production in which state water utilities work together
with community-elected water user associations (WUAs) [27]. The CPPs involved
community elected representatives and state water-delivery agencies over an
indefinite period: communities primarily oversee the management water services
and revenue collection, while the utility manages infrastructure, delivers water to
community pipes, and provides technical assistance [27]. Nongovernmental organizations, Water Aid and the Centre for Community Organization and Development
(CCODE), and the Lilongwe Water Board (LWB), a public water utility, mobilized
community leaders to form Water User Associations (WUAs). The partnerships
are intended to enhance water supply in underserved urban settlements and create
opportunities for communities to participate actively in water service delivery.
Community-elected WUAs manage revenue from water sales, oversee community
water points (kiosks), organize community elections to appoint representatives,
and report community complaints about service delivery to the LWB. LWB, in turn,
supplies water to WUA communities, provides technical assistance, and manages
Lilongwe’s main water infrastructure.
Private sector participation in the Rural Water and Sanitation (RWSS) subsector in Nigeria has been in the form of consultants, suppliers, manufacturers,
artisans. Non-Governmental Organizations (NGOs) are even becoming equally
relevant in the RWSS through collaboration with relevant authorities, communities
and donor organizations including: UNICEF assisted State Water and Sanitation
Projects (1981–2010); Japanese International Cooperation Agency’s (JICA) rural
water supply projects (1992–1994); United Nations Development Project (UNDP)Rural Water supply (1988–1993); European Union (EU) water and sanitation
programme (2002–2009); Department for International Development’s (DFID)
water and sanitation pilot project (2002–2008); Water Aid’s rural water supply
65

Resources of Water

and sanitation programme (1996–2010); United State Agency for International
Development; World Health Organization and World Bank [28]. Involvements of
these bodies have been restricted to financing, infrastructural provisions in urban,
rural areas and public spaces.
1.4 Analysis
The discussion of the results shows that different countries in Africa have used
community management differently for various reasons and in varying degree
of success. In all instances, community water management has been used as an
informal approach especially where the mainstream approaches have not been able
to access. Even in countries like Ethiopia and Malawi where the government established the community water supply, there is still little faith in its management [5].
The exponential of growth of different sources of water though at face value,
creates an impression of improved water supply, the dependence on natural sources
of water by a large population depicts a gloomy picture of access to safe, quality
and reliable water. It means that a large population is still vulnerable to waterborne
diseases arising from unprotected sources of water, hence not only giving the
government a temporary reprieve but also a false hope of less pressure from citizens
for water. The trend is worrying since even countries which began with benevolent
approach of supplying water to the communities like Ghana, Tanzania and Malawi
have ended up being overwhelmed by demand and had to change strategy to
accommodate more initiatives from the community. This means that it is not just
about the state’s direct involvement but taking the lead in promoting constructive
engagement based on each community’s need, without treating the communities as
homogeneous entities. The fact that the communities still rely on natural sources of
water is a further manifestation of the projects being initiated in desperation and
as a coping mechanism. It does not mean that they are capable of producing reliable
quality water at the expense of the government. The arguments of some opponents
of community water supply that emphasizes government’s attempt to run away
from its role and that the approach is not sustainable, hence suffice. However,
opponents of community management argue that the model is neither cost effective
nor sustainable hence does not work well for communities due to various reasons
including: non functionality of many such water points do not work by roughly
one-third across the continent [29]. In Tanzania, one-quarter of new water points
become non-functional within 2 years of installation [14]. For related reasons some
scholars argue that community management is the least preferred management
option for water users [10]. Other studies though appreciating the role of community water supply, established that the government’s preferred choices in the
management especially of maintenance is at times at variance with that of the community, hence less gain [10]. In Malawi, the technical and financial performance
under community management is weak and therefore the community management
has worked more for the state and donors as a means of offloading public service
delivery responsibility than it is for the community and therefore cannot deliver the
desired results (Elly [8, 9]).
In terms of roles of government in the community water supply in Africa, three
broad categories are identifiable; The Prefect/Inspector; The Mediator and the
Benevolent. In the prefect category, the government seldom mobilizes the community. Even where it does, its sole preoccupation is whether the community is
following the prescribed procedures. Although it might not bother so much even if
an initiative sprouts from a community, however, that initiative must comply with
the law for it to be permitted to work, failure to which it is branded informal and
its water unsafe. Due to its inability to comply with its obligation of providing an
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alternative, the government is embarrassed to either stop the operations or help in
the system improvement. It may however put some stringent pre-conditions for
community projects to qualify for the government support. The resultant scenario is
the mushrooming of so many unregulated sources of water supply including natural
sources, illegal tapping of government utility water companies. Kenya leads in this
kind of category. The Mediator category, both Passive and Active types, provides
an institutional framework to facilitate community water framework. The passive
mediator, may negotiate general support with donors and development partners
but does not enforce the support to the individual community water providers. It
is upon any individual entrepreneur to grab the opportunity and supply water to
the deserving community. This results in uncoordinated approach usually resulting
in exploitation of the underprivileged community and differential distribution of
water by privileges and status like the case is in Nigeria.
The Active mediator type government accepts responsibility to provide water
and after being overwhelmed, it not only creates institutional framework for support also but encourages donor partnership with the community. The communities
are not compelled to embrace donor support through mobilization and creating
space for community-donor engagement in the implementation process through an
administrative forum. This is a case that obtains in Tanzania, where the community leadership and the donor meet under the state facilitated Village/Mtaa Water
Committees. The arrangement does not interfere with other forms of community
water provision, either through vendors or private fixed water points. They operate
side by side. Neither does the government restrict individual and private initiatives
to provide water through other informal means.
The third category, the Benevolent State presents a situation in which the
government deliberately creates structure for community water supply. It is the
responsibility of the state to design and provide water access points for the community and is coordinated by the District Assembly/Local Administration. The
community is organized around known structures and area of a particular number
of households, who are mobilized to form Water User Associations for the management of the centralized community water supply. The government determines the
membership. This category obtains under community water management approach
in Malawi and Ghana and earlier own Tanzania before it slipped into the Mediator
category. In Malawi and Ethiopia, each government not only designed but also
constructed water points before inviting communal involvement. Ghana formed
National Community Water and Sanitation Programme (NCWSP) to facilitate
the provision of basic water and sanitation services to communities through
Community Ownership and Management [30]. Even though the government of
Kenya has strengthened the legal basis and capacity of community-based service
providers, they are still regarded as informal or small scale water service providers.
Whereas in some counties, the supply has been a deliberate move by the government to distribute water to the disadvantaged through water communal points
like in Uganda, Ethiopia and Malawi, in Kenya, community water supply has been
orchestrated through self-help initiatives by local communities with no direct role
by the government.
The involvement of Public Private Partnership in the community water management in Africa is very prominent, the extent to which differs from state to state.
Irrespective of the success, its emergence was no doubt, occasioned by the realization that neither the government nor the private sector alone could provide quality
and reliable water in good quantity and time to the community in Africa. The
difference in extent of involvement of PPP is related to the category of role of governments. In the Benevolent category, the state champions the search for strategic
partners to establish the infrastructure and mobilize the community to manage the
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community water supply. This challenge has generally been hampered by sustainability problems after the partners have left especially in Malawi. It is however less
in Ghana due to stronger institutional governance support. In the Passive mediator
category, there is limited activity in partnerships since only those championed
by the state are active and sustainability challenges arise shortly thereafter. In
the active mediator level there, are more PPPs both initiated by the state and by
individuals. There is a flurry of PPPs in the Inspector/Prefect Category where
individuals, private corporates and the government all participate asymmetrically.
There is no predetermined or prescribed way of partnerships. This is consistent
with other scholars observation. In Malawi and Ethiopia, the respective governments deliberately both singly and in support of International NGOs, established
community public water standpipes to provide access to rural population to water.
In Kenya community management was even stronger and started through self-help
initiatives and for members first. To date community water supply contributes up to
60% of total water access in Kenya [12], 40% of access in Dar es Salaam [31]. Of the
8 million Kenyans who have access to improved water in rural areas, 30% are served
by community-managed water supply schemes most of which were developed by
self-help groups. These self-help schemes differ from those in Ethiopia or Malawi
in two important aspects. First, they were designed to provide water mainly to the
members of the self-help groups, not equitably to everybody living in the service
areas. Secondly, they supply water mostly through household connections, not
public tap stands. Only 26.8% of the population have access to a basic minimum
level of service in Ethiopia, while 64.2% have access in Kenya and 84.5% have access
in South Africa (WSP, 2003). Whereas Central government is highest water sector provider at 51%, followed by Local authorities at 27% and Non-Governmental
organization including CBOs and PSP at 21% in Kenya, In Ethiopia Private Sector
Participation through CBOs is at 54% followed by local authorities at and no central
government direct participation.
Like in Ghana, the governments of Ethiopia and Malawi worked in partnership
with the communities and, the former providing technical standards and supervision. The government took the lead in implementing projects, and then in the 1990s
Water Aid, the international NGO, began giving financial and professional help
to the government schemes. The government engineers designed the schemes in
accordance with technical standards and the wishes of the communities served.
Ghana has further institutionalized Public Private Partnership in which involving
contracted Private Operators and Public Operators under Community Ownership
and Management approach under the supervision of local authorities through
District Assemblies. However, in Ethiopia, the Ethiopia Social Rehabilitation and
Development Fund (ESRDF) provide grant funding through the national budget
and the communities cover 10% of capital costs and all operating costs. As in
Ethiopia, the projects in Malawi were designed to serve the entire population in the
supply area, but only through public tap stands.
Table 1 shows that the growth of community water projects in inversely related
to the role of state. When there are more projects, the role of state tends towards
that of an inspector. When the reverse is the case, the role of the state tends to be
more of benevolent. Even the states whose role began as benevolent, eventually
need to tend towards mediator and later Inspector to ensure quality and safety.
1.5 Conclusion
The community water management supply has emerged as a core intervention
strategy in Africa to fill in the space the state has either abandoned or unable to
occupy. It has emerged and matured in various ways in different countries ranging
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development

Mobilization
of community
and partners;
infrastructure
development

Membership

Local
community
groups;
communitybased
organizations’
(CBOs);
institutions;
welfare
associations/
organized
groups

People living
a given radius;
individuals
and NGOs

People living
a given radius;
individuals

People living a
given radiusinitiative of the
community

People living a
given radiusinitiative
of the
community

PPP

Donors,
community,
state; WSP

Donors;
WSPs; water
utilities;
NGOs;
community
liaison unit;
political party
leadership,
local
authority

Consultants;
nongovernmental
organizations;
local
government
authorities;
local
community
water
committees;
donors

Donors,
nongovernmental
organizations;
center for
community
organization and
development
(CCODE); water
board; WSP;
local community/
WUAs

Donor,
community,
state

Role of
state in
community
water

Direction of flow community water and state involvement.

Table 1.
A framework of the involvement of state in community water management in Africa.

from state supported in Ghana, Tanzania, and Malawi to amorphous in Nigeria to
self-supported initiatives in Kenya. Even where the state has supported the initiatives, the state has been overwhelmed more informal water supplies still emerge
as in Nigeria and Tanzania and ended opening up to more public private partnerships like in Ghana. The higher the number of community water projects are,
the more likely the state will assume the Inspector role. There are fewer community
water projects in benevolent states. In all three categories of roles, ranging from
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Benevolent, Mediated and Inspector/Prefect, it is a clear that the state in Africa
cannot run away from facilitating community water supply. Neither can it wish it
away as long as citizens continue to go without water. In fact, the community water
and the state are strange bedfellows in the water supply. At times they act as partners, and at times as competitors especially in Inspector states. Since neither can
do without the other, public private partnerships is the best option. The countries
that have demonstrated high level of PPP have equally been able to relatively, show
more improvement in the water supply. In order to address inequality, quality and
exploitation the state still has complement the mobilization of resources by the
private sector.
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Chapter 6

Effects of Climate Change on
Water Resources, Indices, and
Related Activities in Colombia
Nathaly Güiza-Villa, Carlos Gay-García
and Jesús Efren Ospina-Noreña

Abstract
In Colombia, a country with great climatic diversity, the water balance is
affected in one way or another by climate change depending on the region. Thus,
there may be increases and decreases in precipitation and, in all cases, a huge
increase in temperature. This document presents some studies carried out in different areas of the country regarding the effects of climate change on water resources,
including its influence on hydroelectric power generation, some changes in the
water balance in arid areas, and the opportunity to ensemble climate change scenarios. Likewise, it outlines a possible future water supply-demand relationship,
where supply is associated with a change in the water balance and demand with
some crops, activities, and sectors that need water to survive. This allows to estimate some future status indices to see the overall picture of climate change in
connection with the country’s water resources.
Keywords: climate change, water resources, indices, water supply, water demand

1. Introduction
Colombia is a country located in South America within the Intertropical Convergence Zone (ITCZ), which is associated with east trade winds. And, in addition
to its varied orography, it boasts a great diversity of climates and rainy and dry
seasons, once or twice a year, depending on the area of interest [1]. The same
happens to the influence of climate change in the country, that is, precipitation
varies in different ways. Moreover, during Colombia’s Third National Communication on Climate Change before the United Nations Framework Convention on
Climate Change (UNFCCC), the Institute of Hydrology, Meteorology and Environmental Studies (IDEAM) said that there would be a reduction in precipitation
between 10 and 30% for 27% of the country, specifically in the northern and
southern areas of the Colombian territory. Conversely, the same variable is
expected to increase in 14% of the territory, in the central and western areas of
the country [2].
However, IDEAM studies cover a very large region of the country, which makes
them a poor reference for making local or scale decisions regarding the watershed.
Therefore, different studies have been carried out on that scale for different regions
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of the country, with different climatic and geographical conditions, some of which
will be detailed throughout this chapter.

2. Models and scenarios
The Intergovernmental Panel on Climate Change (IPCC) has demonstrated—
with 95% of certainty—that human beings and their activities are the leading cause
of global warming, which has become evident for more than five decades due to
the increase in the concentrations of greenhouse gases (GHG). This will produce
future changes in extreme weather and climate events throughout the planet.
Therefore, the temperature and frequency of extreme events associated with precipitation, both floods and droughts, are very likely to increase progressively [3].
In consequence, a range of future climate scenarios was created in order to
establish the potential influence on climate change on the planet in the short,
medium, and long term. The SRES scenarios (A1, A2, B1, and B2) [4] used for the
fourth assessment report (AR4) depend on a combination of future prospects for
economic and technological development, and population growth. And the RCP
scenarios or Representative Concentration Pathways (2.6, 4.5, 6.0, and 8.5), used
for the fifth assessment report (AR5), are associated with greenhouse gas emissions
measured as carbon dioxide [3]. The scenarios mentioned are briefly described
in Table 1.
The indicated table establishes the relationship between the SRES and RCP
scenarios with a possible equivalence between them, which can be used as a reference to observe the possible future changes in each of the studies mentioned in this

Scenario Description
SRES A1

It is a world with rapid economic growth, where the population grows to some extent in the
middle of the century and with a rapid spread of efficient new technologies [5]

SRES A2

It is a self-sufficient world, with continuous population growth and economic development
associated with technological changes [5]

SRES B1

It is a world with a rapid change in economic structures, where the population grows to
some extent in the middle of the century and with the introduction of efficient resources
and technologies [5]

SRES B2

It is a world with a local economic, social, and environmental emphasis, with sustainable
development, progressive population growth, and economic development oriented toward
environmental protection [5]

RCP 2.6

An increase in CO2Eq emissions is expected for the year 2100 until reaching a concentration
of 490 ppm, with a peak prior to that year and a subsequent decrease, which would increase
temperature from 0.3 to 1.7°C [2]

RCP 4.5

An increase in CO2Eq emissions is expected for the year 2100 until reaching a concentration
of 650 ppm, with a subsequent stabilization, which would increase temperature from 1.1 to
2.6°C. It is equivalent to SRES B1 [2]

RCP 6.0

An increase in CO2Eq emissions is expected for the year 2100 until reaching a concentration
of 850 ppm, with a subsequent stabilization, which would increase temperature from 1.4 to
3.1°C. It is equivalent to SRES B2 [2]

RCP 8.5

An increase in CO2Eq emissions is expected for the year 2100 until reaching a concentration
of 1370 ppm, with subsequent growth, which would increase temperature from 2.6 to
4.8°C [2]

Table 1.
Description of climate change scenarios.
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Models
HadGem2-ES, GDFL-CM3
CCSRNIES-A21, CSIROMK2B-A21, CGCM2-A21,
CGCM2-A22, CGCM2-A23, HadCM3-A21,
HadCM3-A22, HadCM3-A23, HadCM3-A2SDSM.

Period

RCP 4.5
2050-2070
and RCP 8.5
SRES A2
and B2

2010-2100

Location

Study

Uribia, La
Guajira

[6]

Sinú-Caribe
Basin

[7–10]

BCCCM1-1, CCSM4, GISS-E2-R, HadGEM2-AO,
HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESMCHEM, MIROC-ESM, MIROC5, MRI-CGCM3,
NorESM1-M.

2050-2070
Nilo,
[11, 12]
RCP 2.6,
Cundinamarca
4.5, 6.0 and
8.5

IPSL-CM5A-LR, IPSL-CM5A-MR, MIROC 5

RCP 4.5 and 2020-2050
RCP 8.5

Table 2.
Models and scenarios according to the reviewed study.

Figure 1.
Locations of the studies in the Colombian territory.
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Coello River
Basin, Tolima

[13]
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document. Given its broad temporal spectrum, Table 2 shows the different scenarios over different periods of time.
The studies are located in different areas of the country, with different
characteristics. The map illustrated in Figure 1 shows their exact location
within Colombia.

