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EDITORIAL

Can floodwater in estuaries be developed as drinkable water without

desalination?

Guest Editor: Shu-Qing Yang

Center for Coastal Reservoir Research, University of Wollongong, New South Wales 2522, Australia
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In 2015, members of the United Nations (UN) assessed the
crisis that human has now and developed 17 Sustainable Devel-
opment Goals (SDGs) which have been collectively endorsed
by UN’s 193 members, and the deadline is 2030 to achieve
these goals. Amongst them, SDG6 relating to water is the
most challenging to achieve given the water stress that most
countries globally face along with lack of revolutionary new
methods to provide safe and affordable drinking water for all.
Currently more than 40% of the global population is affected
by water scarcity, and this percentage is only going to rise. In
other words, if no new technologies are developed or adopted
by the 193 members, the promise will be far from fulfilled.
Under these conditions, the “coastal reservoir” system is a
paradigm shift in water resources development, which could
be a timely solution for countries, proving “The true test of
commitment will be implementation”.

In 2017, the International Association for Coastal Reser-
voir Research (IACRR) was established to provide an option
towards accomplishing SDG6 using a new technology. The
coastal reservoir (CR) is a system whereby the dam is situated
in the seawater environment to develop floodwater. IACRR’s
vision is to provide sufficient, clean and affordable water with
minimum environmental and social impacts. IACRR is al-
ready receiving tremendous support from several entities in-
cluding decision-makers, researchers, engineers and journal-
ists. In fact, the papers listed in this issue provide an in-depth
view into CR, its use, technology underpinnings, and its appli-
cability in the south-Asian context. On behalf of the authors
and readers, I thank JSUPP for its generous support for pub-
lishing these papers. I believe this issue will be the first of its
kind documentation on CR as it clearly answers the following
questions:

Is CR technology applicable to developed countries like
Australia? First paper!!,

A quick look at the CR map of the world shows that almost
all CRs have emerged in developing countries, except in Sin-
gapore and Hong Kong, with very few in developed countries
like USA, and Australia (only one in the 1930s). Many pos-

sible reasons may exist for this like less population and small
water gap between supply capacity and demand, high environ-
mental and water quality standards, etc. This paper clearly
shows that Australia uses only 5% of its annual runoff, and de-
salination and wastewater reuse are not its water solution pri-
orities. Coastal Reservoirs, if design properly, have minimum
environmental impacts relative to other solutions, also the wa-
ter quality is comparable with the existing dam water, if not
better. This paper presents preliminary CR designs for each
capital city and an interesting conclusion is that CRs can also
solve inland regions’ water crisis. A criteria has been proposed
to justify the feasibility of water diversion projects.

How to enhance water quality in a large river’s coastal
reservoir? Second Paper!?.

The worst enemy of CR is not seawater pollution, but land
based pollution. There exists a high risk for any CRs to develop
water from a large river. Qingcaosha Reservoir (QR) is a typ-
ical example, where the quality of incoming water is not very
good. This paper discusses purification of water using natural
systems such as wetlands. The research outcome shows that
after the continuous purification through wetlands, the quality
of raw water has improved. The average value of NH;"-N,
NO3-N, TN, TP in the outlet are 81%, 65%, 77% and 66% of
the inlet respectively, after flowing through the natural wetland
in the reservoir. The wetlands can solve two major problems
facing the coastal zone reservoirs which are enhance intake wa-
ter quality and stabilize water quality. In the design of coastal
reservoirs, the authors suggest that we should make full use
of existing wetlands, enhance the function of wetland water
purification through ecological engineering methods, and con-
struct artificial wetlands as a supplement.

Is CR technology environment-friendly and socially ac-
ceptable? Third Paper!.

It is well known that for infrastructural development in al-
most every country, environmental impacts assessment (EIA)
is a must. While the authors did not conduct any detailed EIA
research to address this paramount question, they used a sim-
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ple and convincing method to answer it, i.e., using secondary
sources to examine papers in the largest database of research
community, i.e., the web of science. The result of this liter-
ature search is astonishing as the existing CRs show almost
no negative impacts. By examining images in google, the au-
thors compared the social impacts of different projects. The
research method used in this paper is interesting and novel and
the conclusion is convincing, i.e., the existing CRs have mini-
mum environmental/social impacts relative to other methods.

Is CR technology applicable to China? Fourth paper.

China is the most populous country in the world with a sub-
stantial chunk of its population highly concentrated along its
eastern coastline. Globally, Hong Kong is the first city whose
drinking water comes from its CRs. In the 1990s, the UN pre-
dicted that Shanghai would be one of the largest cities with
severer water shortage induced by pollution. This crisis has
been avoided by Shanghai CR, which is the largest CR in the
world. Given this, it is important to discuss whether the suc-
cessful applications can be extended to other coastal cities, and
whether China’s historical problem which is, 50 km?/year wa-
ter gap between its demand and supply capacity can be solved.
This paper clearly answers these questions and goes further to
provide the preliminary CR layout for each city. The interest-
ing finding is that the huge water gap is only 2.7% of its runoff
lost to the sea. The data clearly reveals that China is not run-
ning out of water, but water is running out of China.

Is CR technology applicable to lagoons or coastal lakes?
Fifth paper[®!.

It is often that water is available in abundance but not a drop
is drinkable. Can a brackish lake be developed as a coastal
reservoir for high quality freshwater storage? Australia at-
tempted this in 1930s for its Alexandrina Lake, but failed. This
paper presents an innovative CR design where the mistake in
Australia’s early attempt is avoided. The feasibility study is
positive for the formation of fresh water reservoir in a typical
brackish water lake. Ashtamudi Lake in southern India was
taken as a case example to test this. The result shows that the
water is good enough for urban water usage in the coastal town
of Kollam, India.

Is there any option to Inter-link Indian rivers? The case
study of Netravathi River. Sixth paper[©l.

For a long time now, India has had a heated debate on its
ambitious river inter-linking project. This very costly (about
US$168 billion) project tries to divert water from the Hi-
malayas to its southern tip. Given its contentious nature, it
is important to assess alternatives to this project. This paper
presents a vivid case similar to China or most other places of
the world, showing that India is not running out of water, but
possibly water is running out of India. The southern part of
India in particular is in fact not short of water, but is lacking
in ways and means to store it. Its CR feasibility study clearly

shows that a large amount of flood waters exist. From the de-
tailed hydrological analysis of Netravati and Gurupura rivers,
this paper estimates the runoff into the sea, at 388 TMC from
Netravati River and shows that just 2.5% of this amount would
be sufficient to meet the present water shortfall of Bengaluru,
the largest city in the Southern Indian Peninsula. It is postu-
lated that India’s water thirst can be completely quenched us-
ing coastal reservoir technology, even without the Rivers inter-
link project.

How wetland pre-treatment enhances performance? Sev-
enth paper!7],

This paper highly recommends productive/agricultural wet-
land to pre-treat river water for CR’s storage. Different from
Qingcaosha CR, the Caofeidian CR is small and its catchment
is also very small, even then, the water quality becomes a big
issue caused by serious agricultural non-point source pollution.
In this paper, agricultural/productive wetlands are introduced
to purify water. The productive wetland by floodplain could
reduce 450 tons of COD, 18 tons of total nitrogen, 3.6 tons of
total phosphorus annually, and reduce the water evaporation by
14,000 m? annually. Agricultural wetland (Paddy field ecolog-
ical ditch) can effectively remove the storage of pollutants with
4 tons of total nitrogen, 0.8 tons of total phosphorus annually,
and conserve 1,000 m?® water nearly. Their results show that
Caofeidian CR’s water quality has been significantly improved
after wetland purification. Thus, it is certain that, if designed
properly, CRs can provide very high quality water to the users
without incurring high cost.

Meeting India’s SDG6 through Coastal Reservoirs? Eighth
paper 81,

What is India’s Sarovarmala? Why is it important for the
Indian government to keep its promise, of providing sufficient,
clean and affordable water to its 320 million people who live in
water-starved conditions and ensure provision for 840 million
by the year 20507 This paper first analyses India’s recorded
rainfall pattern and finds that no significant changes can be
observed. The author then makes the case that “Increase in
population” and “inefficient management of precipitation” are
the main reasons for water scarcity. The most sustainable so-
lution for India’s water problem is to make provisions to store
rainwater during the monsoons and wetter seasons in coastal
reservoirs, and use it in drier seasons when needed. This paper
estimates that potential runoff to the sea from India is about
4,400 thousand million cubic feet. This paper suggests con-
structing coastal reservoirs along the Indian coastline along the
west and east to form a necklace (mala) which can then help al-
leviate India’s water crisis. Further, doing so can make SDG6
achievable in India.
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REVIEW ARTICLE

Will coastal reservoirs dominate future Australian water supplies?

Shu-Qing Yang
Center for Coastal Reservoir Research, University of Wollongong, New South Wales 2522, Australia

Abstract: Next to air, fresh water has been always considered as the most important resource, central to economic development as well as to
human physiological needs. Currently the total world population is about 7 billion, and by 2050, it is projected to be 9 billion. By that time,
an additional 40 Nile Rivers will be needed. Historically, inland dams have successfully solved the water deficit problems in many places, but
more and more countries are resorting to emerging technologies like desalination, wastewater recycling and rainwater tanks which are needed
to replace inland dams for a number of geomorphological, environmental and social reasons. These new technologies require a paradigm shift
in the water supply industry: global water consumption is only 5-6% of annual runoff — as it is in Australia — so the coming shortage is not of
water, but of storage.

A coastal reservoir is a reservoir designed to store floodwaters in a seawater environment. The first generation of this technology has been
successfully applied in China, Singapore, Hong Kong and Korea, but the water quality is generally not as good as that from inland reservoirs.
The second generation of coastal reservoirs has been developed and its water quality is comparable with the water available from conventional
urban water supply reservoirs, if not better. The conceptual design of coastal reservoirs for Australia’s capital cities is outlined.

Keywords: urban water supply, coastal reservoir, inter-basin water diversion, inland dams, water quality
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1 Introduction

According to Kummu et al.!'l, the population under water
scarcity since the 1900s has increased by nearly 16-time, but
total population has increased only 4-fold over the same pe-
riod. Alavian et al.!?! show that 80 countries now have wa-
ter shortages, and 2 billion people do not have sufficient clean
water, with at least 1 billion people not having their basic wa-
ter needs. The current world population of 7.2 billion is esti-
mated to be increasing by 1 billion every 12 years, about 50%
of the total population will soon be affected by severe water
shortages. Most of them will live in coastal cities due to ur-
banization. An example of global water crisis can be seen
in Australia, the driest inhabited continent in the world with
24 million people in 2016 spread over 7.7 million km?, where
desert makes up about 18% of the mainland. Not only is the
continent dry, but its rivers generally flow with less regular-
ity and predictability than those of other continents>*. The
largest river system (the Murray-Darling river basin) is simi-
lar in area to that of the Ganges River in India (about 1 mil-
lion km?), but during Australia’s Millennium Drought (2000-
2009), the Ganges River flow was 200 times higher than that
in the Murray-Darling system.

In 2013-2014, Australia used 24x10% GL/a of industrial
and household water®!. Compared with the annual runoff to

the sea which is about 400x 103 GL/a, the consumed water
was only 6% of total runoff, similar to the rest areas in the
world. In the next 100 years, only 1—2% of additional runoff
is needed to sustain Australia’s growth in water demand. More
and more countries are realising that on-stream dams are not
the future for water development, so new technologies are re-
quired. These ideas and solutions have been tested in Australia
to ensure security of supply:

1) Inland dams. In the 20th century, the dam industry
played a leading role in securing water supply such that Aus-
tralia has the highest storage per capita in the world. In the 21st
century, it is now hard to find dam sites which are economically
suitable for development. Further, there is much more techni-
cal and public recognition of the negative impacts on riverine
ecosystems. Consequently, governments, research communi-
ties and the public are shifting to other alternatives to locating
water storages on significant watercourses.

2) Wastewater reuse. This technology was first highlighted
by its success in low-rainfall Windhoek, Namibia and has been
applied in Singapore and Brisbane!®!. The Western Corridor
Project in Brisbane cost $ 2.7 billion in 2008, but in Septem-
ber 2013, then Premier Peter Beattie admitted that the scheme
was a “tragic error of judgment” because the public rejected
drinking recycled sewage because of its “yuk factor”.
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3) Desalination plants. This has been seen as a promising
way to supplement climate/weather-dependent water supplies
during droughts, especially for island countries like Singapore
and Australia. There are 92 desalination plants in Australia
but experience from Melbourne and Sydney plants indicates
they are economic “white elephants”, whatever their techno-
logic and political benefits.