3. Effects of climate change on water resources, indices, and related
activities in Colombia
This section introduces the studies carried out in different areas of the country,
using different methodologies, which are explained in depth in each of the investigations. Additionally, it sets out the possible effects of climate change on the water
resources in each location.
3.1 Effects of climate change on indices and climate zonification
3.1.1 Uribia, La Guajira
This study was carried out in Uribia, located in La Guajira, which corresponds to
a desert area according to the Lang’s Index (LI) and with little or no surplus water
according to the Thornthwaite climate classification. It is an approximation of what
may happen to the abovementioned classifications under climate change scenarios.
As shown in Table 2, this study considered two models and two scenarios. The
HadGem2-ES model was the optimistic scenario for the RCP 4.5 scenario in 2050
and the GDFL-CM3 model was the pessimistic scenario for the RCP 8.5 scenario
in 2070.
A hydrological balance was made both for the baseline (1976–2050) and for the
previously mentioned scenarios, based on the meteorological data measured at the
Nazareth station and its corresponding future change scenarios due to the influence
of climate change. Table 3 shows the annual average values for each variable
considered in the water balance.
The climate change models were reviewed, obtaining an increase of 1.7°C and a
2.4% decrease in precipitation for the optimistic scenario, as well as an increase of
3.7°C and an 11% decrease in precipitation for the pessimistic scenario. This will
have a direct effect on the provisional crops, as soil moisture will be reduced.
As an example, Table 4 summarizes the changes in the variables resulting from
the water balance and the implications that these changes may have on the water
requirements of the corn, bean, and melon crops in the study area.
Variable
Maximum temperature (°C)

32.5

Average temperature (°C)

27.3

Minimum temperature (°C)

22.0

Precipitation (mm)

510.2

Evaporation (mm)

2044.5

Evapotranspiration (mm)

1521.1

Table 3.
Meteorological variables of Nazareth station [6].
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Baseline value

77
1781.5
446.2

1060.6

Def (mm/year)

403.8

257.5

195.9

223.9

Water requirements (mm/year)—Corn

Water requirements (mm/year)—Bean

426.9

446.2

179.9

167.2

169.4

64

656.9

64.0

720.9

445.2
426.2
356.6
394.1

12.5
65.8
85.3
80.3

445.2
2261.3

41.8

1816.1

68.0
12.5

Value

170.2

160.7

168.7

65

690.5

65

755.5

Difference (mm)

76.0

82.0

65.5

12.7

44

12.7

71.2

Change (%)

GDFL-ESM2G (HD) 6.02070

Change (%)

Table 4.
Summary of water balance and requirements for the different scenarios and periods [14].

The bold values highlight the percentage change.

Water requirements (mm/year)—Melon

363.1

510.2

ETa (mm/year)

2227.7

510.2

1570.8

Pcp (mm/year)

ETo (mm/year)

Value

Difference (mm)

GDFL-ESM2G (GD) 4.52050

Baseline

Water layer

412.5

370.2

433.7

446.2

2317.0

446.2

1870.8

Value

188.6

174.3

176.2

64

746.1

64.0

810.1

Difference (mm)

84.2

89.0

68.4

12.5

47.5

12.5

76.4

Change (%)

GDFL-ESM2G (HE) 8.52070
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Once the water balance has been carried out with the new weather conditions, it
is clear that none of the classifications mentioned at the beginning of this section
have changed (Lang and Thornthwaite). However, the conditions of such classification are exacerbated since there is a reduction in the Moisture Index (Im), which
may have a negative implication, both ecologically and socially, due to the lower
availability and access to drinking water.
This suggests that there is a growing need to investigate this area in order to
develop an adequate plan that may include water harvesting projects or efficient
crop irrigation systems that take into account the future demands and projected
precipitation deficits, to serve as a climate change adaptation strategy.
3.2 Effects of climate change on related activities
3.2.1 Sinú-Caribe basin
The influence of climate change in this area of the country was analyzed,
evaluating the supply-demand relationship. The activities related to hydroelectric
power were taken into account in four investigations that will be briefly described
in this section.
This area of the country is deserted due to the anthropic activity in the riverbed
of the basin, in addition to the deforestation associated with different activities. It
is a region of great importance for the country considering that approximately
66% of the electricity in Colombia is generated in hydroelectric plants [15] and
that 3.7% of that value is a direct contribution of the Urra I system, located in the
Sinú-Caribe basin. Moreover, it is susceptible to flooding; so the occurrence of
extreme precipitation events is important for research related to climate change,
considering that due to its influence the events will tend to be more frequent in
the future [3].
For the first investigation carried out in 2009 [7], the precipitation and temperature data were initially obtained for two weather stations in the area. Then, some
statistical regressions were performed to establish the relationship between the
mentioned variables and the flow measured in the basin. Regarding the future
projection of precipitation and temperature, some scenarios were generated taking
into account the data of climate change models (deltas) and the series observed in
the basin stations.
When reviewing the precipitation projected by each of the models, it was concluded that some projects have an increase and others a decrease, having a possible
percentage change between 21 and 14. However, the flow tends to decrease
between 2 and 35% regardless of whether precipitation increases or not, given its
relationship with other variables.
Given the above, the intention was to establish the sensitivity and vulnerability
of the hydroelectric power generation system, creating scenarios based on the
supply and demand of the area and the aforementioned climate projections. The
scenarios were entered in the “Water Evaluation and Planning System-WEAP 2.1”
and it was found that hydropower generation tends to decrease in the future,
between 15 and 46%, which can increase the production costs that could be transferred to the users of this service. The above is summarized in Table 5.
This study indicates that research should be carried out in order to establish the
potential vulnerability of systems related to supply and demand in this area under
the influence of climate change. Therefore, a subsequent investigation was carried
out in which it was considered that the impact on water resources was not only the
result of the change in its offer or its quality, but also the pressure on the said offer
in which the population and planning processes influence significantly [8].
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Model/variable

Electricity generation
1

Change %
CCSRNIES_A21

0.7

16.5

Change %
5.9

CSIROMK2B_A21

11.3

25.4

2.3

CGCM2_A21

0.8

16.5

11.8

CGCM2_A22

13.7

27.4

13.3

CGCM2_A23

13.4

27.1

11.3

HadCM3_A21

35.2

45.5

34.9

HadCM3_A22

25.9

37.7

23.8

HadCM3_A23

2.9

18.3

14.2

0.6

15.4

2.3

27.2

38.8

HadCM3_A2_SDSM
Statistic
1

Change %

Flow
2

Reference scenario or baseline (1418.9 GWh/year).
Maximum generation capacity (1687.2 GWh/year).

2

Table 5.
Changes in hydroelectric power generation and its related variables [7].

A model was made using WEAP 2.1 software, to simulate hydrological processes
in the scenarios concerning anthropogenic changes, land use, demands, and regulations among others. Its methodology is based on obtaining information on the daily
consumption and activities in the study area, and their corresponding future
increases based on projections. Then, it was contrasted with the reduction in supply
due to environmental flow and quality considerations, as well as the possible variation in both temperature and precipitation and its consequent influence on the
change in supply. Using WEAP, aspects of the supply-demand relationship were
determined, such as unsatisfied demand, demand coverage, supply requirement,
supply delivered, demand increase, and resource pressure indices. All scenarios are
considered to be consistent with an increase in temperature and a positive or
negative change in precipitation, as shown in Appendix 1, with a consequent
decrease in the water flow or supply available.
As a result, it was concluded that in all scenarios it is not possible to supply the
demand for water resources in all sectors and activities (commercial, industrial,
rural, and urban areas), leading to a progressive growth of unsatisfied demand for
the year 2039, as shown in Figure 2.
From this research, it is important to highlight the allocation of weights to
climate change models based on their contribution to the flow, and their
corresponding increase and decrease in temperature and precipitation respectively.
Accordingly, a single weighted average scenario was proposed, where the worst
possible scenarios are given a greater weight. Therefore, this scenario becomes a
tool for planning water conservation strategies, such as the implementation of
technologies for the reuse or efficient use of water, as well as the inclusion of
vegetation conservation.
It was concluded that the proposed methodology and application of the WEAP
tool allow to have a broader view of the resource in a region, allowing a better
management of the water resource, with the possibility of planning strategies properly and taking into account adverse effects. This establishes the need to carry out a
regionalization of climate change in order to develop tools that allow a detailed
observation of its impact at local level. Finally, the inclusion of hydrological variables
allows planning based on the water supply, reducing uncertainty in some way.
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Figure 2.
Total unsatisfied demand, Sinú-Caribe basin [8].

Having reviewed the supply-demand relationship in this area for different
activities and considering the importance of hydroelectric power generation for the
country, the need to propose a vulnerability index for this activity was established
[9]. Based on the observed and projected data from the previous investigations,
both for precipitation and temperature and for flow, as well as on the supply and
demand data of the water resource, the WEAP tool was used again to perform a
water balance that includes the data mentioned and the operating policies, technical
problems, bathymetries, and evaporation in the basin.
Given the above, there is a direct relationship between the flow and the volume
of the basin with changes in precipitation and temperature. Therefore, the vulnerability index will depend directly on these two variables, its lowest value being the
result of a 10% increase in precipitation and a 0.5°C increase in temperature and the
highest value the result of a 10% decrease in precipitation and a 3°C increase in
temperature.
Given the cost overruns in energy production, research similar to the previous
one supposes the possibility for decision-makers to establish the vulnerability of
their systems to climate change, as well as to implement projects to adapt to and
mitigate the effects.
Finally, it was intended to establish if the availability of water can act as an
optimization factor in the generation of hydroelectric power [10]; so, an investigation
focused on this topic was carried out. To do so, using both current and future supply
and demand values, an adapted scenario was established in which demand decreases
by 20% due to the efficient use of water. This makes the critical point at which
demand equals supply more distant, having a difference of 5 years on average.
As for hydroelectric generation, some system optimization scenarios were
established, including pumping from a downstream point of the basin to an upstream
point, which regulates the basin and can be used to mitigate events of flood that, as
mentioned, are very likely to occur. The optimization scenarios are contingent on
pumping with different start dates and the amount of water extracted. It was
established that pumping must begin before the critical point established for each
demand scenario to avoid regional conflicts over the use of water.
However, from this latest investigation it was concluded that the critical point
with measures such as pumping only takes a little longer to occur. Therefore, it is
crucial to make changes in demand such as establishing appropriate water management and regulation strategies, optimizing water delivery infrastructure, and
establishing priorities. This study and the previous ones encourage decision-makers
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to carry out adaptation projects that take into account all the issues addressed in this
section and the changes in the meteorological variables indicated in Appendix 1.
3.3 Effects of climate change on water resources, indices, and related activities
3.3.1 Nilo, Cundinamarca
The municipality of Nilo, located in the department of Cundinamarca, is an
important region for the production of Cocoa in Colombia. This study seeks to
evaluate the water requirements for growing this product in current and future
scenarios with climate changes [11].
For this purpose, a baseline was initially established in the period 1975–2005.
Then, using variables such as precipitation, temperature, evapotranspiration,
among others, a water balance was performed to recognize and characterize the
study area, establishing adequate water availability, according to the water resource
indices in Table 6. This procedure was repeated again considering the change in the
projected meteorological variables for the years 2050 and 2070.
Additionally, the water requirements of the crop were established using
CropWat software, climatic variables of the baseline and future scenarios, as well as
some parameters related to soil, which were established based on fieldwork
performed in the study area.
Consequently, crops were delimited due to water deficiency in soil, as a result of
an increase in temperature (T) and a decrease in precipitation (PCP). The aforementioned will involve drought stress, a possible increase in pests, and a drastic
reduction in crop yield. In addition, there will be a possible increase in the water
deficit (Def) in both the pessimistic and optimistic scenarios, changing the Hydric
Availability Index (HAI) in the area from optimal to semiarid, as shown in Table 7.
According to the values in Table 7, in terms of the water requirements of the
reference crop, a value of 359 mm for the baseline and a consequent increase up to
535 mm were established as a result of climate change.
This study opens up the possibility of planning the use of the land, depending on
the water requirements of both current and future crops, in order to make sustainable use of the water resource and can serve as a reference for new studies on this
subject. This investigation measured the arithmetic average of the results obtained
from the different models and scenarios. However, it does not allow observing the
effect of each model, which may differ from each other, either in the magnitude of
the change in temperature or in the increase or decrease in precipitation.
Index Description

The Lang’s index describes the humidity conditions in the area as the VH: Very humid
ratio between average annual precipitation and average annual
H: Humid
temperature [16]
MH: Moderately humid
ML: Semiarid
L: Arid
VL: Desert

HAI

The Hydric availability index allows to identify surpluses or
deficiencies of water in specific areas or periods. It is a function of the
relationship between the sum of the actual evapotranspiration and a
quarter of the surpluses with the potential evapotranspiration [17]

Table 6.
Description and assessment of the calculated indices.
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Value

LI

VH: Very humid
H: Humid
MH: Moderately humid
M: Optimal
ML: Semiarid
L: Arid
VL: Desert
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Therefore, the scenarios were grouped into four clusters or groups of similar
results, in which the centroid value of each of the variables was obtained, as shown
in Table 8. It was decided to assemble a scenario by assigning weight factors to each
cluster, in order to generate a unique scenario with the most adverse effects. Since
the municipality of Nilo is mainly engaged in agriculture, it was concluded that the
most negative effect in this area is the reduction of precipitation and the increase in
temperature. Therefore, the clusters in which this occurs will have a greater value
at the time of assigning the weight factor (WF) for each of variable [12].
Accordingly, a unique scenario (WA) for precipitation and average, minimum
and maximum temperatures were established based on the previously assigned
weights. This scenario differs from the arithmetic average (AA) of all the scenarios
calculated; they were compared with the established baseline (BL), as shown in
Figure 3.
Climate variable/scenario
Current
Change in climate variable/
scenario

Tmin (°C)

Tmax (°C)

Tavg (°C)

PCP
(mm)

Def
(mm)

LI

HAI

21.4

23.4

22.4

1292.0

124.5

M-L

M

ΔTmin
(°C)

ΔTmax
(°C)

ΔTmed
(°C)

ΔPCP
(%)

ΔDef
(%)

LI

HAI

Pessimistic 2050

2.0

2.1

2.1

39.8

396.4

L

L

Optimistic 2050

1.3

2.3

1.8

3.2

31.1

M-L

M

Average 2050

1.6

2.1

1.8

15.8

152.8

L

M-L

Pessimistic 2070

2.5

3.5

3.0

36.5

382.8

L

L

Optimistic 2070

2.5

3.7

3.1

14.3

13.9

M-L

M

Average 2070

2.1

2.6

2.3

14.0

150.1

L

M-L

Table 7.
Summary of the variation of climatic variables and associated indices [11].
Variable/cluster

1

2

3

4

Members

22

7

7

8

Percentage

50

15.91

15.91

18.18

Tmin (°C)

23.08

24.61

23.4

23.39

Tmax (°C)

33.89

35.43

34.06

34.1

Tavg (°C)

28.49

30.03

28.74

28.73

PCP (mm)

1101.25

1149.27

874.74

1314.08

Def (mm)

294.52

287.76

525.86

191.01

L

L

L

M-L

M-L

M-L

M-L

M-L

LI
HAI
PCP WF

0.26

0.68

4.34

0.38

Tmax WF

0.36

2.46

1.35

1.17

Tmin WF

0.34

2.44

1.39

1.23

Tavg WF

0.34

2.45

1.38

1.22

The bold values highlight the greater temperature values on the cluster 2 and so the greatest weighting factor for this variables
correspond to the scenarios which are part of that cluster. While the minor precipitation value is in the cluster 3, giving it a
greater weighting factor to this variable in the scenarios belonging to this cluster.

Table 8.
Summary of climatic variables, their associated indices and weights for each cluster [12].
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Figure 3.
Monthly behavior of (a) precipitation (b) average temperature [12].

Establishing a unique scenario as indicated in this investigation allows decisionmakers to establish adaptation measures for that single scenario, focusing efforts
on preventing or mitigating the most adverse effects for the area of interest, which
is of vital importance for the proper management of water resources in an
unfavorable future.
3.3.2 Coello River basin
The Coello River basin is located in the department of Tolima. It covers a large
percentage of its territory and is of great importance for the region since it supplies
the municipalities settled there, as well as their economic activities, mainly agricultural. Likewise, it supplies one of the most important irrigation districts in the
region due to its large rice and cotton production.
An investigation was conducted in this basin, focused on assessing the implications of climate change on the supply, demand, and indicators of water resource
status, namely, indices of aridity, water use, vulnerability to water shortage, and
water retention. Its methodology was based on the development of a hydrological
model using the Soil and Water Assessment Tool (SWAT), both for the baseline
(1976–2005) and for the future period (2020–2050), in which daily precipitation
and monthly temperature were entered as input variables.
In the case of temperature, the Delta Method was used as a methodology for the
reduction of the geographic scale of the General Circulation Models (GCM)
implemented, which consists in establishing the variation of the temperature per
month taking as reference the historical data of the GCMs mentioned in Table 2. In
the case of precipitation, since a daily resolution was required, it was decided to
combine the Delta Method for the monthly scale reduction with the Maximum
Entropy Method for the disaggregation of said value on a daily basis, depending on
the observed behavior of said variable in each station studied [13].
As a result, a potential increase in annual precipitation was determined as shown
in Figure 4. However, there was a sharp decrease in its value at daily resolution as
illustrated in Figure 5, which suggests a possible increase in extreme events since
large amounts of precipitation are concentrated on specific day(s).
In the case of the maximum temperature, its value increased progressively as
illustrated in Figure 6.
Once the input variables for the hydrological model have been established, the
flow values were obtained throughout the basin, thus establishing the water supply
in each of the microbasins. Subsequently, the flows were characterized using flow
duration curves, which, compared with the observed value, indicate an increase in
the probability of extreme events and a decrease in the average flow that flows
through the channel most of the time (Figure 7).
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In the case of demand, having a projection of the meteorological variables and
the crop areas, as well as the type of product grown, the water demand was
established in terms of the irrigation requirement of said crops using the CropWat
tool, as shown in Table 9.

Figure 4.
Monthly behavior of precipitation. (a) RCP 4.5 (b) RCP 8.5 [13].

Figure 5.
Daily behavior of precipitation. (a) RCP 4.5 (b) RCP 8.5 [13].

Figure 6.
Annual behavior of temperature. (a) RCP 4.5 (b) RCP 8.5 [13].
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Figure 7.
Flow duration curve for all the models and RCPs selected, year 2050 [13].
Demand/crop

Pane cane
3

Banana
3

Plantain
3

3

Rice

Model

(Mm /year)

(Mm /year)

(Mm /year)

(Mm /year)

(Mm3/year)

Current

13.5

10.6

5.4

2.0

296.3

IPSL_LR45

20.8

12.4

6.4

1.8

393.1

IPSL_MR45

16.3

14.2

7.3

2.2

367.5

MIROC5_45

20.4

10.3

5.3

1.7

314.4

IPSL_LR85

19.1

19.5

10.0

1.7

390.8

IPSL_MR85

21.2

14.1

7.2

2.2

362.9

MIROC5_85

13.1

10.2

5.2

1.9

322.2

Demand/crop

Bean

Corn

Yucca

Cocoa

Coffee

Model

(Mm /year)

(Mm /year)

(Mm /year)

(Mm /year)

(Mm3/year)

Current

1.2

1.1

0.7

36.7

183.5

IPSL_LR45

1.6

1.3

0.98

50.7

245.5

3

3

3

3

IPSL_MR45

1.7

1.4

0.96

45.6

234.4

MIROC5_45

1.7

1.3

0.89

42.7

210.4

IPSL_LR85

1.5

1.3

0.94

49.8

243.6

IPSL_MR85

1.6

1.4

0.97

44

227.3

MIROC5_85

1.7

1.3

0.9

43.4

211.4

Mango

Avocado

Soursop

Lemon

Cotton

Demand/crop

3

3

Model

(Mm /year)

(Mm /year)

(Mm /year)

(Mm /year)

(Mm3/year)

Current

2.6

0.042

0.014

0.33

12.3

IPSL_LR45

3.6

0.064

0.018

0.53

16.3

3

3

IPSL_MR45

3.2

0.054

0.018

0.47

14.7

MIROC5_45

3.0

0.042

0.018

0.38

12.2

IPSL_LR85

3.5

0.063

0.018

0.51

16.1

IPSL_MR85

3.1

0.055

0.017

0.47

14.8

MIROC5_85

3.09

0.046

0.018

0.39

13.1

Table 9.
Irrigation requirement for the crops in the study area [13].
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Furthermore, growth projections were defined for both population and other
economic activities such as livestock and industry. In this way, the supply that each
of them will require in the future was established, noting that no demand for
another activity is comparable with that established for the agricultural sector as
shown in Table 10.
Finally, the water resource status indices were established, which are a function
of both the previously calculated supply and demand. This evidenced a strong
increase in the Aridity Index (AI) and Water Use Index (WUI), as well as a scenario
of improvement with respect to the Index of Vulnerability to Water Shortages
Scenario

Agricultural sector
demand (m3/s)

Domestic sector
demand (m3/s)

Industrial sector
demand (m3/s)

Total
demand (m3/s)

Current

17.73

0.888

0.310

19

IPSL_CM5A
LR RCP 4.5

27.55

1.579

1.790

31

IPSL_CM5A
MR RCP 4.5

26.12

1.579

1.790

30

MIROC5
RCP 4.5

23.42

1.579

1.790

27

IPSL_CM5A
LR RCP 8.5

27.67

1.579

1.790

31

IPSL_CM5A
MR RCP 8.5

25.84

1.579

1.790

29

MIROC5
RCP 8.5

23.52

1.579

1.790

27

Table 10.
Water demand in the scenarios selected. Adapted from [13].
Index Description

Value

AI

It describes the degree of surplus or deficiency of precipitation
to sustain ecosystems based on potential and actual
evapotranspiration, qualifying it from water deficit to water
surplus [1]

VH: High surplus
H: Surplus
MH: Moderate to surplus
M: Moderate
ML: Moderate to deficient
L: Deficit
VL: Highly deficient

WRI

It establishes the ability to retain and regulate humidity in the
basin, according to a relationship between the values extracted
from the flow duration curve [13]

VH: Very high
H: High
M: Medium
L: Low
VL: Very low

WUI

It describes the pressure of the demand with respect to the supply VH: Very high
[13]
H: High
M: Medium
L: Low
VL: Very low

IVWS It describes the vulnerability of the water system to the shortage of VH: Very high
the resource for different users [1]
H: High
M: Medium
L: Low
VL: Very low

Table 11.
Description and assessment of the calculated indices.
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(IVWS), Water Retention Index (WRI), and/or the same indices calculated for the
baseline. Table 11 shows a brief explanation of these indices.
Based on the average values of each index, Table 12 shows the total values of
the basin.
Scenario

IA

Baseline

M

IPSL-CM5A-LR – RCP 4.5

M

IPSL-CM5A-MR – RCP 4.5

M

MIROC 5 – RCP 4.5

WRI

WUI

IVWS

H

H

M

M

VH

H

M

VH

H

M-H

M

VH

H

IPSL-CM5A-LR – RCP 8.5

M

H

VH

M

IPSL-CM5A-MR – RCP 8.5

M

M

VH

H

M-H

H

VH

M

MIROC 5 – RCP 8.5

Table 12.
Average values of each index for the baseline and each projected scenario. Adapted from [13].

Figure 8.
Spatialized values for the IPSL-CM5A-MR RCP 8.5 model for (a) water use and (b) vulnerability to water
shortages [13].
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It is worth noting that these indices were calculated with a spatial distribution
defined by the microbasins of the hydrological model, for each month of the year,
so the research includes maps of each index such as those illustrated in Figure 8.
However, despite obtaining an optimistic future scenario unlike other regions
of the country, this should be used with caution given the uncertainty that it
entails; for example, there was an increase in the amount of monthly
precipitation but a decrease in the daily average, indicating an increase in the
intensities concentrated on specific days. The foregoing has a direct influence on
the water retention index, which may give an unsuccessful perspective on the
optimism of the scenario.
Finally, studies such as the one mentioned above may be of great interest to
decision-makers, since they broaden their spectrum of possible future scenarios, in
order to adopt measures that mitigate the possible impacts of climate change.

4. Conclusions
It was concluded that the effects of climate change throughout the country are
very varied in contrast to its current state. These changes are summarized in
Appendix 1, where there is mostly a decrease in the amount of precipitation in the
future under climate change scenarios, with the exception of the Coello River basin
area where there is an increment. It should be noted that in the latter case this
increase occurs at monthly resolution and that on a daily scale there is a decrease in
this variable with possible concentrations on specific days. This suggests a possible
increase in precipitation intensity and consequently a possible increase in extreme
events.
In the case of temperature, all studies agree that there will be an increase from
0.5 °C in the period 2011–2040 to almost 4 °C in the period 2071–2100 in
different scenarios and areas as detailed in Appendix 1. The foregoing has a direct
implication in related activities as explained in this chapter. A possible decrease in
hydroelectric generation is expected given both the increase in temperature and the
variation in precipitation. In addition, in the case of agricultural activities, the
increase in temperature has a direct effect on evapotranspiration and consequently
on the irrigation requirements of the crop, which will also depend on changes in
precipitation.
In turn, the change in the variables, added to other anthropic activities expressed
in terms of water demand, can exert significant pressure on the water resource. This
could represent an increase in the vulnerability to shortages and unsatisfied
demands, generating a risk associated with food security and water use for the
population in the country. This, in addition to the potential risks associated with the
increase in extreme events, that is, floods or droughts, has a direct impact on the
inhabitants and their economic activities.
The latter stresses the need to conduct studies with a finer resolution both
geographically and temporally in order to determine the potential impacts of climate change more accurately, serving as a tool for decision-makers. Using these
tools, it is possible to establish strategies for the proper management of water
resources, management plans that take into account future scenarios, as well as the
importance of water availability to avoid regional conflicts.

Appendix 1
Changes in temperature and precipitation for the different studies in this chapter.
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26.5

27.3

28.2

18.8

Uribia

Sinú

Coello

T ð°CÞ

Nilo

Site

1520

2212

510.2

1292

PCPy ðmmÞ

Baseline

1.4
1.1

IPSL-CM5A-MR – RCP 8.5
MIROC 5 – RCP 8.5

10.4

23.8

2.5

11.9

1.1
1.4

MIROC 5 – RCP 4.5
IPSL-CM5A-LR – RCP 8.5

5.6

1.2

IPSL-CM5A-MR – RCP 4.5

�4.3

17.4

19.7

�2.4

�16

ΔPCPy ð%Þ

1.1

�2.3

�14.2

�11.3

�13.3

�11.8

�2.3

�5.9

1.3

2.0

1.7

1.8

ΔT ð°CÞ

2041–2070

IPSL-CM5A-LR – RCP 4.5

0.5

1.9

HadCM3_A21

HadCM3_A2_SDSM

�23.8

0.8

CGCM2_A23

1.6

0.9

CGCM2_A22

1.4

0.7

CGCM2_A21

HadCM3_A22

0.7

CSIROMK2B_A21

HadCM3_A23

�34.9

0.5

CCSRNIES_A21

10.9

0.9

Had-CM3- B2

7.5

ΔPCPy ð%Þ

1.3

ΔT ð°CÞ

2011–2040

Had-CM3 - A2

GDFL–CM3 - RCP 8.5

HadGem – RCP 4.5

Weighted average

Arithmetic average

Scenarios

1.7

2.5

3.7

2.7

2.3

ΔT ð°CÞ

25.9

30.4

�11

�25.3

�14

ΔPCPy ð%Þ

2071–2100
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[7]
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[12]
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Chapter 7

The Art of Physical Hydraulic
Modeling and Its Impact on the
Water Resources of Pakistan
Muhammad Salik Javaid and Muhammad Zeshan Khalil

Abstract
Before any major hydraulic engineering project is undertaken for planning,
designing, construction, or revamping and rehabilitation some kind of model study
is but a necessity. Depending upon the time, resources and, significance of the
project, the study could be done only on the paper and computer screen using some
graphical, analytical or, statistical software and tools, or it could be combined with
the more expensive and time consuming physical model study also. This chapter
focuses on the question as to why the physical modeling should be reintroduced into
engineering practice because of the modern techniques and systems now available
for construction, operation and, data analysis of these physical models.
Keywords: hydraulic modeling, physical modeling, hydrological modeling, model,
prototype, similitude, hydraulic research, Nandipur, barrage, weir, spillway,
water resources

1. Introduction
The study of physical hydraulic models plays a role which is vital in the planning
and designing of almost all hydraulic and hydrologic structures. May it be the stilling basins, spillways of barrages, river training works, hydraulic siphons, or even
simple bridges, they are generally designed, evaluated, refined, and improved on
the basis of physical hydraulic model studies. Physical model studies are comparatively expensive, costly, consume lots of time and resources to build and operate,
and require technical labor and expertise in developing and testing the model.
The selection of appropriate scale ratios between prototype and model plays a
very significant and imperative role for the reliability and rationality of the results
obtained.
Researchers and engineers working in the field, face a real challenge once they
have to finalize on the basis of physical and/or numerical models, the rehabilitation
and modernization works for any already constructed and operational hydraulic
structure. The success of any rehabilitation work depends upon the precise and
accurate identification of hydraulic and hydrologic problems on the prototype
structure, because any failure may lead to partial or complete wastage of huge
investments.
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2. Hydraulic modeling basics
The laws of similitude enable a researcher to predict the likely performance of
prototype hydraulic structures from tests made with far less expensive models.
We need not use the same fluid for the model as the prototype. We may obtain
valuable results at a minimum cost from the tests conducted on the small scale
hydraulic models. Any textbook on hydraulic physical modeling will tell us that
the following similarities have to be ensured between the model and the prototype
hydraulic structure [1, 2].
2.1 Geometric similarity
Model and prototype should have identical shapes but differ only in size as
per the defined scale ratio. This would ensure geometrically similar flows. Under
certain conditions, distorted models are resorted to by having different scale ratios
for the lateral, longitudinal, and vertical directions, but then the same has to be
incorporated during the interpretation of results.
2.2 Kinematic similarity
Ratios of the velocities on all corresponding points on the model and prototype
hydraulic structure should be the same to ensure the same kinematics of flow.
2.3 Dynamic similarity
The quantum and direction of all forces acting on the corresponding points on
the model and prototype should be in the same ratio, to ensure the same dynamics
of the flow. Dynamic similarity can also be ensured by ensuring similarity of the
combination of forces, by following the Froude Law, Reynolds Law, Mach Law, etc.,
for modeling.

3. Physical hydraulic modeling
Physical modeling of hydraulic structures has been in use since the times of
Leonardo Da Vinci. However, since then this art and science have gone manifold
changes, developments, and positive improvements. Such models provide a visual
insight into the hydraulic phenomena of water and fluid flows. These models
also provide technical flow data through the elaborate system of instrumentation
provided. The data and flow visuals can be recorded for future reference, computations, training materials, and records.
The role of hydrological modeling has been well described in [3], wherein the
authors reiterate that hydrological models are in fact basic, theoretical, and physical
representations of the hydrologic cycle, and these are often used for the understanding and prediction of hydrological processes. They categorize the hydrological
models as (a) models which are based on data collection, and (b) black-box models
which are based on process description.
Because of the importance and special role of physical hydraulic modeling,
various renowned organizations have developed their physical hydraulic research
centers. The most common and well-known are the Waterways Experiment Station
(WES) of the US Army Corps of Engineers and Hydraulic Research Station (HRS)
of Punjab Irrigation Department, Pakistan.
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3.1 Waterways Experiment Station (WES)
The US Army Corps of Engineers Waterways Experiment Station (WES) was
created in 1929 to provide support for the vast flood control plan for the entire lower
Mississippi valley after the tragedy of the 1927 most horrific river flood. The WES laboratory complex located at Vicksburg, Mississippi is now the principle research, testing,
and development facility, which supports studies in many other fields in addition to
its primary field of hydraulic engineering. WES provides services for training, and
technical assistance, research, and also software development, which reflects the stateof-the-art expertise of WES in hydrologic engineering and closely associated fields of
planning analysis. In its research and development work, WES uses more application of
model experiments employing the principles of hydraulics. WES has made a significant
contribution through the publication and distribution of its research reports.
3.2 Hydraulic Research Station (HRS)
Hydraulic Research Station, located at Nandipur near Gujranwala, in Pakistan is
one of the largest research laboratories in the world. This field research station was
established in 1926 and is under the administrative control of the Irrigation Research
Institute, Lahore being its field station. The Nandipur station has 40 hectares of
land divided into 22 research bays commonly called as research trays. Through a
small irrigation channel, the water availability of 15 cumecs and a gravity head of 4
meters is provided, however for higher heads pumping facility is also available. The
Nandipur Hydraulic Research Station meets the requirement of the study of numerous problems that are related to planning, operation, and management of water
resources. Physical models for almost all the major irrigation and hydraulic structures now present in the country have been run, tested, and optimized at this station.
Hydraulic Research Station at Nandipur has carried out model studies of almost
all major hydraulic engineering projects undertaken in Pakistan and India in the
pre-partition as well as the post-partition era. The major projects of Mangla Dam
and Tarbela Dam which were constructed as part of the Indus Basin Treaty were also
modeled in this facility. Many other barrages, weirs, link canals, and river training
works have been modeled and approved prior to the finalization of their designs.
A sample of the physical hydraulic modeling projects undertaken by the Hydraulic
Research Station is displayed in Figures 1 and 2.

Figure 1.
Flow from Flip Bucket Energy Dissipater.
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Figure 2.
Model of a Typical Barrage.

In the recent past, the rationality of the massive hydraulic structure of Jinnah
Barrage [4, 5] was questioned as a model study indicated that at existing conditions of water levels the formed hydraulic jump was located on the glacis only
up to a discharge of 400,000 cusecs. The hydraulic performance of the barrage,
under-sluices, silt excluders, and also the subsidiary weir was yet not tested at
higher discharges. Mahboob [6, 7] reviewed the design of Kalabagh Barrage and
he found it acceptable only after the physical hydraulic model study because
the hydraulic modeling study for energy dissipation under the conditions of
existing water levels pointed out that hydraulic jump over the horizontal floor
was repelled by the excessive lowering of the channel bed at the downstream
(retrogression) (Figure 3).

Figure 3.
Model Study of Taunsa Hydro Power Project.
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4. Physical modeling: a case study
The hydraulic modeling study cited here targets to examine sedimentation aspects
of two cascade reservoirs on Poonch River; with the help of physical modeling and
numerical simulation. A physical model of Poonch River was prepared at Nandipur
Research Institute to study the sediment transport behavior [8]. After the base test,
the model was used to get data for various scenarios of sediment flushing in the cascade reservoir system. The River geometry, riverbanks, hydraulic structures, crosssections, and other physical attributes of the river were prepared from a topographic

Figure 4.
Model Study of Poonch River Sedimentation Project.

Figure 5.
Model Study of Poonch River Sedimentation Project.
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survey using AutoCAD. These files were used in HEC-RAS and BASEMENT for
simulations (Figure 4).
Delta profile and flushing were modeled by HEC-RAS 5.0. The simulation
showed that the life of the un-sluiced Gulpur HPP is about 14–15 years and that of
Rajdhani is about 35 years. To enhance the life of the project, annually 4–5 days are
required for flushing with an optimized discharge of about 250 m3/s. Model verification was performed by calculating the bed topography and flushing efficiency.
The results obtained through the model were consistent with bed changes, demonstrating its suitability for the regeneration of regression channels and lateral erosion
(Figure 5).

5. Revival of the vanishing art
Other techniques in addition to physical hydraulic modeling available to a
researcher are mathematical modeling, statistical modeling, and numerical modeling.
With the advent of modern computers having speedy and fast processors, massive data storage, better data management software, and intelligent computational
techniques the statistical modeling and numerical modeling have become the favorites of every researcher and engineer. The cutting edge graphics cards and attractive
presentation techniques have also added to the magnetism of such indoor modeling.
However, despite all this, the value and importance of physical hydraulic modeling
cannot be overshadowed by these. The natural intricacies, physical behavior, the
kinematics and dynamics of all fluids and especially large mass flows of water can
only be studied through physical modeling.
With the innovation of new materials of construction including the nanomaterials, the physical hydraulic modeling has been revived. Now very intricate
designs can be created and manufactured using new and modern materials. The
same is true for hybrid and very strong epoxies and sealing materials which now
help in making watertight models. Fabrication of models and their miniature parts
has also been revolutionized by laser cutting, computerized numerical machines
that can make precision model parts.
Revolution in measuring instruments for all hydraulic parameters has also provided a quantum jump to physical hydraulic modeling. Doppler velocimetry, very
sensitive and accurate probes and pressure transducers, laser leveling gauges, and
other such instrumentation can now be used to obtain and collect very sophisticated
data for physical hydraulic models.
The latest techniques in flow visualization have done wonders in fluid mechanics
and hydraulic modeling. Modern electronics and advancement in graphics, optics,
and sensors has revitalized the hydraulic modeling and made it an advanced and
modern field of science and technology.
On the other hand, the models based on process description also called deterministic models are rather complicated as compared to the stochastic hydrological
models representing surface runoff, channel flow, subsurface flow, and evapotranspiration. Such models cannot by physically modeled, and therefore these have to be
computer modeled [3].