4) Demand management. In the late 20th century, Australia
started the swing from supply management — governments de-
livering the water wanted by society and industry — to demand
management — customers reducing water wastage and unnec-
essary consumption. This move has reduced the immediate de-
mand for more storages to be built but increasing demand by
more population will eventually reignite the need for greater
water supply and storage.

5) “Operation Plowshare” was an American program to use
nuclear explosions for peaceful purposes, a section of the Aus-
tralian water industry toyed with the idea of blasting several
subterranean, sealed-by-molten-rock vessels into which flood
flows in Queensland Channel Country would be directed by
surface windrows into the vessels via large diameter bores. A
central vessel would then be heated by a later nuclear explosion
to generate steam for a surface power plant to supply electric-
ity to raise water from surrounding vessels by pumps. It was
understood that the nuclear devices would have been supplied
free of cost.

6) Adelaide and Perth have considered towing Antarctic ice-
bergs north to have them melt into impervious liners, perhaps
aided with a covering of carbon black or similar[’1.

2 Problems with Dams

The problem of all dams is that the dam sites with suitable
location with near demand centres have been developed in the
post-WW2 40-year era of dam building. The remaining dam
sites are generally not suitable for development. Consequently,
there is no much new dams after 2000 as shown in Figure 118,

Figure 1. Number of large dams constructed in the world by year.

Another problem with dams is sedimentation!!. The total
sediment yield in the world is estimated to be 13.5x10° t/a or
150 t/km?/year and about 25% of this is transported into the
seas and oceans and 75% is trapped in the lakes, reservoirs and
river systems!!%), UN experts warn that a fifth of the current
storage capacity of reservoirs worldwide will be gradually lost
over the coming decades as a result of sedimentation!!". Fur-
ther, global warming may increase the severity of storms and
rains which would accelerate the natural erosion rates that feed

reservoirs. The life span of world reservoirs depends on the
sedimentation rate which is reducing their storage capacities
by more than 1—1.5% per year!?). A concrete dam’s design
life span is about 100-200 years, so assuming an average life
span of to be 150 years, the future operating dam numbers and
total storage can be calculated. The results are shown in Figure
2, which clearly indicates that by 2150, all reservoirs will have
been abandoned as effective water storages. Figure 2 clearly
shows that our water crisis is being intensified by sedimenta-
tion quite separately from demand.

Figure 2. Number of operating large dams in the world and their total water
storage in km® based on the assumption of 150-year dam life spans. Filled
symbols are historical and open symbols are future estimates assuming average
sedimentation occurs.

3 How Those Problems Affect Australia

Australia’s dam construction is shown in Figure 3a which is
based on the data available in The Australian National Com-
mittee on Large Dams’ (ANCOLD) website. It has the same
post-WW2 boom as in Figure 1, the six-fold peak rate of build-
ing over the pre-WW?2 average but a 10-year later peak and re-
turn to pre-WW2 numbers. More than a half of the dams were
designed for purposes other than water supply like irrigation,
flood control and hydro-power. A problem for siting Australian
dams is that we don’t have the high mountains and deep valleys
common on other continents to provide narrow dam sites with
extensive upstream storage topography. Our flat land not only
deprives us water storage in winter snowpacks but makes our
reservoirs comparatively shallow with a large water surface, so
they are prone to evaporation losses and greater sediment depo-
sition. This is why the benefit of dam construction in Australia
often cannot cover its cost. For example, the Ord River Scheme
in Western Australia cost A$ 613 million between 1958 and
1991, but the benefits were just A$ 102 million in the same pe-
riod®!. The benefit-cost ratio of 0.17 is far below the 1.3 or so
needed for governments to recover their outlays through taxes
and charges.

Australia has the highest population growth among the ma-
jor developed countries!'3 as shown in Figure 3b. White es-
timates the mean annual sedimentation rate for Australia is
about 0.27% of reservoir’s storage, about 1/4 of the world’s
average!'?!. In other words, dam operators in 185 years’ time
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Figure 3. The effect of not increasing Australia’s water storage. (a) Number
of dams constructed and number for water supplies. (b) Population growth and
total storage capacity. (c) Storage capacity per capita from 1900-2150.

can expect to be working with perhaps only 50% of their orig-
inal storage. This means that, if no new dams are constructed,
the storage volume per capita will be decreased significantly as
shown in Figure 3c.

Australia’s 500 large dams yield the highest per capita sur-
face water storage in the world at 800 kL/capital in 1985. Such
storage is needed because Australian rivers are characterised
by low discharges and the highest variability of all the conti-
nents3#. However, this storage has been effectively waning
since 1985 due to increasing demand from a growing popu-
lation and to sedimentation. Figure 3c reveals that we have
already lost 1/3 of our storage capacity, and by 2050, our stor-
age capacity per capita is projected to shrink to WW2 levels.
Obviously, we need more storage for an increased population
to survive during droughts like the Millennium Drought of
2000—20009.

For the above two reasons, it is clear that dam-building era
from the 1950s to the 1980s is over, never to return. But per-
haps dam-building only needs to change the way it does busi-
ness.

4 Coastal Reservoirs

Coastal reservoirs are the result of siting dams inside seawater.
They are similar to inland dams in that they are constructed
to high standards of strength and impermeability and for the
shortest practical length to minimise costs. They have an ad-
vantage over inland dams because they have the potential to
collect every single drop of runoff from their catchment. That
advantage is also a disadvantage because they have the poten-
tial to collect every micro-pollutant from their catchment. As a
result, some coastal reservoirs in Table 1 have become wastew-
ater reservoirs, such as the Sihwa Lake in South Korea!'*l, Be-
cause the volume of wastewater maintains the same growth rate
as population (as does the usage of fertilizer and pesticides),
it can be predicted that the raw water quality in these coastal
reservoirs will never meet drinking water standards unless new
technology solves the problem of non-point source pollution.

These first generation barrages are normal to the flow di-
rection, which cuts off ships’ navigation and fish migration,
and causes significant environmental impacts. An in-stream
coastal reservoir has a fixed storage capacity, which may not
be able to match the designed water demands; the accumula-
tive contamination in the reservoir may deteriorate its water
quality. Another problem of the first generation coastal reser-
voir is caused by a high evaporation loss, the example can be
seen from Australia’s first coastal reservoir formed by five bar-
rages at Lake Alexandrina outlets, it was intended to change
its brackish water into a freshwater lake using Murray River
water. The high evaporation over very large surface areas, cou-
pled with low river flow in the Millennium Drought, led to its
salinity becoming an undrinkable 6,000 mg/L in mid-2010.

The first coastal reservoir in the world was built in the
Netherlands in 1932 and it took five years for its originally
saline water to be replaced with freshwater. In 1968, Plover
Cove in Hong Kong became the first coastal reservoir in the
world for drinking water purposes. Most reservoirs in Singa-
pore are coastal reservoirs: Pandan, Kranji and Marina Bay.
In China, Shanghai constructed the Baogang coastal reservoir
in 1985 and Chen Hang coastal reservoir in 1992. Currently,
its water supply mainly comes from the 527 GL Qingchaosha
coastal reservoir, which is by far the largest coastal reservoir in
the world for drinking water purposes. Its construction cost in
2011 was US$ 2.8 billion to supply 2,600 GL/a for 24 million
people.

In Table 1, except for Shanghai coastal reservoirs, all exist-
ing reservoir barrage alignments are normal to the river flow
direction. This alignment is the same as inland dams and sig-
nificantly changes the river flow regime, causing many envi-
ronmental and ecological problems for navigation, passage of
migratory fish etc. Sihwa coastal reservoir in South Korea, for

6 Journal of Sustainable Urbanization, Planning and Progress (2017) - Volume 2, Issue 2



Shu-Qing Yang

Table 1. World’s existing coastal reservoirs.

Name Catchn;ent Dam length  Capacity Year Construction Country — River
(km?) (km) (GL) completed cost (US$ B)

Zuider Zee 170,000 33.00 5,600 1932 N.A. Netherlands

Lakes Alexandrina & Albert 1.1x10° 7.60 1,600 1940 N.A. Australia — Murray

Plover Cove 46 2.00 230 1968 0.07 Hong Kong

Baogang/Shanghai 1.8 x10° 3.70 12 1985 N.A. China - Yangtze

West Sea Barrage 20,000 7.80 2,700 1986 1.80 N. Korea — Taedong

Chen Hang/Shanghai 1.8 x 10° 4.70 8 1992 N.A. China - Yangtze

Sihwa 476 12.40 323 1994 0.30 South Korea

Yu Huan 170 1.00 64 1998 0.10 China — Zhejiang

Marina Barrage 110 0.35 2008 0.20 Singapore

Qingcaosha/Shanghai 1.8 x 10° 43.00 550 2011 2.80 China - Yangtze

Saemanguem 330 33.00 530 2011 2.10 South Korea

note: N.A. = not available

instance, was abandoned for water supply because of accumu-
lative non-point-source contamination 31,

It is predicted that coastal reservoirs that totally cut off the
river flow from the sea would not be approved by any govern-
ment in the future. It would have been necessary to develop the
second generation of coastal reservoirs which should avoid the
mentioned disadvantages, thus its water development is tech-
nically feasible, economically viable, environmentally sustain-
able and socially acceptable.

5 Second Generation Coastal Reser-
voirs

These coastal reservoirs (Figure 4) aim to solve the problems
with first generation coastal reservoirs by:

1) Potentially reducing construction costs.

2) Reducing operating costs especially in terms of maintain-
ing quality standards.

3) Reducing the adverse impacts of coastal reservoirs on
ecosystems to levels acceptable to the public and to govern-
ments.

4) Bypassing polluted water or opening rivers to navigation
and fish passage without interruption, so quality of the stored
water is enhanced to levels acceptable to the public and water
authorities. The most important feature of the second gener-
ation coastal reservoir is its capability to select high quality
water for storage.

5) Eliminating dislocation of people caused by land inunda-
tion, cessation of agricultural activities, disruption of transport
corridors etc.

6) More flexibility in design, construction and operation of
barrages for existing conditions as well as future changes in
demand, quality standards, environmental expectations etc.

5.1 Solid Barrier

As the sea is the biggest reservoir on the planet, the coastal
reservoir can be constructed in any place in the sea, even to-

Figure 4. Scenarios for second generation coastal reservoirs 2], the intake
system is shown as an orange square, which can divert good quality river water
to the reservoir for storage in flood seasons.

tally offshore if the coast must remain undisturbed. The pri-
mary barrier is located, at least in part, in a body of seawater
(see Figure 4). It goes without saying that coastal reservoirs
are designed to have the shortest practical barrage length for
minimum construction cost, commensurate with providing the
required storage volume, seafloor shape, geology etc.. The pri-
mary, solid barrier of a coastal reservoir must be of sufficient
height to withstand tidal surges and wave action, but it needs
not to be as sturdy as the walls of inland dams because the
water pressure differential across the wall is usually less than
10 m whereas that across a conventional dam may be in ex-
cess of 100 m. It may be constructed as a concrete wall, stone
breakwater, a row of caissons, earth/rock dike or a pile of huge
sandbags. For example, a 170 km long dike was constructed
in 2002 to protect the navigation channel in the Yangtze es-
tuary using prefabricated caissons and sandbags/geosynthetic
tubes !, where the water depth ranges from 5.0 to 8.5 m, wave
height is 3.3 to 5.9 m!!'"). The total cost including dredging
of 0.3 x 109 m3 soil was US$ 2.5 billion; that is, 15 million
US$/km. Huge sandbags are used in the construction of dike
in Qingcaosha coastal reservoir, Shanghai.
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5.2 Soft Barrier

Seepage for an inland dam can be a big problem, but for a
coastal reservoir this is insignificant because the water pres-
sure differences are small, and most of the time the reservoir’s
water level is slightly higher than the sea level. The sea water
intrusion can be further prevented by introducing a soft barrier
as shown in Figure 4. The soft barrier is an impermeable cur-
tain suspended from a boom on the water surface '8!, It extends
to the sea bed to separate fresh from brackish water contami-
nated by seawater from either wave action at the surface or
any seepage of groundwater of seawater. The soft barrier can
effectively prevent pollution of seawater from seepage in the
seabed or overtopping by surging waves in extreme weather
conditions. It should be highlighted that a soft barrier is not a
must for the second generation of coastal reservoirs.

5.3 Bypass Gates & Water Quality Manage-
ment

The most important feature of the second generation coastal
reservoir is its capability to select good quality for storage and
to discharge polluted runoff out of the reservoir without mix-
ing. The existing coastal reservoirs like Singapore Marina Bar-
rage generally receive polluted water (i.e., first flush), but dis-
charge clean water to the sea (after sedimentation). By using
the SPP (Separation, Prevention and Protection) strategy "),
water quality could be improved by separating freshwater and
seawater by a barrier, clean water from polluted river water us-
ing intake regulation, and only good quality water is allowed
to enter the reservoir via the intake regulation as shown in Fig-
ure 4. The collected fresh water needs to be protected against
external pollution from the river and the sea. Seawater intru-
sion into the stored fresh water should be prevented. The SPP
strategy is effective in collecting good quality water, because
the intake gates in Figure 4 will be closed when poor quality
water or first flush flows appear, so the polluted water flows to
the sea via a bypass channel without entering the reservoir. A
wetland pretreatment is also suggested to purify the river flow
prior to its storage.

Generally, good quality water appears during flood seasons
except its first flush that should not be allowed to enter the
coastal reservoir, as the first flush transports majority of con-
taminants like total nitrogen (TN) and total phosphorus (TP)
and other nutrients and heavy metals. These pollutants gen-
erally come from non-point sources over a land surface, par-
ticularly after a long spell of dry weather. Normally, it is not
necessary to collect all runoff, as globally only additional 1~
2% of runoff is enough for human’s water demand. For very
large river basins, it is suggested that multiple pre-treatment
wetland is applied to reduce TN, TP and other nutrients to en-
sure the reservoir’s water quality. The intake/tidal gates can
be inflatable rubber dams as those used in Singapore Marina
Barrage.

The second generation coastal reservoirs have the capacity
to select water for storage and to bypass unwanted water based
on its quality in a river. The first generation coastal reservoirs

have no bypass channel to discharge polluted water, and poor
quality water is stored in the reservoirs, consequently the wa-
ter inside the reservoirs is deteriorated, like the Sihwa coastal
reservoir in South Korea!'>!. Obviously if the bypass channels
are used in the reservoir, the Sihwa lake can restore its water
quality and function as a water source again.

Like inland dams, all coastal reservoirs will eventually lose
its capacity due to sedimentation, but the difference is that an-
other new coastal reservoir can be constructed in the sea near
the silted coastal reservoir, whose land can be developed for in-
dustrial and resident purposes, even for agricultural activities
without the problem of soil salinization. Therefore, one may
conclude that the sites of coastal reservoirs are renewable, but
the sites of inland dams are not renewable.

5.4 Environmental Impacts
To discover possible environmental impacts of coastal reser-
voirs, the writer keyed in “environmental impacts of Zuider
Zee” in Web of Science, one of the largest research databases:
only one paper by Lammens et al.*'! appeared on 18 Febru-
ary 2017. Their research reveals that the impacts of Zuider
Zee reservoir include “damming and fixing the water table
prevented the development of emergent vegetation and caused
steep water-land gradients”, other impacts are “high nutrient
loads, which cause phytoplankton blooms, the disappearance
of aquatic macrophytes and intensive fishery”. However, when
“environmental impacts of Three Gorges Dam” — the largest
inland dam in the world completed in 2007, was keyed into
the same database, 769 journal papers appeared. When “en-
vironmental impacts of desalination” was keyed in the same
database, 3,697 journal papers appeared. Eighty-five-year
Zuider Zee’s existence is long enough for researchers to infer
coastal reservoir’s environmental impacts. Certainly they at-
tract far less concern than inland dams and desalination plants.
The differences between coastal reservoirs and traditional
inland reservoirs are summarized in Table 2. The first gen-
eration coastal reservoirs’ shortcomings are also included for
comparison, e.g., — poor water quality, high construction costs
and inappropriate size. The second generation of coastal reser-
voir can be designed to overcome these problems so their ap-
plication to Australia should be discussed.

5.5 Financial Comparison

The proposed A$1.6 billion Traveston Crossing Dam in South-
east Queensland would store 161 GL of water and could supply
70 GL/year, and 76 km? of land to be flooded permanently as
the reservoir??!. The design life span of concrete dam and its
steel structures is about 100 years, during which span the total
water supply is 7,000 GL, thus the capital cost is 0.23 A$/kL (=
1.6 B A$/7 B m?). Its running cost is much cheaper compared
with desalination or wastewater reuse.

Sydney desalination plant invested A$ 1.8 billion for its out-
put of 90 GL/year. Its design life span is about 20 years, the
total water supply in this period is 1,800 GL. Hence, its capital
cost is 1.0 A$/kL. This plant has been in standby mode since
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Table 2. Difference between inland reservoirs and coastal reservoirs.

Aspect Inland reservoirs

First generation coastal reservoirs Second generation coastal reservoirs

Good (from protected
catchments)

Variable water level,
above sea level

Water quality

Water level

90° to flow direction
Limited (narrow dam sites

Dam alignment

Poor (collect and store all contaminants)

Variable water level near sea level

90° to flow direction

Good (only collect clean water, bypass polluted
water)

Almost constant water level near sea level

Small angle to flow direction

Dam site with ) Limited (only inside a river mouth) Unlimited (inside or outside river mouth)
Concrete, earth/rock to . Concrete, earth/rock to withstand low water
. - - Concrete, earth/rock to withstand low . .
Dam design withstand high water . . pressure but with wave/tidal surge,
water pressure but with wave/ tidal surges . .
pressure with/without soft dam
Dam length Short Short Long
. . . Medium (obstruction to floodwater, fish,
Environmental impacts  High - Low
navigation)
Seepage By pressure difference By density difference By density difference
Pollutant Land-based Land-based + seawater Land-based + seawater
Emigrant cost High None None
Water extraction By gravity By pump By pump
Water catchment 10~50% 100% 100%

its birth in 2010. The taxpayers need to pay 535 m A$/year for
its state of hibernation, or 5.9 A$/kL (= 535 m A$ /90 GL) of
manpower cost. This water desalination plant needs the power
of 4 kWh/KL 23], thus the energy cost is about A$1.2/kL, so the
total running cost is 7.1 A$/kL.

The western Corridor Project invested A$ 2.6 billion for wa-
ter supply capacity of 130 GL/year, thus its capital cost is 1.0
AS$/KL for 20 year design life span. Its manpower cost is simi-
lar to the desalination plant, but its required energy is less, and
0.6 AS$/KL is assumed. This gives that wastewater recycling
method’s running cost is 5.9 A$/KL + 0.6 A$/kL = 6.5 A$/KL.

The Qingcaosha coastal reservoir in Shanghai spent A$
3.7 billion for the construction cost including 45 km long
dam, pumping system with the capacity of 200 m?/s or 2,600
GL/year, 114 km long pipeline system and a 7.2 km under-
ground tunnel (about 6 m in diameter), two sluice gates with
widths are 70 m and 20 m[?*, the design life span of coastal
reservoirs is also 100 years, thus its capital cost is 0.01 A$/kL.
Its running cost is very low as the government charges the res-
idence’s tap water at 0.4 A$/kL only.

In this study, inland dams’ running cost is assumed to be
0.4 A$/KL as same as the coastal reservoir. Table 3 provides
the comparison of costs among different methods, where the
second row shows the projects. The total capital cost in row 6
means the cost at its beginning. Row 5 is its design capacity.
Row 6, the capital cost per kL, is obtained by dividing the total
capital cost in row 4 with the total water supply in its life span
(i.e., the product of data in row 3 and 5). The running cost
includes the manpower cost and energy cost. It can be seen
that for one kL of water, the capital cost of desalination and
wastewater recycling is about 100 times higher than the cost of
coastal reservoir, the running cost is about 17 times higher.

6 Coastal Reservoirs for Australian

Capital Cities?

In the light of Australia’s small water consumption compared
with surface runoff, Yang!>=2"! claims that our future water
crisis will not be caused by water shortage, rather by stor-
age shortage. As dams on rivers are becoming increasingly
unattractive for economic, environmental, and social reasons,
it may now be time to consider building dams at sea, creating
coastal reservoirs to harvest floodwaters otherwise lost to the
oceans.

To solve Australian coming urban water crisis, coastal reser-
voirs for the capital cities are proposed in Figure 5-14. Concep-
tual designs are indicated as follows: red lines represent solid
dams or shoreline of fresh water reservoirs, artificial canals are
represented by a thick orange line, intake/tidal gates are repre-
sented by short yellow lines. The flow path of high quality river
water are represented by white lines with arrow heads, the flow
path of poor quality water or by-passed water are represented
by black lines with arrow heads.

In Australia, all capital cities except Hobart have faced wa-
ter crisis, this can be seen from the emergence of desalination
plants. Hence it is necessary to analyse whether the water crisis
is caused by water shortage or storage shortage, and whether
coastal reservoirs can quench Australian thirst.

Southeast Queensland This region has a population of 1.9
million people spread over the 240 km from the Gold Coast
to the Sunshine Coast, west to the Great Dividing Range and
includes cities of Gold Coast, Brisbane and Sunshine Coast.
To reliably supply this region’s 300 GL/a!?®! demand, coastal
reservoirs are suggested for the mouths of the Richmond River
and the Brisbane River, as shown in Figure 5 and 6. The annual
runoff of Richmond River is 3,300 GL/a and that of the Bris-
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Table 3. Cost comparison among different methods of water supply for per kL of water.

Inland dams

Desalination

plant Wastewater reuse Coastal reservoir

Traveston Crossing Sydney desal. Plant West Corridor Project

Project discussed Dam in QLD in 2007

Design life span (year) 100.00
Total capital cost (A$ billion) 1.60
Water supply (GL/year) 70.00
Capital cost (A$/kL) 0.23
Running cost (A$/kL) 0.40

Qingcaosha in

in 2010 in QLD in 2008 Shanghai in 2010
20.00 20.00 100.00

1.83 2.60 3.70
90.00 130.00 2,600.00

1.00 1.00 0.01

7.10 6.50 0.40

Figure 5. Potential coastal reservoir at Richmond River (100 km north to the
Gold Coast).

bane River is about 2,500 GL/a!?®!. The available water is 20
times more than the water demand. In Figure 6, the total length
of dike is 16.3 km, the water surface area of coastal reservoir
is 66 km?.

NSW Its total population in 2015 was 7.7 million, with
Sydney 4.9 million or 64%, and Newcastle Maitland 0.4 mil-
lion or 5.6%. During the Millennium Drought (2000-2009),
water in Warragamba Dam, the largest dam for Sydney’s water
supply, dropped to its lowest recorded level of 33.8% on 9-10
February 2007. Warragamba Dam’s catchment is only 9,000
km?2, but the catchment areas of the Hunter River, Hawkes-

Figure 6. Potential coastal reservoir at Brisbane River mouth.

bury River and Shoalhaven River are 22,000 km?, 21,600 km?
and 7,000 km?, respectively. If the coastal reservoirs proposed
in Figures 7-9 are applied, the total catchment is as high as
44,300 km2, which is 50 times larger than Warragamba Dam’s
catchment. It is certain that these regions’ water supply can be
secured. In Figure 7, the Fullerton Cove receives good quality
water in flood seasons, and its shallow cove can be used as a
wetland to pre-treat the river water that is stored in the coastal
reservoir in the sea. Figure 8 shows that two barrages at the
outlets of Hawkesbury River mouth can create a reservoir with
50 km?. These barrages can be also used for road transport
like freeway or high speed train rails. If average water depth
is 10 m, then the storage is about 500 GL. Its annual flow rate
is about 4,600 GL/a. As the catchment is covered by forest,
thus the water quality should be good enough and the wastew-
ater bypass channel may be unnecessary. Figure 9 shows the
coastal reservoir of Shoalhaven River, whose flow is regulated
by two hydraulic gates, these barrages can be also used for land
transport. This reservoir can be a backup water source for Syd-
ney, Wollongong, Nowra and Canberra in extreme dry years in
future.

Melbourne Its annual rainfall is about 650 mm/a. Its
largest dam, the Thomson River Dam is capable of holding
around 60% of Melbourne’s water capacity. The total storage
capacity of the 10 reservoirs that supply Melbourne is 1,800
GL, and the water comes from 1,600 km? protected catchments
in the Yarra Ranges. The annual flow from the catchment to
these reservoirs is about 600 GL, but during 1997-2009, this
dropped to 380 GL/a. On 1 July 2009, the storage was only
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Figure 7. Potential coastal reservoir for Newcastle at Hunter River mouth.

Figure 8. Potential coastal reservoir at the Hawkesbury River mouth by 2.9
km barrage.