6. Recommendations and conclusion
The art, science, and technique of planning, construction, and operation of
physical hydraulic modeling are losing the race against numerical and computer
modeling. However, there is a dire need that due to its very special place in research
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and investigation, this modeling technique should remain in vogue. For this very
purpose its education, teaching, and engineering practice may be included in the
curricula of various universities, colleges, and other technical training institutes.
For very important and significant hydraulic structures, the failure of which
cannot be afforded due to various reasons, it may be made mandatory that physical
hydraulic modeling is carried out prior to the finalization of designs of construction
and rehabilitation.

Author details
Muhammad Salik Javaid1* and Muhammad Zeshan Khalil2
1 Morgan State University, Baltimore, MD, USA
2 Civil Engineering Faculty, Abasyn University, Islamabad, Pakistan
*Address all correspondence to: msalikj@morgan.edu

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
99

Resources of Water

References
[1] Kaleem MK. Fluid Mechanics, and
Machinery. India: Oxford University
Press; 2015
[2] Franzini, J.B. and Finnemore, E.J.,

Fluid Mechanics with Engineering
Applications. McGraw-Hill Education.
October 2001.

[3] Javaid MS, Khalid L. “Hydrologic

Science - Where we stand today?” In:
“Hydrology – The Science of Water”.
London, UK: IntechOpen Publishers;
September 2019. pp. p1-p6
[4] Chaudhry AZ. Energy Dissipation
Problems Downstream of the
Jinnah Barrage. Pakistan Journal of
Engineering and Applied Sciences.
2008;3:19-25
[5] Chaudhry AZ, Nasim NH,
Shakoor A. Alternative Report to
Subsidiary Weir, Rehabilitation and
Modernization of Jinnah Barrage
Project. Government of Punjab,
Pakistan: Irrigation and Power
Department; April 2008
[6] Mahboob, S. I. Design, and
Construction of Kalabagh Barrage,
Punjab Engineering Congress, Paper No.
34, 1943.
[7] Mahboob S. I. The Kalabagh Barrage,
Punjab Engineering Congress, Paper No.
251, 1942.
[8] Munawar Iqbal, Modeling for
Optimization of Parameters of
Sediment Transport for Cascade
Hydropower Projects on Poonch River,
doctoral thesis, UET Taxila, 2019.

100

Chapter 8

Water Resources and Their
Management in an Increasing
Urban Demography: The Case of
Dakar City in Senegal
Cheikh Faye

Abstract
The United Nations classifies Senegal as a water-poor country (less than 1000 m3
per capita of freshwater reserves) and about 20% of its population did not have
access to a drinking water supply (estimates of 2015). Economic growth and the
fight against poverty in Senegal depend essentially on the availability of water for
the development of agricultural and industrial activities, in addition to satisfying
domestic uses. As a developing country, Senegal’s human, monetary and institutional capacities are often limited to providing clean and sufficient water efficiently
to its citizens. This article examines the management of water scarcity in the city of
Dakar (capital of Senegal) in a context of increasing demography and urbanization.
However, Senegal has sufficient water resources to meet the demand if the available resources are properly managed. As a result, several initiatives are under way
in Senegal to mitigate water problems and protect the country’s water resources:
reducing pollution, improving access to drinking water and setting up rational and
equitable exploitation with a constant concern for sustainable development.
Keywords: water resources, management, urbanization, water scarcity, water policy

1. Introduction
The Republic of Senegal, located at the extreme western tip of the African
continent, covers an area of 196,722 km2 for a population of 13,508,715 inhabitants
[1]. There are three climatic domains in Senegal, from south to north: the southern
Sudan, northern Sudan and Sahelian domains, each domain having two variants
(coastal and continental) [2]. Located in the tropical zone, Senegal has a SudanoSahelian climate with annual rainfall ranging from about 1250 mm in the south to
just over 200 mm in the north. The potential of Senegal’s water resources (surface
and groundwater) is important. Three rivers originating from Guinea (the Senegal,
Gambia and Kayanga rivers) irrigate a large part of the country [3, 4]. Alongside
these two large rivers, there are smaller rivers characterized by intermittent flows
(Casamance, Kayanga, Sine-Saloum (Figure 1). Five management and planning
units (PMUs) have been established for the management of these different categories of water resources (1. Senegal River Valley, 2. Peanut Basin, 3. Senegal-East, 4.
Casamance, 5. Cape Verde Peninsula) subdivided into 28 sub-units (Figure 1) [5].
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Figure 1.
Water resources management and planning unit in Senegal (source: DGPRE).

Groundwater is also an essential component of Senegal’s water potential and
generally consists of four major aquifer systems corresponding to the main geological formations: the superficial aquifer system or “terminal complex” (Quaternary);
the intermediate aquifer system (Eocene and Paleocene); the deep aquifer system
(or Maestrichtian); the aquifer system of the basement [6].
In Senegal, the potential for water resources (surface and groundwater) is high
and the availability of renewable water is currently estimated at around 4747 m3/
inhabitant/year [6]. Estimates indicate about 80% of its population have access to
a drinking water supply in 2915 [7]. However, the United Nations classifies Senegal
as a water-poor country with less than 1000 m3 per capita [8]. Thus, the issue of
water has become a national concern given the range of issues facing the sector [9].
These problems include, among others, climate variability, vulnerability of water
resources, poor distribution of water availability in space and time, poor water
quality in some places. The water crisis can be explained both by the absolute lack
of physical availability, poverty and inadequate water management policies. In
general, Senegal has a large potential for water resources, but its uneven distribution, its overabundance in the rainy season often causes catastrophic floods and
shortage in the dry season causes severe drought conditions resulting in crop losses,
livestock, public health problems and environmental degradation [10].
These numerous factors, such as global warming (recurring and severe
droughts and floods), contamination of drinking water and lack of investment in
water resources have exacerbated the water crisis, whose role in the achievement
of its development objectives is incommensurate [11]. Its economic performance
and the reduction of poverty depend mainly on the availability of drinking water.
A set of economic activities in Senegal (agriculture, industrialization, energy
production and tourism) are inherent to the availability of water resources. At the
same time, access to safe and sufficient water is necessary for the well-being of the
population.
Senegal is home to some major cities, namely Dakar, Pikine and Touba, Thies.
The capital of Senegal, Dakar, was founded by Faidherbe in 1862, on the site of
a fishing village. It was the capital of the AOF from 1902. Enjoying a strategic
geographical location, the city is since the colonial era, a maritime and air junction
between Africa, Europe and America. It covers an area of 550 km2 and has about
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23% of the total population of Senegal estimated 15,256,346 inhabitants, according
to demographic projections in 2017 [12]. It is the largest city in Senegal and is its
political, administrative, economic and cultural center.
The water cuts that have become commonplace in many parts of the country,
affect more seriously the capital, Dakar where the daily deficit is estimated at more
than 20,000 m3. With a consumption of 360,000 m3/day, the capital struggles to
quench its thirst and satisfy its water needs. The Senegalese Water (SDE) needs
300,000 m3 per day to meet the demand of the Dakar population, but it drags a
heavy deficit in the correct supply of water. At present, a large part of the city’s
population does not have access to running water 24 hours a day. From 200,000
subscribers in 1996, the SDE is now struggling to satisfy its 800,000 current
subscribers.
In Senegal, the urban population is estimated at 6,541,504 people in 2015 including 3,360,728 for the Dakar region [12]. In these urban areas, the rate of access by
connection within the covered perimeter stabilizes in December 2015 at 88.9% with
96.2% for the Dakar region. Thus the total production of water was 172.27 million m3 against an annual forecast of 169.7 million m3, or 110% of realization.
For the Dakar water supply system (WSS), production reached 124.2 million m3
[13]. As a result, there is a tendency to saturate the facilities of the Dakar AEP (for
example, Mékhé is running at almost 24 hours). Because of the size of the population of Dakar, part of this population does not have access to either an improved
water source or running water. For example, some outlying districts (in the suburbs
of Dakar) do not receive water every day, while others almost never receive water
because of the low water pressure.
In some cities in Senegal, the biggest challenge in the city is often lack of water
supply. For example, residents obtain water from individual connections, public
connections, wells, springs and water vendors that are not monitored [11]. In
addition, water pollution does not save tap water and its consumption can often
be harmful to the health of populations. It is for this reason that a good part of the
population prefer bottled water for their consumption.
The city of Dakar has been chosen for the management of water scarcity in a
context of growing demography and urbanization. Due to increased water demand
in the Senegalese capital, residents of some neighborhoods are frequently randomly
supplied with running water, with the suburbs being the most affected. The ever
increasing hydraulic equipment fails to meet the needs of the population. The difficulty of supplying drinking water, which often strikes the Dakar inhabitants, comes
in the context of global warming and the removal of resources that are increasingly
important. Suddenly, the Senegalese government must expand its production
capacity and distribution networks if it wants to keep pace with unprecedented
population growth.

2. The challenges facing the water sector in Senegal’s main cities
As a developing country, Senegal’s human, monetary and institutional capacities
are often limited to providing clean and sufficient water efficiently to its citizens.
Water scarcity in large cities like Dakar is chronic and continues to worsen with
increasing urbanization and pollution of the resource. Most of the time, SDE water
disruption notices are the norm in urban areas (Figure 2). Water scarcity may
worsen in the future for several reasons: (1) increased water demand due to rapid
urbanization, (2) poor water management, (3) degradation continuous water
sources, (4) irregular weather conditions, (5) old and dilapidated water infrastructure, and (6) the incompetence of the water distribution companies.
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2.1 Growing populations and urbanization
Senegal, like many other developing countries in Africa, is experiencing rapid
urbanization. In 1960, its population was estimated at 3.207 million people and in
2017, 15.851 million people (Figure 3) [14]. The urban population has grown from
738,000 in 1960 to 7409 million in 2017 (Figure 4). This urban population, which
accounted for only 23% of the total population of the country in 1960, therefore
rose to 45.9% in 2015. The share of the urban population increased considerably
between 1960 and 2014. The data show that 23% of the population living in urban
areas in 1960 increased to 45.9% in 2015. The share of the population living in
urban areas has increased dramatically in Senegal in recent decades. Thus, the
urban growth rate is 4.78 and 3.46%, respectively over the periods 1960–1985 and

Figure 2.
Notice of disturbance of water supply by Senegalese water.

Figure 3.
Senegal’s total population: semi-annual estimates of the resident population from 1960 to 2017 (source: World
Bank database).
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Figure 4.
Urban population of Senegal: semi-annual estimates of the resident population from 1960 to 2017 (source:
World Bank database).

1985–2015. This rapid pace of urban growth can be explained by the drought of the
1970s [2] and its corollary rural exodus.
According to United Nations estimates, the urban population of Senegal will
increase to 11.778 million by 2030, which will represent 53.24% of the national
population (22.123 million in 2030). As for the city of Dakar, its population will
increase to 4.339 million by 2030 (Figure 5), which will represent more than
38.84% of the urban population [14]. Urbanization does not only mean swelling of
the population, but also an increase in the area requiring better services. The rural
exodus from sub-Saharan Africa is the main cause of the rapid growth of the urban
population. To cope with the strong urban growth, water production has risen
drastically, from 95.32 million m3 in 1997 to 172.27 million m3 in 2015 (Figure 6).
The growing population (Figures 4 and 5) continues to put pressure on available
water resources, resulting in a reduction in per capita water availability. According
to projections, 70% of the world’s population will live in urban areas by 2050 [15].
The growing population continues to increase the demand for water for domestic,
industrial and agricultural purposes.
Africa currently has three main causes: (1) displacement of people from
rural areas to urban centers; (2) the increase in the urban population, especially
when economic opportunities extend to previously rural areas; and (3) the
development of previously rural areas in urban areas due to increased economic
activity [11]. Although it is difficult to define exactly an urban environment, it is
widely accepted that the term could be determined by location, size of population and percentage of non-agricultural activities, pressures on environmental
resources such as water. In recent years, urbanization of rural areas has increased
considerably.
Although urbanization has many economic and social benefits, it causes many
environmental problems such as loss of biodiversity, air and water pollution and
increased pressure on arable land [16]. It has directly affected the availability and
quality of water due to increased demand and pollution resulting from its many
applications. Many developing countries are facing the problem of access to safe
drinking water. In Senegal, rapid urbanization has prevented some cities from
coping with the huge demand for clean and sufficient water. In Dakar, faced with
strong urban growth (an average of 120,000 people per year), the improvement
and expansion of infrastructure is very expensive and, as a result, does not generally
keep pace with the growth. This makes wastewater management very problematic.
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Figure 5.
Urban population of three cities in Senegal: semi-annual estimates of the resident population from 1960 to 2035
(source: World Bank database).

Figure 6.
Evolution of water production by the SDE (SONES perimeter) from 1997 to 2015.

In addition, pollution from agricultural production (urban farmers irrigating their
crops with untreated wastewater) and industrial production has become one of the
biggest challenges for Senegal’s water resources [17]. In addition, because of the
growing population and its corollary the increase in water needs, the lack of protection of water sources, the scarcity of the resource and the pollution it faces are a
source of hindrance improved and protected water.
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2.2 Contamination of available water
The water sources available in Senegal are frequently affected by pollution of
chemical, microbiological or thermal origin. Chemical contamination of this water,
often used for drinking, can result from the presence of excess nutrients, acidification, salinity, heavy metals and organic pollutants [18]. Reports indicate that
industries at 32.5% and agriculture at 14% are the sectors that contribute most to
the economic development of any population [19]. On the other hand, 80% of the
water contamination comes from these two important sectors. Agricultural practices, industrialization, mining, and open sewer lines parallel to the water system
are responsible for most of the problems affecting water quality (Figure 7).
The lack of adequate management of liquid and solid waste results in the deposit
of this waste directly into water bodies (Figure 7), which contributes to the vicious
circle of water destruction. In fact, the growth and development of agriculture in
Senegal has led to an increase in the use of fertilizers. Agrochemicals end up in bodies of water causing considerable pollution. In addition, most industrial water treatment plants discharge partially treated or totally untreated effluents into surface
water sources, which often contain high levels of toxic substances. These pollutants
and other pollutants of domestic origin continue to cause environmental problems
[11]. Many Senegalese living in informal urban areas lack access to safe drinking
water, often resulting in multiple epidemics that affect their health and livelihoods.
In addition, large leaks in water pipes (Figure 7), dilapidated infrastructure and
illegal connections still hinder the availability of drinking water supply. Due to
the large leaks in the water channels, the treated water is sometimes contaminated
before reaching the users.

Figure 7.
Water quality degradation factors in Senegal: (1) CSS effluent discharges into Lake Guiers; (2) water line
between the lake and Dakar damaged; (3) domestic uses on Falémé; (4) equipment for washing gold on the
banks of the Falémé.
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2.3 Degradation of water sources
The main sources of water in Senegal, beyond the groundwater, are surface
water (rivers and lakes that are very attractive for agriculture and populations). The
watersheds that cross the national territory have experienced two major pressures
in recent years on their water resources: (a) pressures from natural sources (climate
variability and change); (b) anthropogenic pressures (dams, rapid population
growth and various productive activities) [3]. These pressures have had repercussions on the natural environment of the basin and its ecological diversity [20].
They have resulted in watershed degradation that has diverse and unpleasant
consequences, often resulting in increased runoff, flash floods, reduced infiltration,
erosion and siltation, to name just a few examples. The impacts of human activities
(development, rapid population growth and various productive activities) related
to the exploitation of resources for the satisfaction of the daily needs of the populations sometimes manifest themselves negatively on all the natural resources of the
basin. Environmental protection of the watershed is important for the safety and
sustainability of urban water supply. A healthy ecosystem ensures quality water for
cities, reducing treatment costs and the danger to human health.
Activities such as gold mining are causing degradation of natural resources in the
basin through reduced vegetation cover and deterioration of water quality. With the
use of chemicals in the practice of this activity (leaching technique with cyanide or
mercury and tailings ponds), pollution of water resources in the basin is multiplying.
With the major developments (Diama and Manantali dams), flow control and water
permanence in the basin have led to the partitioning of mining activities (extraction and washing with mercury release) and agricultural activities (large consumer
fertilizers and pesticides) with far-reaching consequences [21]. This results in severe
degradation and deterioration of animal and plant resources [22]. With this destruction of freshwater ecosystems, the Senegal River finds itself in a situation of loss of
some of its functions, how important, and may alter its hydrological functioning [23].
2.4 Invasive species
Biotic factors affect water resources. For example, the presence of invasive
species such as hyacinth, Salvinia, Pistia and Typha causes ecological imbalance.
The proliferation of plants and invasive species in major bodies of water, including
aquatic plants, is of increasing concern. Typha and algae are plants that contribute
to the deterioration of the water quality of the lake because of the very toxic substances secreted that can reduce the good water quality (Figure 8). They degrade
surface water resources and may even have contributed to the eutrophication of
freshwater lake ecosystems. These invasive species block rivers and greatly influence water quality. In Senegal, built dams (such as Diama and Manantali on the
Senegal River) play an important role in the reliable and sustainable supply of
water. However, these developments, by permitting the permanence and softening
of the water, have led to the proliferation of certain species such as Typha australis and Pistia stratiotes and the appearance of new species such as Potamogaton
Schweinfurthis and Ceratophyllum demersum [24]. Overall, the country faces serious
problems of resource protection.
Several environmental impacts, at the origin of the deterioration of water quality, result from the invasion of water bodies by vegetation [25]: siltation of hydraulic
axes; the formation of caps with loss of hydraulicity; increased evapotranspiration;
the threat to adjacent wetlands; the decrease of the dissolved oxygen level. The
proliferation of macrophytes can therefore make it difficult to access water, slow
down the flow of water in the canals, block the pumps.
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Figure 8.
Degradation of water quality in Senegal by invasive plants: (1) Typha australis on the lake of Guiers; (2)
freshwater algae in the lake water; (3) invading lake water plan; (4) degradation of the water quality of the
lake.

3. Interventions on the water challenges
Despite the water problems facing urban populations, Senegal has sufficient
water resources to meet demand if available resources are properly managed [6].
Senegal’s internal renewable surface water resources are estimated at 23.8 km3/year
and renewable groundwater resources are in the order of 3.5 km3/year. The common part between surface water and groundwater is estimated at 1.5 km3/year and
internal renewable water resources estimated at 25.8 km3/year [26]. The diversity
of water resources offers opportunities for exploitation ranging from surface water
abstraction to the use of boreholes in areas with limited surface water resources [10].
3.1 Implementation of relevant policies
Like many other countries, Senegal has adopted several policies at the national
and regional levels to guide the conservation and management of its water
resources. It has put in place crucial reforms in the water sector which have led to
the promulgation of certain regulatory texts and conventions, such as Law 81-13 of
4 March 1981 on the Water Code creation of various associations of water resource
users [3]. Thus, in 1995, the public authorities give a very marked inflection to
the organization of the sector, as well in urban as rural. Indeed, a reform of the
urban water subsector was initiated through the Water Sector Project, which led
to the separation of drinking water from sanitation. This reform embodied by Law
No. 95-10 of 7 April 1995 resulted in the creation of two different entities that are
responsible for the management of the sub-sector of urban water: the National
Water Company of Senegal (SONES), a heritage company, and Senegalese Waters
(SW), operating company, private operator [6, 27].
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3.2 Groundwater, an important additional source in urban centers
The exploitation of groundwater through wells/boreholes is widespread but
is generally not regulated or monitored in many parts of Africa. As in many cities in Africa, there is a growing demand for groundwater in Senegal’s main cities,
mainly fueled by boreholes. Senegal has groundwater resources of about 4 billion
cubic meters renewable every year and all the drilling currently carried out that
pump this resource mobilizes a maximum of 6% of this resource. Thus, in terms of
water availability, Senegal is relatively well endowed, especially since this resource
is captured at depths that vary around 100 m. Freshwater stored in underground
aquifers can be used effectively to divert the consequences of climate change. The
availability of groundwater resources and their replenishment rates are uncertain,
posing a serious problem for their management and protection [28]. Therefore, in
the future, improved regulation and monitoring of groundwater withdrawals, in
addition to appropriate management, will be essential for effective and sustainable
monitoring of available water resources in Senegal’s cities.
For the abstraction of groundwater in Senegal, dewatering works can be
grouped into five major systems in order of importance: boreholes and modern
motorized wells; modern wells and wells equipped with wind turbines; modern
wells and wells equipped with hand pumps; modern wells with manual or animal
drainage; traditional wells with manual or animal drainage [29]. Over the past
decades, Senegal has therefore made significant efforts on national resources and
with the support of its development partners to meet people’s drinking water needs
from groundwater. However, it must be recognized that despite the large investments, the demand for drinking water is far from being fully covered.
3.3 Monitoring of conditioned water
In the various cities of Senegal, a good number of inhabitants use bottled water
in bottles and sachets. From tap water to the bottle, to the plastic bag, there is a
ladder of confidence in the quality of the water to drink, while the older practices of
water consumption paradoxically provoke an attachment territorial, while presenting a status apart, since they are detached from any commercial thought. This is
why it can be said that modern conditioning practices such as bottling and bagging
create a new image of drinking water. Calibrated or formatted through models of
different capacity, it pays off, and access is through formal and informal commercial distribution networks. Bottled water is present almost everywhere, from the big
supermarket sign to the small neighborhood retailer, to the petrol stations, while
water in sachets is mostly sold in small shops, in the urban neighborhoods of Dakar
(Medina, Rebeuss …) for example, but also beyond, the capital [30].
Sachet water conditioning in Senegal is mainly in the informal sector of the
economy. Anyone who has access to tap water and owns a refrigerator can create a
“small business.” This is a common practice in working-class neighborhoods. For
modest families, it provides extra income. This ranges from bagging water in fine
and transparent plastics, without any indication of source or quality of water, to
water bags subject to prefectoral authorization with indications of the origin and
characteristics of contained water. It is the work of individual and family initiatives,
and represents an activity that involves the respect of certain health standards. The
conditioning of the water is more a practical necessity, that of providing the body
with the occasional need for water, with a taste that is supposed to be better than
that of tap water. In Senegal, its consumption reaches significant proportions. In the
streets of Dakar, at any time, it is marketed in bottles and especially in small plastic
bags, exchanged for parts of 25 or 50 F CFA. Numerous, by the way, are those who
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have invested in this business, from children to adults, hence the importance of
setting up a structure for its supervision.
3.4 Rainwater harvesting
There is a regional imbalance in the recovery and distribution of water, and
therefore in water security. In addition, the uneven distribution and variability of
rainfall in sub-Saharan Africa impacts the annual water availability of households.
In addition, climate change is constantly increasing extreme events such as droughts
and floods with disastrous consequences for people’s lives. Sub-Saharan Africa has
abundant rainfall, but it is not evenly distributed and highly seasonal. Senegal experiences droughts and floods every year. It receives rainfall ranging from 200 mm in
the dry parts (Sahelian domain) to more than 1500 mm in the southern and southeastern parts of the country (southern Sudan) [2]. Senegal’s renewable freshwater
resources vary considerably with time and region and cannot adequately meet the
growing demand in large cities. Water harvesting could be an additional means
of alleviating the problems of drought, scarcity and depletion of water resources.
Surface water is scarce and groundwater exploitation is often not profitable. As a
result, sustainable rainwater harvesting systems can be a very important solution to
the problem of water scarcity. However, the collection of rainwater for domestic use
in cities is not sustainable due to the configuration of the building and the diversity of activities that pollute the environment. However, for this rainwater to be a
solution to the permanent shortages of water currently observed, it should first be
captured and then treated before use [11].
3.5 The construction of additional hydraulic infrastructures
Very important results were obtained during the 2005–2015 decade, marked by
the implementation of the Millennium Drinking Water and Sanitation Program
(PEPAM), both in terms of the definition of policies and strategies, the mobilization of financing and setting up of access to services. However, there are still major
obstacles still to be overcome, including the still inefficient management of drinking water quality issues due to localized pollution of certain groundwater or surface
water levels, accessibility still average water points due to the low rate of access
to water by connection to homes and the average density of distribution points in
rural areas … [7]. To remedy this, the Government of Senegal, under the Ministry
of Hydraulics and Sanitation, has launched projects to increase water infrastructure
to combat water scarcity. Such infrastructures should make it possible to increase
qualitatively and quantitatively access to water and sanitation services, promote
sustainable management of water resources, reduce the incidence of water-related
diseases, strengthen sector governance through targeted institutional support, with
a view to signing a sector budget support program.

4. Strategies to address the water scarcity in Dakar
The shortage of water, temporary or structural, results from a quantitative and/
or qualitative insufficiency of the available water resource compared to the demand.
His study contributes to the reflection for a better distribution and preservation of
water. Water scarcity is a critical issue when it comes to dealing with the sustainable development of societies. A precise study of the different types of conflicts
observed is necessary. These occur recurrently between areas of use, commercial
and non-market water uses—in practice urban water supply and irrigation [31].
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Difficulties in the supply of drinking water in Dakar are also due to a poorly controlled urbanization policy, which translates into a sort of “let do” in the settlement
of the populations, which proceed to anarchic constructions, in zones undeveloped.
The housing and housing crisis ended up condemning people to a frantic race to
find a piece of land [32].
To this problem is added that created by the increase in the number of consumers, which aggravates an already tense situation, due to the natural increase of the
population which largely benefits Dakar and the sustained movement of immigration as well as of the rural exodus, the migrants having as their point of departure
the “low quarters,” already confronted with the precariousness of the system of
supply of drinking water. Given the increase in water demand with the high population growth, in a context of climate change, Senegal, like many countries in the
world, is beginning to have an imbalance between its water supply and the demand
of citizens in perpetual rise. To remedy this, the different actors in charge of water
resources issues (government institutions, development partners, civil society
and the private sector) must undertake a sustainable management of the water
resources that are available on the territory.
For Lacoste [33], “In the third world countries, municipalities in big cities
must now respond to many demands for a fairer distribution of water between
rich neighborhoods and slums or slums. Some have water in abundance, while the
others, where the vast majority of the population lives, have almost none. How, in
these conditions, to make reach a maximum of populations with a drinking water?
The answer to this question lies in a significant increase in the budgets allocated to
the financing of social facilities. Having understood this, the Senegalese authorities in charge of the issue have approached access to drinking water as a public
health imperative, which has become a social priority for the country. This is even
more true since the links between water and health on the one hand and water and
economic development on the other are no longer in doubt [32]. As access to drinking water requires undeniable financial efforts, innovative strategies are being put
in place to enable a larger section of the population to benefit. These strategies are
based on a concerted approach that brings together non-governmental organizations (NGOs), the private sector and governments in synergy.
Dakar’s drinking water supply has long been a major problem in Senegal.
Indeed, since the 1980s, Dakar had begun to register a significant deficit in the
water supply of its population. From 4% in 1984, the deficit exceeded the threshold of 30% in 1991 to reach the record level of 100,000 m3/day in 1998. Thus, to
prevent this situation from becoming a disaster, Important means have been put
in place to manage this deficit, but this cannot completely solve the problem [34].
The schematic flow of the current Dakar water supply system in 2013 is illustrated
below in Table 1 [35].
The history of Dakar’s water supply began in 1949, when groundwater from
the sub-basaltic aquifers of Mamelles and Point B, as well as the quaternary sand
aquifers of Thiaroye, were drilled and developed. Then, in 1960, to meet the increase
in demand for water, taking into account the risks of over-pumping aquifers near
Dakar, new Paleocene limestone aquifers were exploited at Pout and Sébikhotane.
The steady rate of increase in water demand in the following years necessitated the
continued development of water resources. Consequently, in 1970, aquifers of the
Maastrichtian layer along the northern coastal zone (North Coast) were exploited
and the surface waters of the Senegal River were taken from Lake Guiers [35]. In the
absence of sufficient local drinking water resources, Dakar is supplied by a water
supply system from Guiers Lake. This system transports water from the Senegal
River to the capital over 250 km and represents 50% of Dakar’s drinking water
supply [24]. The strong population growth of recent years has led to the saturation
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Year in service

Extension

Nominal
capacity
(m3/d)

Hourly
volume
(m3/h)

Ngnith factory

1971

2000
(transition to
a theoretical
capacity of
60,000 m3/d)

40,000

1667

Keur Momar Sarr
factory

2004

2008
(transition
from 65,000 to
95,000 m3/d)
2011
(transition
from 95,000 to
130,000 m3/d)

130,000

5417

Water treatment
plant

Number
of
drilling

Year in service

Extension

Nominal
capacity
(m3/d)

Hourly
volume
(m3/h)

Northern littoral
drilling (Gueoul at
Ndande axis)

9

1999

—

35,000

1591

Kelle/Kebemer
drilling

7

from the 1970s

—

30,000

1364

Pout Nord drilling

13

from 1978 (PN6
and PN10)

—

47,248

2148

South Pout drilling

7

from 1979 (PS5)

—

20,000

909

Pout Kirene drilling
(including KSW)

4

1993 (PK3, PK5)

—

6000

273

Sebikotane drilling

1

1957

—

4500

205

Thiaroye drilling

2

1951

Not used due to
deterioration
of water
quality

0

0

Point B/Mamelles/
Point G drilling

8

1966

—

18,000

818

Year in service

Extension

Nominal
capacity
(m3/d)

Hourly
volume
(m3/h)

2006

—

233,557

10,155

Drilling

Booster

Mekhe booster

113

Carmel booster

2013

—

241,708

10,509

Pumping station

Year in service

Extension

Nominal
capacity
(m3/d)

Hourly
volume
(m3/h)

Thiaroye factory

1951

—

29,900

1300

Point B factory—
Madeleine pumping

1966

—

20,700

900

Point B factory—
pumping Mamelles

2006

—

64,400

2800

Point B factory—
pumping point

1966

7000

700

Transmission line

Year

Characteristics

Resources of Water

Water treatment
plant

Year in service

Extension

ALG1 (Ngnith pipe)

1971

DN 1000 PN
25 steel

ALG2 (driving
KMS)

2004

DN 1200 PN 25
cast iron

800 Sebi

2008

DN 800 cast
iron

1951–1994

DN 600 cast
iron

700 output tanks
PTY

1951

DN 700

800 Mamelles
repression

1993

—

—

DN 600 PN 16
steel

Year

Characteristics

Tanks of Thies

1971 (R1, R2); 2005 (R3, R4)

25,000 m3

Tanks Y-point

1951

10,000 m3

Tanks of
Madeleines high
service

1966

1200 m3

Tanks of
Madeleines low
service

1966

6000 m3

Tanks of Mamelles

2003

35,000 m3

Tanks of G point

1966

5000 m

600 discharge
Thiaroye

600 South Pout
repression
Tanks

Nominal
capacity
(m3/d)

Hourly
volume
(m3/h)

Source: JICA study mission based on information provided by SDE.

Table 1.
Main lines of major structures in the water supply network for the Dakar region.

of production and transfer capacities. Currently, nearly 1 million people in the
capital suffer from intermittent service. The Dakar region, which comprises 25% of
Senegal’s population and concentrates 80% of the country’s economic activities, has
its water needs estimated at around 320,000 m3/d, which represents nearly 75% of
the total production water supply [35]. In 1993, 80% of water consumption in the
Dakar region consisted of groundwater, while the remaining 20% came from Lake
Guiers. In 2013, this ratio was reversed due to over-exploitation of groundwater [36].
To ensure an optimal water supply for the city of Dakar and fight against water
scarcity, the government has mobilized since 2014 an additional production of
100,000 m3/day through the realization of 60 boreholes and the rehabilitation of
seven others. This additional volume represents 26% of the average daily production (360,000 m3). From 2014, a peak of 390,000 m3/day is reached with the
commissioning of Bayakh’s new drinking water production center in July 2018. This
production is provided by the factories of Keur Momar Sarr and Ngnith installed
on the site of Guiers Lake (40%) and boreholes of the North Coast, South Pout,
Pout Kirène, Kelle-Kébémer and Dakar (60%). With the commissioning of the two
Bayakh-Thieudème-Diender and Tassette phases, additional production will reach
179,000 m3/day overall, or nearly 50% of the capital’s peak needs.
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From January 2011 to June 2018, production increased by 22%, from 297 million L/day in December 2011 to 355 million L/day in June 2018. The peak of 439 million L/day will be reached in December 2018, i.e., +29% with the commissioning
of Bayakh and Tassette, as well as the three new boreholes of Dieuppeul, Yoff
and Nord Foire. SONES has implemented the various phases of the Emergency
Program with the SDE. Thanks to the impact of this work, the deficit neighborhoods had better access to the drinking water service: Nord Foire, Ouest Foire,
CPI, Cité Alternance, Scat Urbam, Grand Yoff, Liberté 6 extension, Mixta, Keur
Damel, Socabeg, Cité Léopold Sédar Senghor, Hlm Grand Yoff, part of the Unit
26 of Parcelles Assainies, Toubab Dialaw. In 2017, the Ministry of Hydraulics and
Sanitation has developed the Special Program for Drinking Water Supply in Dakar
(PSDAK) which is an intermediate solution pending the completion of structural
works such as: the third production plant and Keur Momar Sarr drinking water
treatment (KMS3) and the des Mamelles seawater desalination plant in Dakar.
The PSDAK has two phases that aim to strengthen production, improve the
quality of the water distributed and secure the supply of electricity. The first phase
of the PSDAK consists of hydraulic works at Bayakh, covering a battery of five
new boreholes, a pumping station, a storage tank of 1500 m3 and an adduct line of
18.6 km between Bayakh and Rufisque. It has allowed a production of 15,000 m3/
day which is injected into the network and several deficit areas have better access
to drinking water in 2018. The second phase of this program consists in particular,
of six boreholes, a station of pumping, a reservoir and a large diameter transfer line
on the axis Diender-Thieudème. Ultimately, these structures will bring a volume of
water of 15,000 m3/day complementary.
Apart from additional drilling, and social connections provided by SONES, the
KMS 3 and the des Mamelles water desalination plant are the keystones of a water
security policy. This option will consolidate production and preserve the capital
and the Small Coast from any water stress until 2035. These two major projects of
the state are committed to the challenge of water, in the perspective of population
growth established at 3% annually. The third Keur Momar Sarr plant (KMS 3)
should cover the drinking water needs of the Dakar populations, the new urban
center of Diamniadio, the Rose Lake, as well as all the localities crossed by the Lac
de Guiers pipeline from 2021 It is expected to represent in 2020 more than 20% of
the drinking water supply capacity of the water supply system from Guiers Lake. As
for the other structuring project that is the Mamelles seawater desalination plant,
with a capacity of 50,000 m3/day expandable to 100,000 m3, the water problems of
Dakar will be conjugated to the past.
In order to ensure the supply of water to cities, it is therefore essential to improve
the availability of sustainable water supply, the conservation and restoration of
water bodies as well as strategic investments in additional water infrastructures.
Additional water facilities would help increase water storage capacity for long-term
uses and avoid recurring disasters such as scarcity. In addition, urban water and
sanitation companies should prioritize the construction of efficient wastewater
treatment plants to facilitate the treatment and reuse of water.