26% of fully capacity. Water supply in 2014-2015 was 400
GL. If coastal reservoirs are constructed at the river mouths of
the Yarra River (catchment area = 4,100 km?), Bunyip River
(4,100 km?), Maribyrnong River (1,500 km?) and Werribee
River (2,000 km2), the total catchment is about 11,600 km?2,
and total runoff from these four catchment is 2,000 GL/a. An
example of a coastal reservoir for Melbourne is shown in Fig-
ure 10 where the intake at the Yarra River is open only when
the river flow has high quality water, the lake in the city can be
used as a wetland to pre-treat the river water. The treated water
is stored in the coastal reservoir.

Adelaide Its local inland reservoirs provided 32 GL/a wa-
ter during the Millennium Drought (2000-2009), and the catch-
ments of these inland dams are small relative to the coastal
reservoirs’ catchment like Torrens River and Onkaparinga
River. Hence, if coastal reservoirs were constructed at the river
mouths, the local reservoirs could provide more water to Ade-
laide, say 100-200 GL/a. In dry years, Adelaide’s water sup-

Figure 9. Potential coastal reservoir at the mouth of Shoalhaven River.

Figure 10. A potential coastal reservoir to develop the wetland pre-treated
water from Yarra River using pipelines or underground tunnel.

ply depends heavily on water transfer from the Murray River,
up to 90%. Lake Alexandrina is the first coastal reservoir in
Australia as its barrages were constructed in the 1930s to de-
velop its water resources. However, the design purpose is not
successfully achieved as it was a saline water body in the Mil-
lennium Drought.

Similar to Las Vergas whose water supply comes from
Hoover Dam by developing water from its nearby river — Col-
orado River, Adelaide’s desalination plants may be unneces-
sary if a dam like Hoover Dam existed to develop water from
its nearby large river: Murray-Darling River. Figure 11 clearly
shows that Adelaide is not short of water, but its storage, as its
annual inflow during the Millennium Drought was 5,700 GL/a,
but the annual water demand was about 150 GL/a in the same
period. Detailed research!'®! shows that if a second genera-
tion coastal reservoir is applied inside the Alexandrina Lake,
this Australian “Hoover Dam” can supply sufficient high qual-
ity water to the Adelaide and South Australia. Their results
also show that the coastal reservoir would improve the lake’s
ecosystem, as the research shows if there was a coastal reser-
voir in Figure 12 in the Millennium Drought, the lake’s water
level would be higher and its hydraulic residence time would
be shorter. This is understandable because the reservoir re-
duces the stagnant water volume and stores good quality water
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in flood seasons. The research also shows that it is safe for
Adelaide to divert 500 GL/a in dry years like 2007-2009 from
the coastal reservoir whose size is about 580 GL located inside
the Lake Alexandrina. In flood seasons, the intake gate is open
to store high quality water. After that, the intake gate is closed,
and river flow by-passes the reservoir entering the lake and the
poor quality water is used to improve ecosystem. This design
does not use any shoreline of the lake, thus it has little impacts
on human society.

Figure 11. Murray-Darling River runoff into Lake Alexandrina from 1892 to
2008.

Figure 12. A coastal reservoir proposal in Lake Alexandrina to develop fresh-
water from the Murray River for Adelaide’s water supply.

Perth Total population in West Australia in 2015 was 2.6
million, 82.7% lived in four coastal cities, i.e., Perth (2.0 mil-
lion), Bunbury (0.075 million), Busselton (0.036 million), Ger-
aldton (0.040 million). In 2005, Perth had a population of
around 1.5 million people, and the city consumed 240 GL/a
of water. It is estimated that the population in Perth in 2026
and 2056 will be 2.27 million and 3.36 million, the required
water supply will be 350 GL/a and 520 GL/a, respectively 3],
Runoff from Swan River (570 GL/a), Murray River (720 GL/a,
and 42 km from Perth) can be developed using coastal reser-
voirs for Perth’s water supply. An example is shown in Figure
13, in which the bypass channel width is about 100 m on av-

erage, the estimated surface area of reservoir is about 19 km?,
and the estimated storage capacity is about 100 GL. Alterna-
tively a barrage can be constructed near Point Walter Reserve
and Chidley Reserve. As the polluted water is stored in the
reservoir, a water treatment plant with RO technology may be
needed to purify the reservoir water to drinking standard, sim-
ilar to Singapore Marina Barrage.

Darwin The runoff from Adelaide River (1,700 GL/a) in
Northern Territory can be developed for Darwin. The 180 km
long river is 50 km away from Darwin CBD. Its catchment is
about 7,640 km? and its tributaries include Margweret River,
Manton River and Marrakai Creek. About 50% of the area was
pastoral leasehold land, and 20% of it was Aboriginal land.
The topography varies from low escarpment country in the up-
per reaches of Adelaide River to low lying flat floodplain areas
near the coast. Figure 14 shows a conceptual design of coastal
reservoir for Darwin’s water supply.

Figure 13. A coastal reservoir proposal at Swan River mouth for Perth’s water
supply.

Figure 14. Proposed coastal reservoir at the mouth of Adelaide River (45 km
to Darwin).

7 Inter-basin Water Diversion for In-
land Regions

Coastal reservoirs can supply sufficient water to coastal cities,
and also can provide sufficient water to inland Australia to
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meet its vast water demand for irrigation and mining indus-
try. This is achievable as the existing large dams for water
supply could be used for this purpose, for example, if the capi-
tal cities’ water supply comes from the coastal reservoirs, then
the water in large dams like Warragamba Dam, Wivenhoe Dam
and Thomson Dam can be diverted to inland regions across the
Great Dividing Range, thus the Murray-Darling River Basin’s
water could be increased. As mentioned, Australian flat land
is bad for inland dams’ development, but good for water di-
version. Water from some coastal reservoirs can be also di-
verted into the inland regions as shown in Figure 15, where the
proposed coastal reservoirs for water diversion are those blue
ovals. The existing inland dams are red solid dots. The exist-
ing pipelines in SA and WA are represented by red lines. The
proposed water diversion pipeline from Kimberley to Perth is
represented by a blue line, and the proposed pipelines are rep-
resented by red lines with arrows.

Figure 15. Proposed interbasin water diversion schemes from existing dams
(red arrow with red cycles), and coastal reservoirs (red arrow with blue ovals).

To quantify the feasibility of these water diversion propos-
als, this study uses the energy required for water diversion to
judge whether these water diversion routes are feasible and
economic. Examining the pumping energy over long distance
pipeline, this study proposed the following empirical equation
to express the needed hydraulic head as the follows:

H(m) = 0.625X (km) + Ah(m) (1)

where H is the hydraulic head in m, and X is the length of
pipeline in km. Ah = elevation difference between the ending
point and its source of route in m. Eq. 1 includes the energy
loss by friction and the change of potential energy. In Table 4,
the values of X (column 3) and elevations (column 6 and 7) are
obtained from the google earth.

A feasible project can be seen from the existing water di-
version pipelines in South Australia, the detail information is
shown in Row 2 of Table 4. The Morgan- Whyalla pipeline is

about 360 km long, Mount Lofty Ranges is about 460 m over
sea level, and Ah =60 m - 17 m =43 m. Eq. 1 shows that H
=267 m, and the cost is about 0.24 A$/m3 %, The distance of
water transfer from Wivenhoe dam across the Great Dividing
Range is only X = 70 km lifting 384 m height, Eq. 1 gives H
= 428 m. The calculated H using Eq. 1 is shown in the last
column of Table 4.

Based on the H value, this study broadly divides the water
division projects into four groups:

H < 300 m; Class I;
301 m < H < 600 m; Class II;
601 m < H < 1200 m Class III;
H> 1200 m Infeasible

Class I means that a project is simple and easy. A more dif-
ficult project is defined as Class II. A very difficult and costly
project is defined as Class III. If H > 1,200 m, the project is
infeasible. From this criteria, the Morgan-Whyalla pipeline in
South Australia is Class I as its H < 300 m. The project of
Mannum-Adelaide pipeline is Class II as its H is higher than
300 m, but less than 600 m. The Perth-Kalgoorlie pipeline is
Class IIT (601 m < H < 1,200 m). But the pipeline from Kim-
berley to Perth is infeasible as its H value is greater than 1,200
m.

Based on the value of calculated H, feasibility of a proposed
route of water diversion can be justified. Table 4 shows that
water diversion from the coastal reservoir at the Carpentaria
to Georgia River has X = 250 km and Ah = 350 m, and Eq.
1 gives H = 506 m, less than 600 m, so the project is fea-
sible with Class II. But Table 4 shows that it is infeasible to
divert water from the coastal reservoirs at the river mouths of
Bega where the distance X to the Great Division Range is only
50 km. Table 4 shows that the diversion routes are feasible
but difficult (Class III) from Wellington Lake and Warragamba
dam to the Murray-Darling river system. Most of rest diversion
routes shown in Figure 15 are also feasible. However, more de-
tail investigation needs to be conducted for the feasibility and
environmental impacts of these conceptual proposals.

8 Conclusions

It is not that Australia is running out of water, it is that wa-
ter is running out of Australia. This paper seeks to start the
conversation into how coastal reservoirs may retain water for
human use at reasonable cost. That conversation needs to start
now because no any new dams have been constructed since
the 1990s for Australia’s capital cities. Substitutes for storage
- desalination plants and wastewater reuse - have emerged in
Australia but there are continuing debates as to these projects’
economics and sustainability.

If an additional 1-2% of runoff is made available by means
of coastal reservoirs, Australia should have sufficient water for
its long-term sustainable development. It goes without say-
ing that the coastal storages in this paper would need to be
designed and cost to much greater detail before being imple-
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Table 4. Basic information for proposed inter-basin water diversion schemes in Figure 15.
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. Upper Murray
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Coastal R ir at 6,530
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arpentaria Norman River)
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Abstract: Qingcaosha Reservoir (QR) is typical fresh water storage and salty water avoidance featured coastal reservoir, which is located
in south branch of Yangtze River Estuary, China. Due to the location of QR, pollutants and short-term salt tides have threatened the clean
fresh water intake of the reservoir. There are 289 km? shoal wetlands in upstream of QR. After the continuous purification of wetlands, water
quality of raw water has been improved. Qingcaosha shoal, Zhongyangsha shoal, Beixiaohong shoal and Dongbeixiaohong shoal are on the
circumference. From the water quality monitoring data after the reservoir operation, the average value of NHZ{-N, NO3 -N, TN, TP in the
outlet are 81%, 65%, 77% and 66% of the inlet respectively after flowing through the natural wetland in the reservoir. The wetlands can
solve two major problems facing the coastal zone reservoirs that enhance intake water quality and stabilize water quality. In the design of
coastal reservoirs, we suggest that we should make the full use of existing wetlands, enhance the function of wetland water purification through
ecological engineering methods, and construct artificial wetlands as a supplement.
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To take clean water and maintain good water quality during
salty tide is the challenge facing the coastal reservoir, This pa-
per would like to discuss that how Qingcaosha Reservoir (QR)
which is a typical coastal reservoir to solve the problems.

1 Introduction

Water is widely regarded as the most essential natural re-
sources, yet freshwater systems are directly threatened by hu-
man activities[). Raw water, which includes rainwater, ground
water, and water from bodies like lakes and rivers, is now
severely contaminated due to the prosperous economy and in-
dustry in developing countries?!. It is urgent to seek alterna-
tive water sources to full the increasing demand of good quality
water. Therefore, many countries have built artificial reservoirs
to support drinking water treatment plants. A Coastal Reser-
voir is a freshwater reservoir located in the sea at the mouth of
a river with a sustainable annual river flow *,

2 Location of Qingcaosha Reservoir

Qingcaosha Reservoir is located in South Branch of Yangtse
River Estuary, the north to Changxing Island, north east of
Shanghai (31°27°N, 121°38’E). It is now the drinking water
source for over 11 million people in Shanghai (designed wa-

Coastal reservoirs are generally built in economically devel-
oped and densely populated areas. Pollution load poses a seri-
ous challenge to the water quality of the reservoir. As a kind of
fresh water storage and salty water avoidance featured reser-
voir, coastal reservoir is open to intake water under context of
fresh water, and closed to save water under context of salty
tide. This is good to cut the peak and valley in time dimension.
However, this leads to increased risk of pollution loads during
water storage stage, and potential of algal bloom because of
hydrodynamic reduction during reservoir close stage.

ter supply volume of 7.2x10% m3/day). The QR has a sur-
face area of 66 km?, a volume of 4.35x10% m?, and the depth
ranges from 1.5-7.1 m. It receives a regular fresh water supply
from the Changjiang River, and was designed to prevent the
ocean tide from the East China Sea. The incoming fresh water
flows through the reservoir from the west (inlet sluice) to the
east (pump station), and is finally pumped and distributed to
8 drinking water treatment plants in Shanghai. The hydraulic
retention time (HRT) is in the range of 15-35 days. A constant-
closed outlet sluice was set to discharge excess water.
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3 Water Quality Challenges to Qing-
caosha Reservoir

The Yangtze River Delta area, as well as the Yangtze water-
shed is the most important industrial and agriculture center in
China. Small enterprises in the Yangtze River Delta, such as
textile companies, chemical plants, paint factories, and food
production factories, make a significant contribution to the ar-
eas rapid economic growth. The consumption of water from
these industries has led to increased water shortages in certain
parts of the delta. Moreover, due to the lack of efficient waste
treatment facilities and the scattered distribution of these small
enterprises, water pollution has become a serious problem. In
2005, for example, the discharge of industrial wastewater and
domestic sewage was over 63,109 tons, and only 40% of it
was treated . This does not include drainage water from agri-
cultural fields and urban runoff, as well as imported pollution
from upstream areas of the delta. Aquaculture itself is another
significant source of pollution, with nitrogen (N) and phospho-
rus (P) from manure and feed as important pollutants !,

Due to the location of QR, there are two major sources of
salt tide that affect the concentration of chloride in their waters,
one is the northern tide from north branch of Yangtze Estuary,
and the other is the direct intrusion of saltwater from the East
China Sea. When the chloride concentration is more than 250
mg/L the reservoir will stop taking water. According to the
design of the reservoir, the maximum number of consecutive
days without water is 68 days®.