5. Conclusions
In the face of strong urban growth in Africa as a whole, people’s water supply is
often lagging behind. Many African cities find it difficult to provide adequate water
services to the growing number of occupants. The demand for clean and adequate
water is increasing due to population growth and the global obligation to achieve
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the Sustainable Development Goals, including Goal 6: “Ensuring access for all to
water and sanitation services managed sanitation” [37].
Senegal suffers from a chronic water crisis due to various causes including
drought, landscape degradation, floods, contamination and unprecedented population growth. If solutions exist against mismanagement and water pollution, the
main problem lies in the frequency and severity of extreme events such as droughts
and floods due to ongoing climate change, phenomena that will likely be more
unpredictable in the future. Adequate provision of drinking water to populations
could also be strongly influenced by environmental pollution. Therefore, to preserve water security, it is necessary to focus on the protection of sources, the more
judicious use of fertilizers and pesticides, the reduction of domestic and industrial
pollution as fundamental elements of the complete water management strategy.
In order to achieve the Sustainable Development Goals (SDG 6 in particular),
new strategies for the sustainable management of water resources are needed. In
fact, in urban areas that use large quantities of water (which also puts a lot of pressure on the country’s resources), the modernization of water infrastructure is an
important step to implement for the sustainable preservation of water. Pure water.
These strategies must also take into account the improvement of access and access
to drinking water, the fight against waste of the resource, the treatment and reuse
of water used for agricultural purposes, the storage of water in period of rainfall
abundance and its reuse in times of scarcity, preservation of aquatic ecosystems.
On the issue of the recurring water shortage in Dakar, it is recommended a
device with the following objectives: to reinforce the hydraulic equipment; reduce
the vulnerability of people and goods; appreciate, treat and reduce the risk of water
scarcity; put in place the required prevention, response and recovery measures;
maintain essential activities and services; identify external actors and integrate
them into the planning process.
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Chapter 9

GIS and Statistical Evaluation of
Fluoride Content in Southern Part
of Upper Rasyan Aquifer, Taiz,
Yemen
Ramzy Saeed Mahbob Naser, Mohammed El Bakkali
and Driss Belghyti

Abstract
Fluorosis continues to be an endemic problem in Yemen. More areas are being
affected by fluorosis in different parts of this country. The present study aims to
identify the intensity and the spatial extent of fluoride concentration in groundwater of the southern part of the upper Wadi Rasyan, Taiz, Yemen. 93 sampling points
were selected; the sampling included all types of sources of groundwater and all
types of aquifers. The results show that 71% of samples exceed the WHO drinking
water guidelines value of 1.5 mg/l, and there are wide variation for groundwater’s
content of fluoride in the same aquifer (whether, volcanic and alluvial) and in the
same of groundwater type, and these variations between the different water types
or between the different depths of water (alluvial and volcanic aquifers) are not
significantly different. The high concentration of fluoride in groundwater of the
volcanic aquifer is likely because of the nature of geology formations by the waterrock interaction result of long-time residence of water in contact with the geology
formation. The high concentration of fluoride in the alluvial aquifer likely resulting
the waste of urban and industrial activates sources, the over exploration of groundwater, the arid climatic and the activities agriculture.
Keywords: fluoride, spatial distribution, GIS, Al-Burayhi and Hedran, Al-Hawban,
upper Wadi Rasyan, Taiz and Yemen

1. Introduction
Fluorine has the highest chemical reactivity among all known elements and
occurs mainly as free fluoride ions in natural waters, although some fluoride complexes also exist under specific conditions [1]. In groundwater, the natural concentration of fluoride depends on the geological, chemical and physical characteristics
of the aquifer, the porosity and acidity of the soil and rocks, the temperature and
the action of other chemical elements [2]. Fluoride ion in drinking water is known
for both beneficial and detrimental effects on health. Fluoride in small amounts is
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an essential component for normal mineralization of bones and formation of dental
enamel [3]. However, excessive intake of fluoride can cause dental and skeleton
fluorosis [4, 5]. Due to its strong electronegativity, fluoride is attracted by positively
charged calcium in teeth and bones [6]. Fluorosis is a considerable health problem
worldwide, which is afflicting millions of people in many areas of the world, for
example, East Africa [7–9] and India [10–12]. According to World Health Organization (WHO) Guidelines for Drinking Water Quality [13], the limit value for
fluoride is 1.5 mg/L. The value of 1.5 mg/L is a guiding value, which may be changed
based on climatic conditions like temperature, humidity, volume of water intake,
fluoride from other sources, etc. for different regions of the world [14]. The source
of water supplies in Yemen is mostly from groundwater accumulated during
previous and current times [15]. Fluorosis continues to be an endemic problem in
Yemen. More areas are being affected by fluorosis in different parts of the country.
Recently, a report from General Authority of Rural Water Projects (GARWP)
indicates markedly increasing in fluoride content in groundwater (between 2000
and 2006) in districts of some governorates such as Sana’a, Ibb, Dhamar, Taiz,
Al-Dhalei and Raimah. The highest fluoride concentration in drinking water was
reported in some districts of Sana’a governorate, especially Sanhan [16]. Most
Yemenis dwelling in rural areas use deep well water for drinking and household
works, and a large number of these wells are contaminated with fluoride in a
concentration of 2.5–32 mg [14]. The present study aims to identify the intensity
and the spatial extent of the existing groundwater contamination by fluoride in the
study area and tries to identify sources pollution responsible for the current
pollution of the affected areas through an analytical study in the southern part of
the upper Wadi Rasyan of Taiz governorate in Yemen.

2. Materials and methods
To achieve the objectives mentioned above, there has been:
1. Identifying and understanding of the characteristics of the study area
(topographic and hydrological analysis): location, topography and
hydrological characteristics using arc Map GIS.
2. Inventing sources of pollution and production of their maps: inventory of
number, type and intensity of human activities and the village’s distribution
that is likely to contaminate the groundwater in the study area, view inventory
results on the map using arc Map GIS and using this map in the interpretation
of the results of the spatial assessment of groundwater quality of the study
area.
3. Inventing of wells in the study area and displaying them on the map using arc
Map GIS.
4. Determining sampling points based on type of wells (dug well and bore well),
type of aquifers (alluvial and volcanic), the different depths (from 9 to 500 m)
and their location according to the hydrology system and the pollution
sources in order to appropriate selection of sampling point and production of
the map of sampling points, by using the arc Map GIS.

124

GIS and Statistical Evaluation of Fluoride Content in Southern Part of Upper Rasyan Aquifer…
DOI: http://dx.doi.org/10.5772/intechopen.91329

5. Taking, transporting and analyzing samples.
6. Data processing and interpreting by using arc Map GIS and Minitab 18
program software.
7. Viewing the results of the analysis on the maps in order to know the spatial
distribution of fluoride concentration in groundwater of the study area. The
spatial distribution of fluoride in groundwater samples in the study area is
represented as a thematic layer using IDW tool in the arc Map GIS software
program that was used to the prediction of an unknown value for fluoride of
the rest of the study area that was not covered by analysis and thus gave the
spatial distribution of the fluoride that used in assessing the suitability of
groundwater for drinking in the study area as a whole.
8. Using the results of the groundwater assessment quality to propose alternative
strategies to deal with groundwater.
9. Preparing the final reports (article).
2.1 Sampling
The sampling was collected in polyethylene bottles of 1000-ml capacity after
rinsed with distilled water and the water of the well, through months in August,
September and October, 2014. The fluoride concentration of groundwater samples
was determined using DR 2800 spectrophotometer.
2.2 Statistical methods
The Fisher test was used when comparing dichotomous data separately and
Pearson’s correlation coefficient for continuous variables. On the other hand, after
verifying the hypotheses of normality and homogeneity, we used the nonparametric Kruskal-Wallis H to test whether three or more samples were drawn from the
same population, or from populations with identical characteristics (distribution
with the same median). An analysis of variance was used to study the difference in
means between the different samples greater than or equal to three and in the
multivariate analysis between our samples two by two we chose the Bonferroni test.
In the study, Al-Hawban, Al-Burayhi and Hedran and Al-Dhabab sub-basins were
all different samples. After, we performed logistic regression analysis. Fluoride was
included as a dichotomous variable (lower or greater than 1.5 mg/L). Other variables with p-values < 0.2 in the univariate analysis were entered into the multivariate logistic regression model, which where taken into account in the multivariate
logistic analysis. We studied the cause-effect association between the fluoride
(lower or greater than 1.5 g/ml) and the included variables using odds ratio (OR). In
our first model (crude model), we were satisfied only on the univariate analysis
between each variable (independent factors) and the dichotomous concentration of
fluoride (dependent variable). In a second model, we performed a simultaneous
analysis between the independent variables and the dichotomous dependent variable of fluoride. In order to assess the accuracy of the estimates, we have indicated
the 95% confidence interval (IC to 95%) of the average data. A p-value of less than
0.05 at 95% confidence level was considered as statistically significant.
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3. Results
3.1 Results characteristics analysis of the study area
3.1.1 Location of the study area
The study area represents the southern part of the Upper Wadi Rasyan catchment area, Taiz governorate, Yemen. The study area is estimated at 472 square
kilometers which is densely populated and includes Taiz city which represented the
third largest and important cities in Yemen (Figure 1).
3.1.2 Results of topography analysis of the study area
The results of the topographic analysis (morphology, elevation and slopes
degree) of the study area are illustrated in Figures 2–4.
From the topographic analysis of the study area, we find that the group of mountains and plateaus that surrounding the study area made it semi-closed. Therefore,

Figure 1.
Location of the study area [17].

Figure 2.
Topography of the study area.
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Figure 3.
The elevation in the study area.

Figure 4.
The slope degree in the study area.

the north-west corner of the study area formed the outlet for the runoff network as
shown in Figure 5. According to the digital elevation model of the study area that was
obtained from the NASA site and topographic analysis, the elevations in the study
area concentrated in the south and southwest, where the height of the mountain of
Sabir was up to 3000 m above sea level, whereas Jabal Habashi has a maximum
height of 2400 m above sea level. The lowest elevation is located in the north-west
and is 872 m above sea level, and in the east, elevations are between 1200 and 1600 m
above sea level (Figure 3). Figure 4 shows the map of the degrees of slope in the
study area. The degree of slope determines the flow intensity of the floods and,
therefore, the extent of water (or water and pollutants) infiltration into the ground.
3.1.3 Results of hydrology analysis of the study area
The results of the hydrological analysis [the hydrological limits, direction of
surface runoff and then the flow direction of pollutant at the surface (hydrology
system) and the hydrological level (main valleys and its tributaries)] of the study
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Figure 5.
Hydrology system in the study area.

Figure 6.
Main valleys and its tributaries in the study area.

area are illustrated in Figures 5 and 6. From the hydrology map of the study area,
we found that the watershed drainage (the hydrology system) in the study area is
dendritic and the direction of water surface is into the north-west corner of the
study area. Based on hydrological characteristics, the study area has been divided
into three main sub-catchment area or sub-basins as shown below:
1. Al-Hawban sub-basin has 146 km2.
2. Al-Dhabab sub-basin has 112 km2.
3. Al-Burayhi and Hedran sub-basin (Central sub-basin) has 214 km2.
3.1.4 Geomorphology and geology of the study area
The geology of Yemen is a part of the Arab Shield which consists of a Proterozoic
crystalline subsoil covered by a Paleogene sedimentary sequence (Mesozoic
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sediments). In the west of the country, the sedimentary sequence is covered by
Yemen volcanic (Cenozoic volcanic) [18]. The study area occupies the southwestern corner of the Arabian Shield, and the geological complexity of the region is
mainly due to its position at the junction of the Red Sea and the Gulf of Aden rift
systems. Geological map and geological cross sections for the study area were
derived from the geological map of the upper Wadi Rasyan, scale 1: 100,000; that
prepared by Dar Yemen Consulting Company [19]. As shown in Figure 7, the
geomorphology of the study area is dominated by the tertiary volcano that covers
most of the region.
Geomorphology of the study area was characterized as modern rock units,
which was formed during the Cenozoic (Cenozoic volcanic group), which was
formed by a series of eruptions and volcanic eruptions that were affected by Yemen
in general and the province of Taiz, especially during the third geological age as a
result of movements of the successive continental shelf separation tectonics along
the fault line of large expanses of the Gulf of Aden, in the southern Dead Sea to
north and the emergence of the Red Sea gorge and the separation of the Arabian
plate from the African plate where it was accompanied by the emergence of streaks
parallel to the axis of the Red Sea, which represented the levels of weakness and

Figure 7.
Geomorphology of study area (the source of basic map [19]).

Figure 8.
Geology faults in the study area (the source of basic map [19]).
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Figure 9.
The geology cross-section of Jabal Habashi to Hedran (the source of basic map [19]).

Figure 10.
The geology cross-section of Jabal Sabir to Al-Hawban (the source of basic map [19]).

pathways of magmatic systems [20]. A major crack extends from the east to the
west of the study area. There are also local cracks stretching group north-west to
south-east perpendicular to the main fault (Figure 8).
According to [19], the geology of the study area consists of Cretaceous
Tawilah Sandstone (Kt), Lower Basalt (Tb1), Low Volcanic Acids (Tr1), Basic
Volcanic Medium (Tb2), Second Volcanic Acids (Tr2), Granite (Tgr): granite in
the mountain of Sabir contains some older volcanic rocks and finally Quaternary
(QW): Wadi sediments are deposited by seasonal floods and wind-deposited
soils derived from the alteration of volcanic ash and tufa mainly of (Tr1). Thickness
can be up to 70 m. Figures 9 and 10 illustrate geological cross-sections of some
study areas.
3.1.5 Hydrogeology of the study area
According to [19], groundwater in the study area is being produced from three
aquifers: the Quaternary alluvium, the Tertiary fractured volcanic and the Cretaceous Tawilah Sandstone. Cretaceous Tawilah Sandstone in the study area is located
in the lower classes, in the southwest of the study area and extends to the north, as
shown in Figure 11.
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Figure 11.
Cretaceous Tawilah sandstone in the study area (the source of basic map [19]).

Alluvial aquifers form the highest and shallow aquifers in the region. These sediments exist along the Wadis path (Figure 6). The total thickness rarely exceeds 30–
40 m, but they can locally reach considerable thicknesses (up to 70 m). Hydraulic
properties vary from site to other. Intergranular groundwater flow is dominant [19].
Volcanic aquifers consist of the tertiary volcanic sequence. The thickness of this
sequence may exceed 600–700 m. Groundwater flows mainly in this type of aquifers
through the cracks/faults. The sandstone aquifer includes Tawilah Sandstone, Southwest of the study area (Al-Dhabab), and this formation is soaked to an expected
depth of more than 500 m. In general, sandstone is largely silicified and fractured, so
that the dominant groundwater flow in this aquifer is of intergranular type and mixed
fracture. The quality of this aquifer is excellent to good [19].
3.1.5.1 Groundwater recharge
Groundwater aquifers in the study area are recharged by many sources of water,
as follows:
1. In Al-Hawban sub-basin, the aquifers are recharged with rainwater (either
pure or loaded with wastewater that is disposed of in floodwaters), wastewater
disposed of in sewers, industrial wastewater in the eastern part of the subbasin where there is an industrial food complex.
2. In Al-Burayhi and Hedran sub-basin, the aquifers are recharge with the floods
coming from the Al-Hawban sub-basin that loaded with liquid and solid waste
types, domestic wastewater that is transported from the city of Taiz across the
sewerage network is deposited in sedimentation ponds in this sub-basin,
wastewater used to irrigate crops in this sub-basin, irrigation water, which
goes downloaded with high concentrations of salts, sedimentation ponds for
industrial wastewater in the western part of the sub-basin, the floods that
coming from the Al-Dhabab sub-basin to the south-west of the Al-Burayhi and
Hedran basin, these floods reach the Al-Burayhi and Hedran sub-basin, which
is mostly pure but soon to be contaminated by the remnants of industrial
activities located west of the Al-Burayhi and Hedran sub-basin.
3. In the Al-Dhabab sub-basin, rainwater is almost the only source of recharge for
the aquifers.
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3.1.5.2 Groundwater flow
According to [19], in general, the groundwater movement in the study area is a
function of the hydrological system into the north-west corner of the study area
(toward the Al-Burayhi and Hedran sub-basin). In the volcanic aquifers, the direction of the groundwater movement is subject to the direction of the faults.
3.1.6 Results of inventory’s contamination source in the study area
The results and spatial distribution maps of village and inventory’s contamination source in the study area are shown in Figures 12 and 13.
The sampling sites are illustrated in Figure 14.

Figure 12.
Spatial distribution of pollution sources in the study area.

Figure 13.
Village’s distribution in the study area.
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Figure 14.
Sampling sites.

3.2 Results analysis of fluoride’s concentration in groundwater of the
study area
3.2.1 Descriptive statistic of results
A summarized statistic descriptive of results of fluoride’s concentration (mg/L)
in groundwater of the study area is shown in Table 1, and the minimum, maximum,
means and standard deviation of results based on each sub-basin are illustrated in
Table 2.
We used boxplot tool in order to provide a simplified presentation of how
the values of fluoride’s concentration are distributed, the boxplot (Figure 15)
illustrated, the values’ distributions are dissimilarities in their distribution in three
sub-basins.

Variable

Min

Q1

Median

Q3

Max

Mean

StDev

F- mg/L

0.100

1.470

1.890

2.980

6.000

2.353

1.449

Table 1.
Descriptive statistics of F- mg/L for all samples.
Al-Hawban, sub-basin
No. of wells

Al-Burayhi and Hedran, sub-basin

Al-Dhabab, sub-basin

56

29

8

Minimum

0.98

0.1

0.58

Maximum

5.81

5.45

1.11

Mean

2.32

2.66

0.85

S.D

1.15

1.26

0.189

SD, standard deviation.

Table 2.
Descriptive statistics of fluoride values mg/L in groundwater samples of the study area by sub-basin.
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Figure 15.
Box plot to provide a simplified presentation of how the values of fluoride’s concentration are distributed in
groundwater of three sub-basins.

3.2.2 The correlation analysis
The correlation analysis between the fluoride concentration and the different
physicochemical parameters showed that the fluoride concentration is positively
correlated with the Cl, EC, TDS, K, Na, Mg and T. H at the significance level of 0.01
and with the parameters Ca and HCO3 at the significance level of 0.05 (Table 3).
3.2.3 The relationship between the concentration of fluoride and the water type
Figure 16 illustrated how the values of fluoride’s concentration are distributed
according to water type, and Figure 17 show the comparison of the mean of F-mg/L
according to water type with 95% confidence interval.
From the results of fluoride contain in the 93 samples, we found that the very
high fluoride’s concentration (4.501–6 mg/L) was associated with the water type
both of Na-Cl (5 samples), Na-HCO3 (1 sample) and Mg-Cl (1 sample), the high
fluoride’s concentration (3.01–4.5 mg/L) was associated with the water type both of
Na-Cl (8), Na-SO4 (3), Mg-Cl (1), Na-HCO3 (2) and Ca-HCO3 (1), the moderately
abundant of fluoride’s concentrations (1.5–3.0 mg/L) was associated with the water
type both of Ca-Cl (4), Ca-HCO3 (2), Ca-SO4 (2), Mg-Cl (2), Mg-SO4 (1), Na-Cl
(13), Na-HCO3 (16) and Na-SO4 (4), the optimal fluoride’s concentration (0.5–
1.5 mg/L) was associated with the water type both of Ca-HCO3 (5), Mg-HCO3 (5),
Na-Cl (8), Na-HCO3 (7) and Na-SO4 (1) and one sample with water type of NaSO4 has fluoride’s concentration lower than 0.5 mg/L as shown in Table 4 and
Figure 19. The distribution of water type according to sub-basins of the study area
is illustrated in Figure 18, and the spatial distribution of both of water type and
fluoride concentrations is illustrated in Figure 19.
There are variations for the fluoride concentration in the same of water type as
shown in Table 4. Normal concentration of fluoride in Al-Dhabab sub-basin was
associated with Ca-HCO3 and Mg-HCO3 water type; however, the sources of samples (wells No. 32 and 43, and spring No. 44) in Al-Hawban with the Ca-HCO3
water type showed high values of fluoride concentration 3.66, 2.36 and 1.96 mg/L
containing fluoride concentration that exceeds the WHO drinking water, respectively. These sources are located in the southwest of Al-Hawban sub-basin, likely
the sources of fluoride results of geology formation of the Sabir’s mountain granits,
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No

93

93

0.602

0.086 0.055

Sig. (2-tailed) 0.414

PC

pH

93

92

0.000

0.394**

T.H
(mg/L)

Table 3.
Correlation between fluoride and different physico-chemical parameters.

**

93

0.000

0.491**

0.491**

0.000

TDS
(mg/L)

EC (μs/
cm)

PC, Pearson Correlation.
Correlation is significant at the 0.05 level (two-tailed).
Correlation is significant at the 0.01 level (two-tailed).

*

Fmg/L

C°

93

0.897

0.014

T.A
(mg/L)

93

0.043

0.211*

Ca
(mg/L)

93

0.000

0.427**

Mg
(mg/L)

93

0.000

0.453**

93

0.000

0.489**

93

0.490

0.072

93

0.000

0.536**

Na
K
Fe
Cl
(mg/L) (mg/L) (mg/L) (mg/L)

93

0.107

0.168

SO4
(mg/L)

92

0.012

0.262*

HCO3
(mg/L)

93

0.895

0.014

NO3
(mg/L)

93

1

F(mg/
L)
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Figure 16.
The distribution’s values of fluoride according to water type.

Figure 17.
Comparison of the mean of F- mg/L according to water type with 95% confidence interval.

Concentration of
fluoride (mg/L)

Type of water and number of samples

0.5–1.5

Ca-HCO3 (5), Mg-HCO3 (5), Na-Cl (8), Na-HCO3 (7) and Na-SO4 (2)

1.5–3.0

Ca-Cl (4), Ca-HCO3 (2), Ca-SO4 (2), Mg-Cl (2), Mg-SO4 (1), Na-Cl (13),
Na-HCO3 (16) and Na-SO4 (4)

3.01–4.5

Na-Cl (8), Na-SO4 (3), Mg-Cl (1), Na-HCO3 (2) and Ca-HCO3 (1)

4.501–10.0

Na-Cl (5), Na-HCO3 (1) and Mg-Cl (1)

Table 4.
Classification of F- mg/L and their relation to the water type.

according to [21]. The groundwater with high concentration of fluoride is associated
with the granits rocks.
For the Na-Cl water type, we found that 26 samples out of 34 samples have high
concentration of fluoride, 12 samples located in the Al-Burayhi and Hedran subbasin [(wells No. 83, 80, 78, 77, 68, 65, 88, 82, 87, 79, 75 and 92), where 4 samples of
them (wells No. 83, 80, 78 and 77) have 4 of highest values of fluoride’s concentration of out of 5 the highest values)] and 14 samples located in the Al-Hawban subbasin (wells No. 6, 12, 2, 11, 1, 36, 30, 25, 42, 29,24, 28, 55 and 34); however, there
are 8 wells with water type of Na-Cl that have fluoride’s concentration equalizer or
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Figure 18.
The distribution of water type according to sub-basins of the study area.

Figure 19.
The spatial distribution both of water type and the F- mg/L in the study area.

lower than 1.5 mg/L [(7 wells located in the Al-Hawban sub-basin (wells No. 54, 37,
49, 53, 51, 40 and 5) and one well (No. 72) located in the Al-Burayhi and Hedran
sub-basin)]. The wells with the Na-HCO3 water type have 19 groundwater samples
out of 26 samples (wells and one spring) with a high fluoride’s concentration [(11
wells and one spring in Al-Hawban (dug wells No. 9, 22, 27, 18, 15, 47, 17, 19, 20, 23
and 52, spring No. 16) and 7 wells in Al-Burayhi and Hedran sub-basin (No. 67, 85,
70, 89, 69, 84 and 86)]. There are 7 samples out of 9 groundwater samples with
water type of Na-SO4 have a high values of fluoride’s concentration, 6 wells located
in the Al-Hawban [(wells No. 39, 33, 4, 46, 3 and 35) and one located in Al-Burayhi
and Hedran sub-basin (well No. 66)]. All samples with water type both of Ca-SO4,
Mg-Cl, Ca-Cl and Mg-SO4 have abnormal fluoride’s concentration as shown in
Table 5. Abnormal concentration of fluoride was more prevalent with groundwater
samples with Mg-Cl water type in Al-Hawban sub-basin (well No. 41 with
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Water type

Normal concentration N (%)

Abnormal concentration N (%)

P-value

Mg-HCO3

5 (100%)

NIL

1

Ca-HCO3

5 (62.5%)

3 (37.5%)

0.3

Mg-SO4

Nil

1 (100%)

0.10

Na-HCO3

7 (26.9%)

19 (73.1%)

0.01

Na-SO4

2 (22.22%)

7 (77.78%)

0.02

Na-Cl

8 (23.53%)

26 (76.47%)

0.01

Ca-SO4

Nil

2 (100.0%)

0.05

Mg-Cl

Nil

4 (100%)

0.02

Ca-Cl

Nil

4 (100%)

0.02

Table 5.
Water type, normal and abnormal of F- mg/L and number of wells.

Figure 20.
The difference of means for F- mg/L with 95% Cl.

4.87 mg/L, No. 26 with 1.58 mg/L and well No. 10 with 3.33 mg/L) and Al-Burayhi
and Hedran (source No. 81 with 2.66 mg/L); and with water type both of Ca-SO4
(wells No. 38 and 8 in Al-Hawban sub-basin), Ca-Cl (wells No. 71, 73 and 91 in the
Al-Burayhi and Hedran sub-basin and well No. 31 in Al-Hawban sub-basin) and
Mg-SO4 (well No. 7 in Al-Hawban sub-basin). Figure 20 illustrated that there are
no significant different in the fluoride concentration between the sources of
groundwater samples according to the water type.
3.2.4 The spatial distribution both of water type and F- concentration according to pH
The distribution type of groundwater according to pH showed that, from MgSo4 type through a Na-HCO3, Na-So4 and Na-Cl type groundwater to Mg-Cl and
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Figure 21.
Distribution of water type according to pH.

ORcrude

CI for 95%

p-value

ORa

CI for 95%

p-value

pH [7.3–8]

0.417

0.164–1.062

0.067

0.373

0.139–0.99

0.050

Water type

1.755

1.295–2.378

0.000

1.711

1.261–2.322

0.001

Sub-basin

0.389

0.194–0.778

0.008

0.366

0.176–0.760

0.007

ORa: odds ratio adjusted. pH 6¼ [7.3–8]: reference. Mg-HCO3 water type: reference. Al-Hawban sub-basin: reference.

Table 6.
Logistic regression univariate and multivariate model for fluoride variation.

ultimately Ca-Cl when the pH range between 7.3 and 8 was more lower than
pH 6¼ [7.3–8] (Figure 21) and the comparison of the groups “pH [7.3–8]” and
“pH ¼
6 [7.3–8]” showed a significant difference in fluoride concentration (p < 0.05).
Results of the multivariate analysis are shown in Table 6. In the two logistic
regression model, after adjusting for pH, water type and sub-basin (ORa = 0.366;
CI: 1.76–0.76), the water type (ORa = 1.71; CI: 1.261–2.32) remained dependently
associated with abnormal fluoride concentration (Table 6).
3.2.5 The relationship between the concentration of fluoride and type
of sources of samples
The results statistic analysis show that the different of the fluoride concentration
between the different sources of water samples (dug well, bore well and spring) in
the study area is not significantly different. Fluoride concentration decreases not
significantly according to well’s type F (2) =2.19, p = 0.121.
Fluoride concentration is positively and not significantly related to depth of the
groundwater (r = 0.046, p > 0.05).
3.2.6 The comparison of the abnormal and normal fluoride concentration according
to TDS
The comparison of the abnormal and normal fluoride concentration according to
TDS (total dissolved solids) in the three sub-basins showed a significant differences
between the three sub-basins (p < 0.0001) and positive relationship between the
fluoride concentration and TDS (r = 0.5; p < 0.0001). A multiple comparison of
median concentration among these sub-basins in fluoride shows that Al-Hawban
and Al-Burayhi and Hedran sub-basins reach higher fluoride content which is more
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Figure 22.
Box plot for the maxi, min and average of the fluoride content in groundwater according to TDS of three
sub-basins.

Figure 23.
Box plot for the max, min and average of electrical conductivity and total dissolved solids according to study
sub-basins.

Figure 24.
Spatial distribution of fluoride concentration in the study area.
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than 1.5 mg/L and similar but significantly higher than the Al-Dhabab sub-basin;
Al-Hawban-Al-Burayhi and Hedran: (p > 0.072); Al-Hawban-Al-Dhabab:
(p < 0.003); Al-Dhabab-Al-Burayhi and Hedran: (p < 0.0001). Moreover, this
increase in TDS has been found only at two sub-basins when the fluoride is abnormal content (Figure 22). The results of the study samples of electrical conductivity
and TDS according to study sub-basins are given in Figure 23.
3.2.7 Spatial distribution of fluoride
In order to enable sustainable development of groundwater resources, it is
necessary to delineate the safe and unsafe zones with reference of fluoride content
(1.5 mg/L); hence spatial distribution of fluoride’s concentration was mapped in
the three sub-basins of the study area (Figure 24).
Based on the Kruskal-Wallis test for the various sub-basins, the level of significance was (p < 0.05). This result illustrated that there were a significant differences
between three sun-basins with regard to the concentration of fluoride in groundwater. The differences of means for fluoride concentration in groundwater for the
three sub-basins show the mean’s fluoride in Al-Burayhi and Hedran (F-) > AlHawban (F-) > Al-Dhabab (F-). A multiple comparison of mean concentration of
fluoride among these sub-basins shows that there is no a significant difference
between the Al-Hawban and Al-Burayhi and Hedran sub-basins P-value 0.277,
there is a significant difference between the Al-Hawban and Al-Dhabab sub-basins
P-value 0.017 and there is a significant difference between the Al-Burayhi and
Hedran and Al-Dhabab sub-basins P-value 0.001.

4. Discussion
Fluoride concentration variation is widely in the study area from 0.1 mg/L (in
well No.93 in Al-Burayhi and Hedran sub-basin) to 6 mg/L [in Well No. 83, of the
same sub-basin (Al-Burayhi and Hedran sub-basin)]. We observed that the concentration of fluoride in the Al-Dhabab sub-basin is the optimal concentration
according to the WHO drinking water guidelines value of 1.5 mg/L.
Waters with high fluoride concentrations occur in large and extensive
geographical belts associated with (a) sediments of marine origin in mountainous
areas, (b) volcanic rocks and (c) granitic and gneissic rocks [21], and the high
concentration of fluoride widely accepted that most of the F are derived mainly
from acidic volcanic rocks such as pumice, obsidians, pyroclastic deposits, ignimbrites and rhyolite, and the main minerals for F are fluorite, fluorapatite, micas and
hornblende [22]. Because the geology of study mainly constituent from the acid and
basic volcanic and grants rocks, the level of fluoride concentration in the Al-Dhabab
sub-basin can be explained by the nature on aquiver in this study area (Cretaceous
Tawilah Sandstone), while the groundwater in the other sub-basin is produced
either from Tertiary fractured volcanic (that have F- bearing mineral and the
groundwater in this aquiver have long-time contact with aquiver, which adjudge
the important factors leading to the high fluoride concentration result of interaction
between the groundwater and the aquiver) or from the Quaternary alluvium
aquiver, where the Wadi sediments deposited are derived from the alteration of
volcanic ash and tufa mainly of (Tr1); this quiver depends on their recharge mainly
on the wastewater of the urban and industrial activates; this aquiver exposed to
over exploration of their groundwater and finally the dry and semi-dry condition
plays an important role in the degradation of groundwater in this aquiver.
It is clearly observed that the Al-Burayhi and Hedran and Al-Hawban sub-basins
have the highest concentration of fluoride ion in the chemistry of water. Highest
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concentrations were found to be 6 mg/L from Al-Burayhi and Hedran sub-basin,
5.81 mg/L from Al-Hawban unlike the Al-Dhabab sub-basin which remains unaffected by the contamination fluoride of groundwater. According to the report of
[23], the dental fluorosis is the widely fluoride disease observed in the affected
areas, and there is a positive relationship between fluoride in water and the occurrence of dental fluorosis in Taiz region.
In order to understand the vertical distribution of the fluoride ion concentration
from the water of the study area, the type of the sample water (dug well, bore well
and spring) evaluated separately. There was no significant difference between the
three well types, dug well sample, springs and bore wells. It can be concluded that
shallow aquifers do not reflect higher fluoride contamination than deeper aquifers.
It is observed that most of the water samples showed enhanced concentrations
with generally increasing trends to the low elevated area (Al-Burayhi and Hedran
sub-basin), while the high elevation shows low concentration of fluoride (AlDhabab sub-basin). All the water samples collected from the uphill zones of AlDhabab sub-basin were exhibited low fluoride concentration.
Compared with Na-HCO3 type groundwater, Ca-HCO3 type groundwater is
known to generally contain lower fluoride [24]. Its hydrochemistry is characterized by increased Ca2+ ion concentration with increasing total dissolved solid due
to the gradual dissolution of carbonate minerals or Ca2+ bearing plagioclase in
aquifer materials [25, 26]. The Na-HCO3 type groundwater is generally enriched
in fluoride and sodium ions, due to the dissolution of silicates as well as the
removal of Ca2+ by calcite precipitation and cation exchange [27, 28]. The solubility limits for fluorite and calcite provide a natural control on water composition
in a view that calcium, fluoride and carbonate activities are interdependent
[29, 30]. In addition to the effect of those areas by different liquid waste by runoff
and sewage disposal, the heavy pumping of well water is also contributed because
of the scarcity of water which leads to the increase of the concentration of salt in
the water. TDS levels ranged widely from 291 to 6188 mg/L with most station
levels above 400 mg/L and many of the samples studied were higher than the
permissible limit of 1500 mg/L according to WHO (2003). This wide variation in
TDS values indicates that the area hydrochemistry is influenced by diverse processes such as water-rock interaction and anthropogenic pollution. Fluoride concentrations frequently are proportional to the degree of water-rock interaction
because fluoride primarily originates from the geology [9, 31–34]. Due to the high
rainfall, rugged topography, factories, lack of total coverage per sewerage network, population density and faults in the study areas could also explain this high
fluoride content by runoff and infiltration of chemical fertilizers in agricultural
areas, septic and sewage treatment system discharges with fluoridated water supplies and liquid waste from industrial sources. The topography of the study areas
varies from level plain to steep slopes. Study area ranges in elevation between 900
and 3000 m above sea level. Taiz plain receives about 500 mm/year of rainfall and
significant recharge form runoff of surrounding mountains [35]. In addition to
this groundwater fluoride pollution that can affect human health, there have been
indications that uptake of fluoride from other sources like food, dust and beverages may be many times higher than that of water [36]. About the fluorosis in
selected villages of Taiz Governorate, the percentage of children with fluorosis
was very high. Not only because of drinking water, various food habits (like
drinking black tea and Chewing Qat) indicated a high contribution of fluoride to
food. In AL-Hawban sub-basin, some of children, especially from Jabal Sabir area,
used to chew Qat daily, and the Qat are cultivated in the man-made terraces of
Jabal Sabir alkali granite, where it expected to be the main source of F- reach
minerals like fluorite [23].
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On the other hand, the use of fluoridated water for cooking increases the fluoride content significantly especially in dry foods like maize flour which absorbs
much water during cooking. It has been reported that fluoride availability may be
influenced by simultaneous intake of food and fluoride containing compounds in a
positive or negative manner depending on the food type, mode of administration
and type of fluoride compound [37].

5. Conclusion
Much of the fluoride entering the body is from water and the high concentration
of fluoride in water’s sources is therefore a major concern. The fluoride is found in
the atmosphere, soil and water. It enters the soil through weathering of rocks,
precipitation or waste runoff. Understanding of the fluoride occurrence is important in the management of the fluoride related epidemiological problems. AlHawban and Al-Burayhi and Hedran are the worst sub-basins affected by fluoride
contamination in drinking water. 71% of samples (66 samples out of 93 samples) in
the study area have F- concentration (mg/L) above the permissible limit and alternate water sources will be difficult. Therefore, defluoridation of drinking water is
the only practicable option to overcome the problem of excessive fluoride in drinking water in these areas. More refined studies however need to be done before any
long-term intervention efforts can be planned. In the meantime, there is a critical
need to educate young Yemenis about fluorosis and simple intervention measures
to avoid long-term health problems. Other studies in the region are urged studying
the cause and effect relationship between the abnormal content fluoride and
population health.
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Chapter 10

Oil–Water Separation Techniques
for Bilge Water Treatment
Nurul Aini Amran and Siti Nor Adibah Mustapha

Abstract
Discharging accumulated bilge water from the ship is very important in order to
maintain its stability and safety. However, the bilge water that contains contaminants, including waste oils and oily wastes, must be treated prior discharging to the
sea. The International Convention for the Prevention of Pollution from Ships
(MARPOL) has set strict oil discharge limit in order to minimize sea pollution.
Thus, an efficient oil–water separator must be installed to separate the oil from the
bilge water. This chapter introduces and discusses the working mechanisms, as
well as advantages and disadvantages of the available oil–water separation techniques for bilge water treatment, which include gravitational, centrifugation,
flotation, coagulation and flocculation, biological processes as well as absorption
and adsorption.
Keywords: bilge water, oil/grease, oil–water separation, centrifugation, flotation,
coagulation and flocculation, biological