4 Wetlands in the Upstream of QR

The Yangtze River runs into the estuary area and flows through
wetlands to the QR, and the wetlands include Baimomaosha
shoal, Dongfengxisha Shoal, Shangbiandan Shoal, Xiabiandan
Shoal et al'”). (Figure 1 and Figure 2). The total area of the
shoals is 289 km?. The vegetation in the wetland is mainly
composed of Phragmites australis community, Zizania latifolia
community, Scripus triqueter community, Spartina alterniflora
community and bare flat. Different vegetation types of wetland
in the Yangtze Estuary have capacity on N and P removal in
Table 1.

Table 1. Nitrogen (N) and phosphorus (P) removal capacity of different vege-
tation type of wetland in the Yangtze Estuary.

- 2
Vegetation types N and P remove capacity (t/km®/a)

N P
Phragmites australis community 8.69 - 39.62 0.58-2.64
Spartina alterniflora community 14.99 - 36.68 1.54-3.93
Scripus triqueter community 1.47 -12.34 0.21-1.75
Bare flat 0.04 0.004

After the continuous purification of wetlands, water quality
in the QR water intake has been improved. (Figure 3 com-
pares the water quality monitoring data of the Xuliujing water
quality monitoring section and the reservoir water intake, and

Figure 1. The location of Qingcaosha Reservoir.

Figure 2. Shaols distributed upstream of QR.

the contents of the main nutrient indicators (TN and TP) are
significantly reduced™!.

5 Wetlands in QR

In QR, Qingcaosha shoal, Zhongyangsha shoal, Beixiaohong
shoal and Dongbeixiaohong shoal are from the circumference
(Figure 4). The design capacity of the reservoir is 438 mil-
lion m3, and the area is about 66.26 km?, which includes 11.3
km? vegetation covered wetland nearby water intakes and up-
per reaches of the reservoir. The middle reach and downstream
of the reservoir is without vegetation covered wetland.

From the water quality monitoring data after the reservoir
operation, the average value of NHI-N, NO3 -N, TN, TP in
the outlet are 81%, 65%, 77% and 66% of the inlet respectively
after flowing through the natural wetland in the reservoir (Fig-
ure 5). The water quality of the upper reaches of the reservoir
is obviously improved, and the water quality in the middle and
lower reaches is not obvious. Hydrodynamic would decline
after the reservoir stopped taking water due to the salt tide oc-
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Figure 3. Comparison of the water quality monitoring data (TN and TP)
between Xuliujing section and the reservoir water intake section in Yangtze
River.

curred. When the salt tide occurred, the reservoir stopped tak-
ing water. The eutrophication level of the water body did not
increase, but due to the growth of wetland purification time,
further reducing the nutrient content of the water, thereby re-
ducing the risk of water bloom.

Figure 4. Monitoring points of water quality in QR.

6 Conclusion

Along the coast, Phragmites australis, Scirpus mariqueter and
Spartina alterniflora are the dominant plant species that stabi-
lize the shoreline and provide habitat for wild animals. These
natural communities, together with the sediments on tidal flats,
contribute to the sequestration of nutrients from rivers and
shallow water.

A series of wetlands upstream of the reservoir purify the
raw water. The wetlands play an important role in taking clean
water for the QR. At the same time, the wetlands in the reser-
voir area also play an important role in maintaining good water
quality during salty tide.

In order to play the wetland for the reservoir water quality
protection better, we propose to protect these upstream wet-
lands better, make the full use of existing wetlands, enhance
the function of wetland water purification through ecological
engineering methods, and construct artificial wetlands as a sup-
plement.

Figure 5. Average value of NH4+ -N, NO; -N, TN, TP in six monitoring points
in QR in 2011.
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Abstract: Water is essential for the global population’s domestic, agricultural and industrial purposes. Water shortage and its associated issues
are projected to worsen with the population growth. Among many innovative solutions, coastal reservoir (CR) may be one of the feasible
solutions. Many CRs have been constructed around the world. It is necessary to systematically analyze the environmental/social impacts of
these coastal reservoirs, and the results should be compared with other solutions like desalination plants, wastewater treatment and reuse, dams,
reservoirs, inter-basin water diversion and rainwater tanks etc. The world largest scientific database “Web of Science” and “google imagine”
have been used as a tool for comparison. The results show that coastal reservoirs can be socially beneficial and have the potential to increase
tourism within a region and thus hold economic value for communities. Good practice, policy and care can ensure the feasibility of coastal
reservoirs as a future fresh water resource.
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1 Introduction

Water has always been a necessity for civilization. Water is
critical for the survival of plants and animals alike, yet 1.1 bil-
lion people worldwide do not have access to safe drinking wa-
ter. As populations increase and migrate to coastal regions, it
is reasonable to meet this growing demand by augmenting its
storage in the 21st century using innovation and alternative so-
lutions, otherwise “The wars of the 21st century will be fought
over water unless we change the way we manage it.” The use
of coastal reservoirs may facilitate the availability, and sustain-
able management, it is necessary to answer CR’s sustainability
and environmental/social impacts of a coastal reservoir as a
freshwater source.

Coastal reservoir is a freshwater reservoir situated at the end
of a river mouth, which has the potential to capture every single
drop of runoff from rainfall. It is fed by the river directly from
rainfalll'l. A wetland may be useful to pretreat the runoff if it
is polluted by domestic, agricultural and/or industrial sources.

For future water supply, other water supply solutions in-
clude:

e Inland damming
e Wastewater recycling and reuse

e Desalination plants

This paper investigates the environmental/social impacts of
coastal reservoirs by comparing with these existing solutions.

2 Existing Coastal Reservoirs

The coastal reservoir differs from inland reservoirs as it has
the advantage of collecting the total catchment runoff; how-
ever, this is accompanied with high pollution risks. The coastal
reservoir has additional advantages in comparison to previous
water resource storage facilities. There have not been exten-
sive long-term studies into the sustainability and efficacy of
coastal reservoirs for use in water resourcing. Although coastal
reservoirs have been recognised for some time, their accep-
tance socially has not been widely established. This applies
considerably to the public and government. There is some un-
derstanding of the current water scarcity issues, however, clear
solutions to ensure that water resources are sustainable for hu-
man and economic growth are not understood and have not
been developed. There is no strategy for the management of
water resources that will provide for sustainable and economic
population growth and movement. To ensure the holistic fea-
sibility of coastal reservoirs as a supply of fresh water, a study
of the social, environmental and financial impacts, benefits and
differences from alternative water sources (dams and inland
reservoirs) is conducted.

The first coastal reservoir was built in 1932 in Zuider Zee,
Netherlands. A large inlet was closed off from the sea cap-
turing 1,240 km? of water. This salt water inlet became pre-
dominately fresh water over time with the aid of a pumping
process to remove saltwater?!, the desalination process took
approximately 5 years to achieve water that was less than 3.5
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grams per litre !, Almost at the same, Australia Engineers en-
closed the mouth of Murray-Darling River, the largest river in
Australia, it was expected to change the Alexandra Lake into
a freshwater lake for the purpose of irrigation and drinking in
South Australia, the driest state in Australia. In 1968, Hong
Kong constructed the Plover Cove as the drinking water reser-
voir for a mega city, probably this is the first successful ex-
ample for urbans drinking water supply. In the 21st Century,
many coastal reservoirs have been constructed as shown in Ta-
ble 1, Qingcaosha in Shanghai is the largest one for Shanghai’s
water supply.

Table 1. List of coastal reservoirs in the world.

Catchment Dam length ~ Capacity Year .
Name (kmz) (m) (loﬁma) completed Country/Location
Qingcaosha 66.26 48,786 435.00 2011 China/Yangtze
Saemanguem 332.00 33,900 530.00 2010 South Korea
Sihwa 56.50 12,400 323.00 1994 South Korea
Marina Barrage 113.00 350 42.50 2008 Singapore
Chenhang 1.40 2,100 9.14 1992 China/Shanghai
Yuhuan 166.00 1,080 64.10 1998 China/Zhejiang
Baogang 1.80 3,000 12.00 1985 China/Shanghai
Plover Cove 45.90 2,000 230.00 1968 Hong Kong
Lake Alexandrina  1061.00 Natural 1,610.00 1930s Australia

As the field of knowledge currently surrounding coastal
reservoirs is limited, further evidence in the form of research
will assist academics and the general public in identifying and
developing solutions to the current water shortage problem.

3 Other Water Solutions

Current freshwater supplies predominately derive from inland
damming, desalination, storm-water harvesting, groundwater
and waste water treatment.

Inland dams Damming has been the most widely used
method for water supply in society for decades. Concrete dams
have a lifespan of approximately 100 to 200 years, which can
vary depending on the sedimentation rate in the dam. Algal
blooms in Australia, caused by nutrients caught up in sedimen-
tation, costs between 180-240 million dollars yearly. These sil-
tation issues are an ongoing problem for inland damming. The
sedimentation is a result of 75% of total sediment yield being
retained in lakes, reservoirs and river systems. The total sedi-
ment yield in the world was estimated at 13.5 x 10 tons/year.
The by-product of this is a reduction in storage capacity of 1%
per year[4l,

Relevant shortcomings to the sustainability of inland
damming include: limited topography of sites, high pressure
on walls which require expensive materials and construction,
water distribution costs as catchments are often placed away
from settlements and the fact that inland damming cuts off the
hydrological cycle by not utilizing the entire potential from
runoff as the river travels further.

Groundwater Groundwater resources are considered al-
most fully developed. Groundwater features higher quality wa-
ter than surface runoff in regards to chemical, physical and bio-
logical and as such, requires less treatment to water. However,
groundwater requires complex measures to extract the water /.

Desalination Desalination treatment of water has the ma-
jor drawback of being economically disadvantaged, as it re-
quires large amounts of power to run the process. Desalination
additionally has chemical and concentrate discharges to con-
sider for ecological grounds as the runoff can impact fish and
humans.

Water diversion It has significant construction and main-
tenance drawbacks relating to costs. There are additional con-
cerns with social, environmental and interstate issues regarding
land use and crossing of borders.

Reuse of wastewater Substantial social issues arise with
reuse of wastewater as the public does not trust the idea of
drinking water sourced from harmful wastewater. Treatment
requirements are high due to contaminated waters which result
in higher costs to operate treatment plants.

Rainwater harvesting It has the potential to be scaled into
large schemes. However, currently, it is generally socially ac-
cepted only in smaller household scales. It has its own set of
disadvantages including storage limits, unreliable rainfall, ini-
tial costs, regular maintenance and contamination. Stormwa-
ter is similar to rainwater harvesting with the difference being
stormwater is rain that has been drained from the land rather
than rainwater that falls directly from roofs into tanks. There-
fore, this water has recycled water purposes as the contamina-
tion is higher and requires higher levels of treatment in com-
parison to rainwater harvesting.

4 Existing Coastal Reservoirs’ Envi-
ronmental Impacts

Water quality and environmental issues are important for the
feasibility of coastal reservoirs in freshwater supply. The wa-
ter in coastal reservoirs catchment requires treatment before
further freshwater use. The lower the contamination in the wa-
ter will result in less treatment required. This is a desirable
outcome in terms of coastal reservoirs being accepted into so-
ciety due to cost reduction and social acceptance. Relevant
environmental and ecological impacts can be seen from Table
2.