1. Introduction
Shipping has a vital role in developing human society over the years, at which
the shipping activities have linked the widely separated parts of the world through
commercial relationships. In fact, the shipping industry is still developing from time
to time with rapid industrial and digital economy growth. In Canada, the shipping
industry has been established since 1840 and now undergone significant technological advances, where the size of ships that carry containers for international use
continues to increase [1]. Even in Malaysia, the government has launched an initiative, namely, Malaysia Shipping Master Plan, that ensures the shipping industry is
focused on developing itself and has a guide for future development. This initiative
takes place from 2017 until 2022 with a “Revitalizing Shipping for a Stronger
Economy” theme [2].
Generally, there are three main classifications for the global cargo shipping
industry, which are:
i. Wet bulk: Transportation of crude oil and other petroleum products
ii. Dry bulk: Shipment of bulk goods
iii. Liners: Small shipments of general commercial goods
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Each of wet bulk, dry bulk, and liner shipping needs their specialized vessels,
which are tankers, bulkers, and container ships, respectively [3].
Firstly, for wet bulk shipping, approximately a quarter of the goods transported
by sea is dominated by crude oil [4]. The oils are transported from its production
point to the purchasers by the wet bulk shipping or known as tankers. Majority of
the crude oil is moved from the most significant oil-producing region, which is the
Middle East, to the dominant importers like the European Union, Japan and the
United States of America. Other than that, North America imports oil from the
Caribbean and West America meanwhile West and North Africa export their oils to
Europe [4].
Next, the largest group out of these three classifications is dry bulk shipping,
where more than 50% of all loaded goods are handled by the bulkers, while 30 and
16% are for tankers and containers, respectively [5]. There is a vast range of solid
cargoes transported by containers. Generally, there are five primary crucial bulk
goods, which are coal, grain, iron ore, bauxite, and phosphates, in which iron ore
and coal are the two goods that are transported the most [4]. Meanwhile, chemical
packages and steel products are the example of the shipped minor bulk goods [6].
The main routes for iron ore transportation are from Australia and Brazil to Japan as
well as from Brazil to Western Europe. While for coal, which is commonly used as
steam coal in power stations to generate electricity, the leading exporters are from
South Africa, Australia, Colombia, the East and West Coast of the United States, as
well as Indonesia. Moreover, Australia, South Africa, Colombia, and the East Coast
of the United States export their coal to Western Europe, whereas Japan receives the
coal from the West Coast of the United States, Australia, and South Africa [4].
Liner shipping, also known as container shipping, provides services by
transporting goods in containers with scheduled sailings. The variety of goods
transported by liner shipping are packed in a smaller unit. One of the contributors
to the continuation and development of liner shipping is the increment of the digital
economy. According to Ref. [7], companies that produce and process raw materials,
commodities, and manufacturing goods are the previous world’s fastest-growing
and biggest corporations. However, currently, Internet-related service and
technology-based manufacturers, such as Alibaba, Amazon, Apple, and Microsoft,
have become the world’s most valuable and most prominent companies, where ecommerce, online communication and cashless Business to Business (B2B) and
Business to Consumer (B2C) transactions are practiced [7]. This development has
contributed more to the growth of the shipping industry, where it is considered as a
catalyst for economic development by facilitating world trade, due to the cheaper
mode of transportation.
However, aside from on-the-ground activities such as lubricants, refineries, and
petrochemical industries, it is undeniable that shipping activities have contributed
to marine pollution, especially in this twentieth century where carriage of the
cargoes by the ships is increasing. According to [8], millions of tons of oily wastes
and waste oils are generated as the by-products of the ships, every year. One of the
contributors to water pollution by the operating marine vessels is the discharging of
oily bilge water. Typically for marine vessels, the oily wastes and waste oil that
come from various sources accumulate in the bilge space, which is the lowest part of
the vessel.
Routinely, the accumulated oily bilge water must be discharged out of the bilge
spaces to maintain the stability of the vessel, hence eliminating the possibility of the
ship to be in the conditions that can cause a hazard to it [9]. The wastes discharged
can eventually cause water pollution, which leads to many negative impacts on
the human, environment, and marine populations. Oily bilge water may poison
marine organisms because it might cover plants and tiny animals when it floated
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on the surface of the water and is carried into the shoreline, causing life cycles of
the plant and the respiration of the animals be interfered [10].
Hence, many governments and international industries are working on the
marine pollution issue, mainly originated from the shipping industry, such as the
Marine Environmental Protection Committee (MEPC), the International Convention for the Prevention of Marine Pollution from Ships (MARPOL), and the
Department of Environment (DOE), Malaysia. In order to solve the problem, oily
wastewater separator is essential and needs to be installed and operated effectively
to prevent the pollution as well as to ensure that the water discharged overboard
is within legal limits.
The lowest compartment of the vessels and directly above the keel is known as
bilge, where water that drains off from various sources is captured. The water might
be originated from rain, interior spillage, rough seas, or minor leakage in other main
parts of the vessel. Depending on a few factors such as ship size, design of engine
room, and components’ age, the amount of accumulated bilge water onboard varies
from one to another. In order to maintain the stability of the vessel and to avoid
conditions that can cause hazard (such as vessel’s propulsion systems and ancillary
machinery damage and fire hazard) due to too much of bilge waste accumulation, it
is crucial to remove the bilge water into a holding tank, periodically [9]. There are
two options to manage the bilge water, which are whether installing bilge separator
to treat it onboard or holding it in a tank on the vessel before discharging it to the
shore’s treatment facility. Somehow, treating it onboard has an advantage where
a smaller volume of oily bilge water has to be stored in the vessel. Meanwhile,
the treated wastewater can be removed according to the related regulations and
standards.
The composition of bilge water depends on the design and function of the ship.
The wastewater is commonly comprised of water, oily fluids, cleaning fluids, lubricant, and grease as well as other wastes that originated from piping, engines, and
other operational and mechanical sources in the vessel’s machinery spaces [9] as
well as urine and chemicals. Other than that, extra waste streams in massive vessels
contain sludge, waste oil, and oily water mixtures. Sludge is formed from the
continuous fuel purification to remove contaminants in order to enhance lowquality fuels as well as to avoid ship’s engines and highly machined components
from being damaged.

2. Impact of bilge on marine pollution
The regulation stipulated by the International Maritime Organization (IMO)
highlighted on the oil content of the bilge water discharged to the sea. The International Convention for the Prevention of Pollution from Ships (MARPOL 73/78) has
set the maximum limit of 15 mg/L for the oil content in the wastewater to be
discharged to the sea. According to the US EPA (2008), passenger ships produce the
highest amount of bilge water with huge difference as compared to the other types
of ships. This is due to their more complex constructions and support for crowds of
passengers [9].
Typically, the small volumes of treated bilge water are released above the water
line and instantly diluted in the sea water. Hence, the obvious effects of oil spill is
most likely not going to occur. However, a long-term effect might happen to the
marine living organisms around the shipping lanes. The negative consequences that
will take place may be due to the excessive concentration of biodegradable compounds, including oil, as well as continuous increment of nondegradable compound
concentration such as metals [11].
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Other than that, surfactant is one of the significant chemicals contained in the
bilge water. The mixtures of oil and surfactants may cause higher toxicity since the
oil and surfactants alone are toxic themselves. This may be due to the synergistic
effects or the crude oil that has been dissolved, causing it to be consumable for the
exposed organisms [12–15].

3. Current oil–water separation techniques
Typically, OWS is made up of three segments, which are separator unit, filter
unit, and oil content monitor and control unit. The separator and filter units are
included as treatment units, where many designs and different principles are
applied. The gravity and centrifugal separators are commonly used as the first stage
of the treatment, followed by other separation techniques, which is called as
polishing treatment. The examples of the polishing unit are flotation, coagulation
and flocculation, filtration, biological treatment, as well as absorption and adsorption [16]. Normal techniques, such as gravitational and centrifugation, are used for
oily wastewater that has two distinct phases; meanwhile, addition of chemical or
biological de-emulsification is required for separation of emulsified oily bilge
water [17].
3.1 Gravitational method
Typically, oily bilge water treatment onboard starts with a gravitational method
in order to remove heavy fractions and lighter fractions based on density difference.
In this method, coalescing materials made of oleophilic polymer in the form of
loose-packed media or parallel plate are used to attract the oil droplets to adhere
to the plate [16]. Examples of oleophilic polymer used as the coalescing plate
separators are polyethylene, fiberglass, and nylon [18].
The free-moving dispersed oil droplets continue to adhere to the plate or media
until it can break from the coalescing material and float up to the surface of the tank.
The presence of the oil detected by the sensors then automatically triggers the OWS
to remove the collected oil to a waste oil tank. However, this method can only be
effective when the phase of the oil and water is separated distinctively [19]. In other
words, in some instances, the gravitational method is not suitable since the bilge
water typically consists of emulsified oil formed due to the chemical emulsifiers
(solvents and cleaning agents) as well as mechanical means such as ship’s motion and
transfer system pump [16]. Figure 1 shows the gravitational separator process.
As can be seen from the figure above, as the oily bilge water flows through the
parallel plate, oil globules are formed and float up to the surface to form oil layer.
Oil skimmer is used to skim off the oil layer. Then, oil discharge valve and purge
water valve are opened, where the oil is removed from the unit by the purge water.
3.2 Centrifugation method
Centrifugal separators are the alternative option for the gravity separators. The
same principle is applied, in which the oil is separated based on the different density
of oil and water as well as coalescence of the oil droplets. Somehow, the centrifugal
acceleration causes the gravity to increase more, and the coagulation and flocculation processes are enhanced in order to separate the emulsified oil. This type of
separator has many advantages as compared to gravity OWS. Since it can separate
more oil from the bilge water, including emulsified oil, less oil content is loaded to
the next treatment step, which is usually called a polishing unit. Thus, the polisher’s
150

Oil–Water Separation Techniques for Bilge Water Treatment
DOI: http://dx.doi.org/10.5772/intechopen.91409

Figure 1.
Gravitational separator [20].

Figure 2.
Patented Alfa Laval XLrator [21].

service life might last long, reducing the cost of maintenance and repair. Centrifugal
separators are also more compact and require smaller bilge water holding tanks
[16]. However, high capital cost is needed for the centrifuges, and regular maintenance must be done since large horsepower motors are used during the process.
Figure 2 shows an example of manufactured separator (PureBilge by Alfa
Laval).
In the inlet stream of the unit, the bilge water is accelerated by the XLrator with
less shearing and foaming in order to prevent the oil drops from separating and
further emulsion formation. Then, it flows into the separator, in which coalescence
occurs due to high centrifugal force. Flocculation of small oil drops takes place and
flocculants is added to promote bigger flocs for easier separation [21].
3.3 Flotation
Separation of oil by flotation occurs due to the difference in density of oil and
water, where water is denser than oil, forming a scum layer on top of the water.
Floatation technique can be divided into many different techniques, including
electroflotation, froth flotation [22], and dissolved air flotation (DAF).
Electroflotation separates oil from water through electrochemical reactions by electrolysis, where tiny bubbles produced from electrolysis will cause the pollutants to
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float to the water body surface [23]. In froth flotation, the separation takes place
when the oil adheres onto the fine bubbles generated when air is introduced into the
system. Surfactant is added to adsorb the air or water interface of the bubbles of air
with the head groups (hydrophilic) in the water and the tail groups (hydrophobic)
in the air. Hence, when the bubbles rise through the solution, the oil will concentrate on the bubble surfaces and foam is formed [24].
Meanwhile, dissolved air flotation (DAF) introduces micro gas bubbles into the
flotation chamber that has been formed when water is saturated with gas under
pressure [25]. The oil droplet will spread around the gas, and conglomerate will
continue to rise to the surface of the solution. The advantages of flotation treatment
are the following: less investment needed, low energy consumption, and easy to
maintain [26]. However, the statement contradicts with Yu et al. [27] who stated
that flotation requires high energy consumption and has repairing and maintenance
problem as well as issue in manufacturing of the device.
3.4 Coagulation and flocculation
According to Yu et al. [27], coagulation process is a robust oil–water separation
technology because it is able to separate dissolved and emulsified oil; hence, it is
vastly applied in the latest oily wastewater treatment method [28]. In the coagulation process, coagulant, a chemical substance, is added to the wastewater to destabilize the charge of colloidal particles in the solution [29] which is too tiny for
gravitational settling. When the particles are destabilized, larger flocs are formed
making it easier to settle and then are skimmed off to the clarifier or sludge
thickener.
Anyhow, many experiments might be needed if the coagulation method is going
to be used in treating oily wastewater. This is because of the complexity of oily
wastewater, making it hard to choose the most suitable coagulants for effective
separation of oil and water to take place [27]. In a study done by Zeng et al. [30], oil
removal efficiency is improved up to 99% when aggregation of poly-zinc silicate
(PZSS) with anionic polyacrylamide (A-PAM) is used as the coagulating and flocculating chemicals. Somehow, higher costs are needed, and it could cause water
bodies’ secondary pollution and difficulties to the next process [27].
3.5 Biological
Some bilge water treatment units include biological treatment, which is called as
a bioreactor. In this method, microorganisms are used to eliminate or reduce the
organic and inorganic compounds before the treated wastewater being discharged
to the sea or to a collection system [29]. The microorganisms convert the dissolved
and particulate carbonaceous organic matter, including oil, in the bilge water into
simple end products through the oxidation process. The equation below is
representing the aerobic biological oxidation of organic matter [29].
Organic material þ O2 þ NH3 þ PO4 3� ! new cells þ CO2 þ H2 O

(1)

As can be seen from Eq. 1 above, the oxidation process needs oxygen (O2) and
nutrients, which are nitrate (NH3) and phosphate (PO43�), in order to convert the
organic matter to carbon dioxide (CO2) and water (H2O). Other than that, the new
cells generated are referring to the biomass produced after the oxidation of organic
matter takes place.
There are two principals of biological processes used to treat wastewater, which
are suspended growth and attached growth, or also known as biofilm, processes.
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Suspended growth process maintains the microorganisms in liquid suspension by
proper mixing methods. Meanwhile, attached growth attach the microorganisms
to an inert packing material, where the wastewater will flow past the biofilm to
remove the organic materials [29]. For OWS onboard, biofilm is used, in which the
bacteria are attached to a synthetic support media. In this bioreactor, aerators are
installed under the media to supply oxygen to the bacteria for bacterial growth as
well as for oxidation of the organic contaminants to take place. Other than that,
a clarifier is needed in order to remove the biomass formed at the end of the
processes [16].
Biological treatment, with flexible operation, simple maintenance and management, as well as stable effluent quality [26], is indeed a suitable method since no
waste oil is produced by the process [16]. Small oil droplets of emulsified oil, which
are hardly removed by physical and chemical treatment, can be degraded easily by
the bacteria [31]. However, CO2 will be produced from the process, resulting in
increment in greenhouse gases. Even though the operating cost is low, the capital
Techniques

Advantages

Disadvantages

References

Gravitational

Effective for discrete phases of
oil and water

Not effective to separate emulsified
oils from water

[16, 19]

Centrifugation

1. More compact
2. Do not require large bilge
water holding tanks
3. Produce small amount of
waste
4. Can be run without
continuous man-hours
operation and supervision

1. Use huge horsepower motors
2. Require frequent maintenance
3. High capital cost for centrifuges

[16]

Flotation

1. Less investment needed
2. Low energy consumption
3. Easy to maintain
4. Produce less sludge

1. Repairing and maintenance
problem
2. Issue in manufacturing of the
device

[26, 27]

Coagulation
and
flocculation

1. Can remove emulsified oil
and dissolved oil
2. High adaptability

1. Need to be operated by skillful
operator
2. High operating cost
3. Produce high amount of sludge
which then needs to be disposed
4. A lot of experiments might be
needed due to complexity of
wastewater composition

[16, 27,
28, 33]

Biological

1. Able to effectively degrade
organic pollutants including
emulsified oil
2. Can remove other organic
pollutants
3. No waste oil produced
4. Mechanically simple
5. Low operating cost

1. Loading spikes can occur
2. High capital cost
3. Need to be operated by skillful
operator

[16, 27]

Absorption
and
adsorption

1. Suitable for less than 400 GT
vessels
2. Relatively compact
3. Low capital and operation
costs
4. Require low maintenance

1. Need to replace the media
frequently (if necessary)

[16]

Table 1.
Comparison of the separation techniques.
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cost needed is high and skillful personnel to be in charge is required to ensure the
treatment functioned well.
Basically, there are three stages involved in the process [32]. The first stage is
heavy phase separation, where separated oils and solids are removed. In the second
stage, the bacteria are used to convert the emulsified oil into non-harmful end
products. This stage is known as emulsified oil degradation stage. Then, the third
stage contains clarifier in order to remove the remaining solids and water.
3.6 Absorption and adsorption
Physicochemical sorption involved in absorption and adsorption processes can
eventually separate the oil from the bilge water. Absorption occurs when two
discrete physical states of substances are fused together. Meanwhile, in adsorption,
molecules adhere onto the surface of different phase [16]. Both absorption and
adsorption involved absorbent sorption media and adsorbent, respectively. The oil
is separated by pumping the bilge water through these media until their maximum
sorption capacity is achieved, which then the oil is removed. Certain used media are
possible to be regenerated onboard; meanwhile, some are regenerated or disposed
of onshore. Somehow, the regenerated media is replaced once it is exhausted, where
it can no longer absorb or adsorb the oil molecules. Having a few advantages which
include low capital and operating cost as well as compact treatment unit, these two
sorption techniques are suitable for vessels with less than 400 gross tonnages [16].
Table 1 summarizes the comparison of the oil–water separation techniques.

4. Commercial OWS for bilge water treatment
Currently, many types of OWS for bilge from different manufacturers are
available in the market. The separators consist of a number of separator units that
No. Manufacturers

Name of the products

Separation techniques
applied

1

Alfa Laval

PureBilge

Centrifugation

2

EnSolve Biosystems, Inc.

PetroLiminator OWS

Biological

3

Village Marine Tec.

Village Marine Tec. Oily Water Separator Adsorption
(VMT OWS)

4

Separator Spares &
Equipment, LLC.

ULTRA-SEP Bilge Water Separator

5

Compass Water Solutions

CRP-SEP

1. Gravitational
2. Centrifugation

ULTRA-SEP

1. Centrifugation
2. Filtration
3. Ultrafiltration
(membrane)

VG-SEP

1. Centrifugation
2. Adsorption

BOSS Oily Water Separators

1. Filtration
2. Centrifugation

6

Recovery Energy, Inc.

Table 2.
Examples of commercially available bilge water separator.
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use different separation techniques. Table 2 shows examples of companies that
produced commercially available bilge water separators.

5. Conclusions
Different techniques are available and being used in the oil–water separation
techniques for bilge water treatment. Typically, more than one unit of separators is
needed to meet the minimum allowable discharge limit value set by the regulatory
bodies. Gravitational and centrifugal methods are said to be the first technique
before undergoing further polishing separation. Polishing treatment unit caters
smaller droplet of oil, or emulsified oil, which cannot be treated by gravitational and
centrifugal methods. To conclude, oily bilge water can be treated with proper
separation techniques so that the treated bilge water discharged to the sea comply
with the limit and marine pollution can be minimized and prevented. Any other
treatment techniques can as well be tested and introduced to enhance the oil–water
separation process in treating bilge water.
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