For all stagnant water bodies including dam water and
coastal reservoirs, the most significant threat is the occurrence
of algal blooms. Algal blooms may be described as a sharp
growth of particular algae or cyanobacteria. Coastal Reser-
voirs can select the best quality for storage and use wetland
to pretreat the river water, thus it is not a big issue relative to
inland dams. Even so, the detail investigation is needed.

Qingcaosha Qingcaosha coastal reservoir is a freshwater
reservoir located in Shanghai, China which receives raw wa-
ter from the Yangtze River. The reservoir was completed and
running in 2010 and is a drinking water source for over 15 mil-
lion people now, it was designed to supply a water volume of
7.2x10° GL per day. An extensive study on the water quality
characteristics in the Qingcaosha Reservoir and of the influ-
ent water was completed in 2013. The impurities of the wa-
ter inside the Qingcaosha Reservoir and in the influent in the
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Table 2. Environmental and ecological impacts.

Environmental and

ecological impacts Description

Plant, fish and bacteria species population

Ecology and distribution is taking into account

for the impacts of coastal reservoirs.
Siltation Sediment build up impacting water quality

. . Sediment releasing nutrients

Sediment quality . . .

impacting water quality

Pollution created from industrial discharge,
Pollution sewage leaks, agricultural dischargeand

commercial and domestic pollution.

Human indicating chemicals including

Chemicals present . .
p caffeine and pharmaceuticals.

Yangtze River were also examined. This addresses the issue
of influent water quality, a relevant threat to coastal reservoirs.
Figure 1 shows where the testing samples were taken from in-
side Qingcaosha reservoir and in the Yangtze River. The low
flow rate of the river releases of nitrogen and phosphorous
from sediments resulting in eutrophication and algal blooms.
The study showed TN in the range of 2-4 mg/L and TP in the
range of 0.05-0.2 mg/L inside the reservoir. Both TN and TP
sit within the limits as given by the Chinese water quality stan-
dards.

Figure 1. Locations of sampling sites ).

The recorded concentrations of nitrates and phosphorous in-
side the Qingcaosha Reservoir were slightly higher compared
to the outside reservoir concentrations in the water, the high-
est concentrations were recorded in the middle of the reser-
voir. The Qingcaosha Reservoir has a depth in the range of
1.5-7.1 m and has a hydraulic retention time of 15-35 days
which is a relatively long hydraulic retention time. The water
flows through the reservoir from inlet sluice to pump station
and is pumped and distributed to 8 drinking water treatment
plants in Shanghai. There is a closed outlet sluice set up to
discharge excess water if needed, cyanobacteria are sensitive

to prolonged periods of intense light and high light intensities
above 17,777 Lux as discussed, the cyanobacteria were domi-
nant in late summer to autumn. And chlorophyte and diatoms
were dominant in winter to early spring. The cyanobacteria
experienced a sharp increase in summer 2011.

Marina Barrage It is a coastal reservoir in Singapore,
built in 2008. In 2011, a study was published where the oc-
currence of emerging organic contaminants was measured in
the reservoir. The location of sampling sites consisted of trib-
utaries of the Marina Bay and two locations in the reservoir.
These locations can be seen from Figure 2.

Figure 2. Sampling map for Marina Reservoir 6],

The emerging organic contaminants (EOCs) were targeted
throughout the study to determine the levels to which these
contaminants are having an effect on the water quality in the
catchment. The presence of the wide array of emerging organic
contaminants indicates wastewater inputs possibly from sub-
surface leaks or sewage leaks. Stormwater runoff contributes
to the octylphenol, nonylphenol ethoxylates and their degrada-
tion products presence.

Plover Cove Reservoir It is a coastal reservoir in Hong
Kong completed in 1968. The reservoir has a capacity of 230
million m? and the dam closing off the cove is approximately
2 km long. The enclosed reservoir can be seen from Figure 3.
The algal concentrations declined significantly after the con-
struction of the Plover Cove Reservoir!”), this is a good exam-
ple to show that once clean water is stored, the algal blooms
problem can be avoid completely.

Lake Sihwa It is a coastal reservoir in South Korea con-
structed in 1996 (Figure 4). The reservoir was created to sup-
ply agricultural water and expand agricultural land. However,
the coastal reservoir turned into a failure during desalination.
The water quality in the reservoir failing to desalinate was a
result of stratification, the inflow of polluted water and anoxia.
The water in Lake Sihwa is stratified with polluted water at
the surface and entrapped, saline water at deeper ranges in
the lake. This failed coastal reservoir is a clear evidence for
those coastal reservoirs without bypass channel to divert the
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Table 3. Water quality management of Sihwa Coastal Reservoir (SCR) 1],

Objectives

Year Major management measures Expenditure (million US$)

Increase tidal mixing

1997 Test sluice operation to increase seawater circulation
1998 Normal sluice operation (0.8 x 10%d tidal flushing)

1999 Feasibility study of Sihwa Tidal Power Plant (STPP)
2004 Onset of STPP construction

2011 Test operation of STPP (32-160 x 10° m*/d tidal flushing)

2012 Full STPP operation (160 x 10° m%d tidal flushing)
Subtotal

Strengthen pollution control 1987  Operation of st Ansan STP (cap. 121,000 m*/d, primary treatment)

Adaptive management

1993 Upgrading of 1st Ansan STP (secondary treatment)
1995 Operation of Sihwa STP (cap. 176,000 m*/d, secondary)
1996 Diversion of Sihwa and Ansan STP effluents to outside of SCR
Construction of oxidation ponds (capacity 128,000 m3/d)
In-lake WQ management (Allum, Aeration)
1997 Construction of wastewater collecting channel (11 km)
2001 Expansion of 1st Ansan STP (cap. 385,000 m%/d, secondary)
2004 Expansion of Sihwa STP (cap. 103,000 m*/d, advanced)
2005 Operation of 2nd Ansan STP (cap. 149,000 m%/d, advanced)
2009 Upgrading of 1st Ansan STP (advanced treatment)
2006 Operation of Bongdam STP (cap. 8,000 m*/d, advanced)
2010 Operation of Daeyami STP (cap. 5,000 m*/d, advanced)
2007 Stream sediment dredging and marine debris cleanup
2008 Stream maintenance and Tando-ho WQ management
2009 Livestock wastewater treatment facilities
2010 Nonpoint source treatment and monitoring
Groundwater quality monitoring and management
2012 Constructed wetland to reduce nonpoint pollution (0.75 km?)
Subtotal
1988 Finalized environmental impact assessment
1996 Establishment of special WQ management measures (MOE)
1998 Renunciations of taking irrigation water from SCR (MOMAF)
2000 Renunciations of keeping SCR as a freshwater reservoir
Designation of SCR as a SCMA (MOMAF)
2001 Implementation of 1st phase of SCR EMMP (2001-2006)
Establishment of SCR WMC (MOMAF)
2004 Establishment of SCR SDC (MOLT)
2007 Implementation of 2rd phase of SCR EMMP (2007-2011)
2011 Implementation of TPLMS (MLTM)
Subtotal
Total

3.0
426.9

429.9
248.4

168.2

15.8
44
5.6

508.7

20.4
21.5
11.7
17.3
245
24.3

3.7
34.1

1114.6

0.5
0.1
0.1
0.5
0.3
15

1546.0
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unwanted water. The pollution sources include high population
density, many factories, wastewater, lot areas, point or non-
point sources etc.. Many measures were taken to improve the
water quality in the reservoir, and are chronologically detailed
in Table 3. It can be seen that without bypass channel, none of
them are effective for the existing management methods.

Figure 3. Location of Plover Cove.

Figure 4. Location of Sihwa Reservoir.

Lake Alexandrina It is the first coastal reservoir in Aus-
tralia. A study tested samples at 5 sites during an extreme low
flow period in Lake Alexandrina. The location of the reservoir
and sampling sites can be seen from Figure 5. The flow was at
an extreme low period between 2007 and 2010, during which
the total dissolved solids (TDS), turbidity, total nitrogen (TN)

and total phosphorous (TP) increased dramatically as shown in
Figure 6.

Figure 5. Sampling site locations for Lake Alexandrina 13!,

4.1 Environmental Impacts

Singapore A study published in 2010 determined the fish
population in the Marina Basin before the construction of the
Marina Barrage. The study shows that a list of fish would sur-
vive based on the current fish inhabitants in the basin without
access to the sea. This list consists of 31 out of the total 138
fish from 57 families!®!. This study is vital to predict the eco-
logical impacts caused by constructing a coastal reservoir from
the Marina Basin into the Marina Barrage. The fish species are
clearly impacted and many will not survive going from salt-
water to freshwater. This is a serious consideration for coastal
reservoirs construction worldwide.

To discover possible environmental impacts of coastal reser-
voirs, the writer keyed in “environmental impacts of Zuider
Zee” in Web of Science, one of the largest research databases:
only one paper by Lammens et al.’! appeared on 18 Febru-
ary 2017. Their research reveals that the impacts of Zuider
Zee Reservoir include “damming and fixing the water table
prevented the development of emergent vegetation and caused
steep water-land gradients”, other impacts are “high nutri-
ent loads, which cause phytoplankton blooms, the disappear-
ance of aquatic macrophytes and intensive fishery”. How-
ever, when “environmental impacts of Three Gorges Dam” —
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Figure 6. TDS (salinity), TP, TN and turbidity vs flow 3.

the largest inland dam in the world completed in 2007, was
keyed into the same database, 769 journal papers appeared.
When “environmental impacts of desalination” was keyed in
the same database, 3,697 journal papers appeared. Eighty-
five-year Zuider Zee’s existence is long enough for researchers
to infer coastal reservoir’s environmental impacts. Certainly,
they attract far less concern than inland dams and desalination
plants. To compare the environmental impacts of coastal reser-
voir with others, the author keyed in “environmental impacts
of xxx” in Web of Science, the results are shown in Table 4.

Table 4. Comparison of publications in environmental impacts between CR
and others.

No. of papers No. of papers No. of papers

Marina 1 Plover Cove 0 Three-Gorge
Barrage Dam

Qingcaosha 0 Zuider Zee 1 Desalination

769

3,697

4.2 Financial Comparison

The proposed A$1.6 billion Traveston Crossing dam in South-
east Queensland, Australia would store 161 GL of water and
could supply 70 GL/year, and 76 km? of land to be flooded per-
manently as the reservoir!!!l. The design life span of concrete

dam and its steel structures is about 100 years, during which
span the total water supply is 7,000 GL, thus the capital cost
is 0.23 A$/KL (= A$ 1.6B /7B m?). Its running cost is much
cheaper compared with desalination or wastewater reuse.

Sydney Desalination Plant invested A$1.8 billion for its out-
put of 90 GL/year. Its design life span is about 20 years, the
total water supply in this period is 1,800 GL. Hence, its capital
costis 1.0 A$/KL. This plant has been in “standby mode” since
its birth in 2010. The taxpayers need to pay 535 m A$/year
for its state of hibernation, or 5.9 A$/KL (= A$ 535 m /90 GL)
of manpower cost. This desalination plant needs the power of
4 kWh/KL %] thus the energy cost is about 1.2 A$/kL, so the
total running cost is 7.1 A$/kL.

The Western Corridor Project invested A$2.6 billion for wa-
ter supply capacity of 130 GL/year, thus its capital cost is 1.0
AS$/KL for 20-year design life span. Its manpower cost is simi-
lar to the desalination plant, but its required energy is less, and
0.6 AS$/KL is assumed. This gives that wastewater recycling
methods running cost is 5.9 A$/kL + 0.6 A$/kL = 6.5 A$/KL.

The Qingcaosha Coastal Reservoir in Shanghai spent A$3.7
billion for the construction cost including a 45 km long dam,
a pumping system with the capacity of 200 m?/s or 2,600
GL/year, a 114 km long pipeline system and a 7.2 km under-
ground tunnel (about 6 m in diameter), two sluice gates with
widths are 70 m and 20 m (http://news.hexun.com/2011-06-
09/130379841.html), the design life span of coastal reservoirs
is also 100 years, thus its capital cost is 0.01 A$/kL. Its running
cost is very low as the government charges the residence’s tap
water at 0.4 A$/kL only.

In this study, inland dams’ running cost is assumed to be
0.4 A$/KL as same as the coastal reservoir. Table 3 provides
the comparison of costs among different methods, where the
second row shows the projects. The total capital cost in row 4
means the cost at its beginning. Row 5 is its design capacity.
Row 6, the capital cost per kL, is obtained by dividing the total
capital cost in row 4 with the total water supply in its life span
(i.e., the product of data in row 3 and 5). The running cost
includes the manpower cost and energy cost. It can be seen
that for one kL. of water, the capital cost of desalination and
wastewater recycling is about 100 times higher than the cost of
coastal reservoir, the running cost is about 17 times higher.

4.3 Social Impact

The offshore nature of coastal reservoirs limits the involun-
tary resettlement of communities as is required with dams and
inland reservoirs. This has both social and financial benefits
as high costs are associated with the resettlement of people.
The complexity of resettlement and the restoration of liveli-
hoods should not be underestimated. The development of the
Three Gorges Dam, China required the public resettlement of
1.3 million people. Studies indicate that those direct effects
were negatively impacted both socially and economically. In
some circumstances, villages are resettled together. And in
other circumstances, individuals are required to resettle alone
as the government or private body may refrain from orches-
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trating a majority resettlement. This has the potential to cause
conflict in villages where dispossessed people resettle and ex-
press opposing views to the community in which they resettle
in. Enclaves of people with dissimilar background settle to-
gether can become a higher risk factor in multicultural coun-
tries.

Local communities near coastal reservoirs would benefit
from access to a potable water source, being uplifted from the
poverty line in particular circumstances, decreased the threat
of flood and secured livelihood for farmers. There would be
limited or no relocation of households and more jobs would be
created in the area during the development of the coastal reser-
voirs. Post completion of the coastal reservoirs, there is hope
of increased health and wellbeing with increased recreational
activities and a greater respect and appreciation for waterways.
Business owners would benefit from increased tourism and
economic standards in surrounding area.

The Government should be required to create a sustain-
able approach and regulations regarding recreational and non-
recreational activities on the coastal reservoirs. Additionally,
they would benefit from a reduced flood water management
scheme and funds supporting those impacted in the event that
a flood does occur. Coastal reservoirs can be socially bene-
ficial and have the potential to increase tourism within a re-
gion and thus hold economic value for communities. Designs
with a high aesthetic value such as Marina Barrage are inviting
for not only local community members but tourists who visit
the region. PUB Singapore’s National Water Agency has en-
couraged ownership of the waterways and encouraged commu-
nity involvement by allowing locals to use the space leisurely
through water sports or surrounding walks. An easy and sim-
ple way to compare social impacts of different solutions is to
search google imagine. When ‘“Marina Barrage” is keyed in,
almost all pictures are happy, but other solutions have many
negative imagines.

5 Conclusions

The feasibility of coastal reservoirs as a dominant fresh wa-
ter supply is dependent on their implications on the social and
ecological environments. Studies of cases in which coastal
reservoirs have been developed and in some cases failed have
highlighted the primary importance of ensuring minimal envi-
ronmental damage and minimal impact to society.

If a low environmental impact can be obtained and the clo-
sure and retention of water is able to occur with minimal nutri-
ent loading, biodiversity can be preserved within the reservoir
thus limiting social impacts. Social impacts related to nutri-
ent loading and a lack of biodiversity include decreased social
interaction for social fisherman and an impacted livelihood of
fisherman and furthermore subsequently increasing fish prices
in the local market due to a case of supply and demand.

Eutrophication has proven to be a main factor in the func-
tionality of coastal reservoirs as evident through the failed
reservoirs of Sihwa and Saemangeum, thus bypass channels

are critical. By comparing with other water solutions, it is
found that coastal reservoirs are technically feasible, cost-
effective, social acceptable, environment-friendly and sustain-
able.
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Application of coastal reservoirs in China and its feasibility
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Abstract: China is a water-rich country in terms of rainfall and rivers’ size, but its urbanization mainly occurs in the eastern coastal cities.
The densely populated coastal cities intensify the water stress. To seal the gap between water demand and supply, many ways have been tested
like water diversion projects, desalination plants and wastewater recycling plants etc. Different from these solutions, this paper discusses the
strategy of coastal reservoirs in China’s coastal cities. Its feasibility of using the available water is investigated and its water quality can be
ensured if the second generation coastal reservoirs are applied. The results show that the water shortage problems in China coastal cities can
be well solved if CRs are applied.
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1 Introduction

Since 1900, there has been a nearly 16-time increase in popula-
tion under water scarcity, but the total population has increased
only 4-fold. Currently, 80 countries have water shortages, and
2 billion people do not have sufficient clean water, with at least
1 billion people’s basic water needs can’t be met. In the next
decades, the world population may increase by 1 billion ev-
ery 12 years. Most people will live in coastal cities due to
urbanization. An example of global water crisis can be seen in
China. Its water availability per capita is similar to Iran, the
country’s water shortage is about 50 km3/year. Many expen-
sive attempts have been made to quench China’s water crisis,
but none of them has been proven successfully. China’s total
runoff to the sea is about 1,724 km?®/year, the storage is only
2.9% of runoff lost to the sea. So China is not short of water,
but its storage; China is not running out of water, but water
is running out of China. By decreasing runoff lost to the sea
using coastal reservoirs, China’s water shortage can be effec-
tively eliminated.

In China, 60% of 1.3 billion people live in 12 coastal
provinces. China’s per capita availability of water is just 25%
of the world’s average, and more than 400 Chinese cities are
short of water among total 600 cities. This is a paradoxical sit-
uation since China is one of the countries that have rich water
resources. However, most of the water resources are unevenly
distributed. This paper examines the feasibility of coastal
reservoirs in large river mouths, and the research outcome
shows that China’s water thirst can be quenched, water qual-
ity of its coastal cities can be improved significantly. China’s
inland cities’ water supply can be also improved once these

coastal reservoirs are constructed. It is certain that coastal
reservoirs can solve coastal cities’ water shortage in China.
The following sections show the proposed coastal reservoirs
(CRs), where the red lines represent CR’s dike, yellow lines
are gates to regulate in/out flows, and the shaded areas are the
freshwater bodies, long white lines with arrows are clean water
paths, black lines are unwanted water.

2 Possible Coastal Reservoirs in Yellow
Sea

Yantai is a city on the Bohai Strait, it borders Qingdao on the
southwest and Weihai on the east. Its population was 7 million
in 2010. Qingdao’s area covers 10,654 km? which receives
775.6 mm/year rainfall. Dagu River is Qingdao’s mother river
with 180 km long and 6,131 km?2 catchment, its annual runoff
is 0.66 km®. Yantai’s coastline is about 909 km where 121
rivers drain its water to the sea, the top ones are the Dagujia
River, Wulong River etc. Their catchment areas and annual
runoff are 2,295 km?2/ 0.65 km?, and 2,806 km?/ 0.72 km?,
respectively. The annual rainfall is about 680 mm in this re-
gion. To solve Qingdao and Yantai’s water shortage problem,
the coastal reservoirs are proposed as shown in Figure 1 and 2.

3 Possible Coastal Reservoirs in the
East China Sea

Ningpo is a coastal city in the northeast of Zhejiang Province in
China. Its port is one of the busiest in the world. In 2010, its to-
tal population was 7.6 million over 9,365 km?. The Hangzhou
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Figure 1. Potential coastal reservoirs for Qingdao, China.

Figure 2. Potential coastal reservoirs for Yantai, China.

Bay divides Shanghai and Ningbo whose total coastline is
1,562 km including 788 km of mainland coastline and 774 km
of island coastline. The city receives an average annual rain-
fall of 1,440 mm mainly by typhoons and monsoons. The Yong
River is Ningbo’s mother river, formed by the Fenghua River
and the Yao River. The catchment of Yong River is 4,572 km?2
and its annual flow is 3.5 km?. There are 9 reservoirs to sup-
ply water to Ningbo. In May 2015, the water storage dropped
to 30.95%. As signs of water supply shortage appeared, the
city launched a drought emergency response to ease the water
shortage. To increase its water supply, a coastal reservoir is
proposed as shown in Figure 3.

Figure 3. A proposed coastal reservoir for Ningbo and a 10 km long canal
to be built to divert water with good quality to the coastal reservoir in flood
periods.

Taizhou is a coastal city of China’s Zhejiang Province, fac-
ing the East China Sea. Along its coastline, it is bordered by
Ningbo to the north, Wenzhou to the south. In 2010, its pop-
ulation was 5.9 million over 9,413 km?2. Its coastline length is
about 651 km including islands’ coastline. The largest island
is Yuhuan Island where a coastal reservoir was constructed
(Figure 4). The original design purpose of coastal reservoir

was to supply freshwater, which is located in the Yueqing Bay.
The construction started in 1998, and completed in 2004. The
reservoir’s water surface area is 11 km?, storage capacity is 59
million m3. The reservoir’s catchment area is 166 km? where
the annual rainfall is 1,430 mm. Thus the estimated runoff to
the reservoir is about 120 million m?®, double the storage ca-
pacity. In 2008, it was found that the reservoir was in hyper-
eutrophicated state!!!. This is an example of reservoir failure
for water supply without bypass channels. The 198 km long
Jiao River is the largest river in Taizhou, it drains water from
6,519 km? catchment to the Taizhou Bay. A coastal reservoir
for Taizhou is shown in Figure 5.

Figure 4. Failed coastal reservoir in Yuhuan constructed in 2004 without SPP
scheme.

Figure 5. A proposed coastal reservoir for Taizhou’s water supply.

Wenzhou is a city located in the southeast of Zhejiang
Province, which shares its borders with Taizhou on the north,
and Fujian Province to the south. Its population is about 9.1
million in 2010 and 3 million people live in the city. Its area is
11,784 km? and its coastline is nearly 355 km long which gives
the city abundant marine resources and many beautiful islands.
The Ou River is the largest river in Wenzhou prefecture. Most
flood disasters are caused by typhoons. For example, the ty-
phoons “9417” and “9994” caused huge loss by floodwater in
the 1990s. After September, the long dry period causes the wa-
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ter shortage crisis. The total runoff in Wenzhou is about 13.9
km?, some places like its Dongtou County suffers severe water
stress. There are some reservoirs to supply water to this city.
The total storage capacity is about 2.3 km?, about 15% of its
annual runoff. To solve water shortage in Wenzhou, a coastal
reservoir is proposed at the mouth of River Ou as shown in
Figure 6.

Figure 6. A proposed coastal reservoir for Wenzhou’s water supply.

Fuzhou is the capital city in Fujian Province, China. Its pop-
ulation was 7.11 million in 2010 over 11,968 km2, 4.4 million
people live in urban and rural area was 2.7 million. Its coast-
line length is 1,137 km. The 562 km long Min River is the
longest river in Fujian Province, it drains water from 60,992
km? catchment into the sea in Fuzhou at the flowrate of 62.9
km?/year. There are two passages at its estuary, i.e., the Chang-
men channel and Meihuagang channel. Similar to other Chi-
nese rivers, the flowrate in January is very small around 619
m?/s, but the highest flowrate of 4,706 m>/s occurs in June.
Runoff during April-September is about 74.4% of the annual
total. The dry period appears from October every year. The
proposed coastal reservoir for Fuzhou is shown in Figure 7.

Figure 7. A proposed coastal reservoir for Fuzhou’s water supply.

Quanzhou is one of the largest cities in Fujian Province.
There were 8.13 million people in 2010 over an area of 11,245
km?. The 541 km long coastline is separated with Taiwan by a
200 km wide strait. There are in total 207 islands in Quanzhou,
where 34 rivers run 8.7 km3/year water to the sea. Among
them, Jinjiang River is the largest one. It is a 182 km long
river where water comes from 5,629 km? of catchment. An-
other large river is the Luoyang River which has 229 km? of
catchment and 39 km of river course. Its annual runoff is about

16.2 km?. The proposed coastal reservoir is shown in Figure
8.

Figure 8. A proposed coastal reservoir for Fuzhou’s water supply.

The second largest river in Fujian is the 1,923 km long Ji-
ulong River, water from 14,700 km? of catchment contain-
ing cities like Longyan, Zhangzhou and Xiamen cities. The
flowrate at Fuhe station is 12.6 km?3/year. Its downstream reach
receives another tributary, the Nanxi River. In total, the river
drains 26.3 km?/year of water to the sea at Xiamen. Typhoons
often cause floods in this region. The Jiulong River is the water
source of Xiamen by a pipeline at 12 m3/s. In Fujian Province,
Xiamen is facing the most severe water shortage problem. Xi-
amen covers 1,699 km? with 3.5 million people in 2010. The
total resident population was increased to 4.2 million in De-
cember 2014. Xiamen Island was considered to possess one
of the world’s great natural harbors. A 2.2 km long causeway
links the Xiamen Island with the mainland. Xiamen’s coastline
length is about 234 km, water depth is over 12 m. Its annual
rainfall is about 1,200 mm. To solve its water shortage prob-
lem, a coastal reservoir is proposed as shown in Figure 9.

Figure 9. A proposed coastal reservoir for Xiamen in the Jiulong Estuary.

4 Possible Coastal Reservoirs in the
South China sea

Shantou is a large coastal city on the coast of Guangdong
Province, China. Its total population is 5.4 million in 2010
over an area of 2,064 km2. Shantou was a city significant in
Chinese history because it was an important port established
for international trade. Shantou is a monsoon-dominated sub-
tropical region. The annual rainfall is around 1,630 mm, about
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60% of which occurs from May to August and its runoff depth
is about 790 mm. The remaining 8 months only receive 40%
of its rainfall. In 2010, the drought caused 55,000 people short
of drinking water. The island county Nan’ao in Shantou had
more than 42,000 people short of drinking water. There are
many rivers in Shantou, the major rivers are Han, Rong, Lian,
Hao and Leiling River. The catchments of Han, Rong and Lian
Rivers are 30,112 km?, 4,408 km? and 1,353 km?, respectively.
The river lengths are 470 km, 175 km and 72 km, respectively.
The average runoffs are 25.4 km?3/year, 3.56 km®/year and 1.04
km?>/year respectively. In 2014, the total water supply was 1.05
km?/year. The proposed coastal reservoir at Rong Estuary for
Shantou is shown in Figure 10.

Figure 10. The proposed coastal reservoir at Rong Eestuary for Shantou.

Both Shenzhen and Hong Kong are two major cities on the
Pearl River Delta. They are rapidly developing cities which are
facing water shortage problems in South China. The total area
of Shenzhen is 1,997 km2, and the area of Hong Kong is 1,106
km?. They are separated by a river called Shenzhen River, thus
both of them can be treated as a single city in terms of water
supply. The population of Shenzhen and Hong Kong are 11.4
million and 7.33 million in 2015, respectively. Shenzhen is the
third largest city next to Shanghai and Beijing in China. Its
water supply per capita is only 200 m3, which is about 1/12
of the national average water supply. Its water consumption
was 1.955 km? in 2011 and 1.14 billion m® was imported from
Dong River or East Pearl River. Hong Kong’s water consump-
tion in 2012 was 0.935 billion m?, 80% of it is imported from
Dong River and the remaining 20% from local water catch-
ments. Hence Shenzhen and Hong Kong both have a high
dependence on importing water. However, The water devel-
opment of Dong River is already saturated and it is impossible
to increase the supply. The reservoir capacity in Shenzhen and
Hong Kong are only 0.611 and 0.586 km?, respectively. The
current city reservoirs of water resources can only meet about
20 days of emergency use.

Annual average rainfall and amount of water resources in
Shenzhen are about 1,966 mm and 1.872 km?, respectively.
However, the average utilization during 1998 to 2005 was only
0.499 km3, this is only 14.6% of annual average rainwater.
Around 1.8 to 3.0 km? of freshwater runs into the ocean every
year. Hong Kong also has 0.5 km? of freshwater discharged
into ocean via Shenzhen River. Apparently, insufficient capac-

ity of reservoirs is the main cause of water shortage. A large
reservoir is required to store a large amount of fresh water dur-
ing the rainy season. However, due to special geographical
condition, there are no large natural lakes, rivers and reser-
voirs in both Hong Kong and Shenzhen. Since Hong Kong and
Shenzhen are urbanized areas which have high dense popula-
tion, the cost of inland reservoirs is very high and the quality
of storm water is poor, we have to find suitable locations for
this region’s coastal reservoirs.

The Pearl River or Zhujiang River is an extensive river sys-
tem in southern China. The Xi River (“West River”), Bei River
(“North River”), and Dong River (“East River”) are all consid-
ered tributaries of the Pearl River, because they share a com-
mon delta, the Pearl River Delta. And the details of these trib-
utaries are listed in Table 1. The 2,400 km long river is the
third-longest river in China, after the Yangtze River and the
Yellow River, and the second largest by runoff volume, after
the Yangtze. Its catchment is about 409,480 km? as shown in
Figure 11 and its annual rainfall is about 1,470 mm.

Figure 11. The catchment of the Pearl River system (409,480 km?).

The Pearl River’s estuary is regularly dredged to keep it open
for navigation. The estuary separates Shiziyang in the north,
Lingdingyang in the south, and Jiuzhouyang at the southern
tip of the estuary. This bay separates Macau and Zhuhai on
the west from Hong Kong and Shenzhen on the east. A capi-
tal city of Guangzhou lies on the north. The Dong River pro-
vides freshwater for 40 million people living in six cities which
are Heyuan, Huizhou, Dongguan, Guangzhou, Shenzhen and
Hong Kong. There are three main reservoirs located in the up-
per, middle and lower reaches of Dong River. They are Feng-
shu dam, Xinfengjiang dam and Baipenzhu dam (Figure 12).
These three large reservoirs which have a large volume of ap-
proximately 17 km3. As small reservoirs such as Shenzhen
reservoir (46.1 million m®) have a limited potential for further
enhancement of their water storage capacity in the future, the
large reservoirs have potential to regulate their water storage
for annual use.

The 562 km long Dong River catches rainwater from 35,340
km?2 drainage area, over which the rainfall is about 1,500-2,400
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Table 1. The basic information about Pearl River’s catchment and runoff.

Max. annual Minimum annual
. . Catchment area Annual runoff
Main rivers  Gauge station ) 3 runoff runoff
/km km®lyr 3 3

km°/yr year km*/yr year
Xi River Wuzhou 329,705 229.0 347 1915 107.0 1963
Bei River Shijiao 38,363 43.0 73 1973 17.0 1963
Dong River Bolou 25,325 25.7 38 1975 6.1 1963
Pearl River 450,000 333.8

Figure 12. Dong River Basin and water diversion from Dong River to the
proposed coastal reservoir (red line and oval).

mm/year and runoff depth is 950.4 mm/year, the annual runoff
is about 25.7 km3. About 80% of rainfall occurs during April-
September, thus flood disasters appear in this period, the max-
imum measured flood discharge was 14,100 m?3/s at Boro sta-
tion (catchment area is 25,300 km?) in 1959. But droughts oc-
cur in the remaining 7 months with only 20% of rainfall. The
recorded minimum flow in Boro station was only 31.4 m?/s
on May 5, 1955. The total water consumption in Guangdong
Province is 10.7 km?/year as shown in Table 1. It is 31.8% of
Dong River’s runoff or 3.2% of the Pearl River in total.

In 1964, Guangdong constructed the water diversion project
from Dong River to Shenzhen and Hong Kong. The water allo-
cation agreement was signed in 2015 under which Guangdong
providesabout 70~80% of water demand from Dong River to
Hong Kong. The agreement also allows Hong Kong the flexi-
bility to raise the annual supply ceiling from 0.88 to 1.10 km?3.
This ultimate annual supply ceiling was first set out in the
water supply agreement signed in 1989, promulgated by the
Guangdong authorities in 2008. The Distribution Plan sets out

the maximum amount of water which Hong Kong and other
seven cities in Guangdong Province can draw from Dong River
(Table 2).

Table 2. Water resources distribution plan for cities in Pearl River Delta.

Allocated annual quantity / km?

Reliance on Dong
Under normal

yield Under drought River
Hong Kong 1.100 1.10 70 ~ 80%
Dongguan 2.100 1.90 90%
Shenzhen 1.700 1.60 70 ~ 80%
Heyuan 1.800 1.70 ~90%
Huizhou 2.500 2.40 70%
Shaoguan 0.122 0.10
Meizhou 0.026 0.02 as a supplementary source
Guangzhou 1.400 1.30 of water supply only
Total 10.700 10.20

A coastal reservoir is suggested in the Dayawan, on the
south of Huidong as shown in Figure 13 and 14. A water diver-
sion canal is suggested to divert water from the Dong River and
its tributary Xizhi River to the reservoir. The canal’s length is
about 45 km, its reservoir area is about 40 km2, and its barrage
length is about 10 km. If the mean water depth is 10 m, then
the storage capacity is 0.4 km3. To divert the floodwater into
the reservoir, weirs may be needed to be constructed across
the Dong River and Xizhi River. This canal mainly diverts
the floodwater to the reservoir to supplement water demand of
Shenzhen and Hong Kong. The flood disasters in Dong River
are expected to be mitigated.

Water shortage is a historical problem in Hong Kong. The
last water rationing occurred in May 1982 when fresh water
supply was available on a 16-hour basis for 24 days during
the month. Hong Kong is the first city to systematically utilize
seawater for toilet flushing in the world. A separate piping sys-
tem is needed to carry seawater. From the 1950s, the network
has been extended to cover about 80% of the total population.
In 2015, about 0.75 million m® of seawater was used for toi-
let flushing in total, this pipeline costs about 1.3 billion US$
(or 6.5 billion HK$) for the construction of seawater mains,
pumping stations, pipes and service reservoirs etc. without the
treatment cost like screen and chlorine or hypochlorite, which
costs the government 3.4 HK$/m3.

Hong Kong, the coastal city, has the credit for the first
coastal reservoir for a city’s drinking purpose. Its local catch-
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Figure 13. A 45 km canal to divert Dong River to a coastal reservoir which
is enclosed by 10 km seawall, 40 km? surface area, about 60 km to Shenzhen
and Hong Kong.

Figure 14. Proposed small coastal reservoirs for Hong Kong (red shapes).

ment provides about 20%-30% of water demand and the re-
maining 70%-80% of water demand comes from the Dong
River. The unit cost of fresh water produced from local coastal
reservoirs amounted to about 4.0 HK$/m3 in 2013-2014, while
in the same period, the water from Dong River costed 8.6
HKS$/m?3, of which 4.6 HK$ was the cost of raw water and
4.0 HK$ was the processing cost. As the Dong River needs
to support 40 million people in the deltaic region including
Hong Kong and Shenzhen, and the central government ambi-
tiously wants to develop this delta as a world-class industrial
base for advanced manufacturing industries, Hong Kong starts
to worry about its reliable water supply from the river. Subse-
quently, the government attempts to build a desalination plant
using advanced reverse osmosis technology which is scheduled
for completion in 2020 with an annual capacity of 50 GL/year
or 5% of the total fresh water supply. It is also expandable
to 100 GL/year similar to Sydney’s size. The reverse osmosis
technology will be used even it is still energy-intensive, and
the estimated cost of desalinated water was 12-13 HK$/m? in
2013. If the wastewater is reused like the West Corridor Project
in Brisbane, the cost will be reduced to 9.8 HK$/m?.
Obviously, the basic assumption used by Hong Kong gov-
ernment about their decision of desalination plant is that Hong
Kong is short of freshwater. In fact, their shortage is water
storage. This can be seen from the simple mass conservation,

i.e., the annual runoff depth is 950 mm and Hong Kong’s total
area is 1,106 km? or the annual runoff is 1,050 GL/year, about
21 times more than the capacity of proposed desalination plant.
This can also be seen from that its local reservoirs release about
20 GL/year over their spillways in typhoon seasons. So it is
strange that Hong Kong discharges so large amount of fresh-
water into the sea, but at the same time, a large amount of en-
ergy is used to desalinate seawater. As shown in Figure 13, if
every drop of rainwater in Sai Kung East Country Park is col-
lected like Singapore, the 50 GL/year desalination plant can
be replaced by small coastal reservoirs whose total catchment
area is larger than 53 km?2. Of course, the large coastal reser-
voir shown in Figure 14 is also a long-term solution.

Figure 15. Two major coastal reservoirs (dark purpled). One is to develop
water from Dong River for Shenzhen and Hong Kong’s water supply. the
other is to develop water from Bei River and Xi River for water supply to
cities like Zhuhai, Macao, Guangzhou, Zhongshan, Dongguang and Fushan.
The red lines are barrages, the yellow lines are hydraulic gates, and the blue
line is water diversion canal. The shaded area is protected wetland for water
purification.

The master plan of water resources development for cities
in the Pearl River Delta is shown in Figure 15, where the
dark purple areas are coastal reservoirs, one for Shenzhen and
Hong Kong’s water supply (on the left), the other for cities
like Guangzhou, Dongguang, Zhuhai and Macao. The coastal
reservoir on the left has high quality water from the reser-
voirs like Xinfengjiang and Baipengzhu, but the water from
Xi River and Bei River has been polluted, thus wetland treat-
ment is needed. The shaded area is the protected eco-area to
pre-treat the river water using wetland, where no domestic, in-
dustrial and agricultural chemicals are allowed to enter water-
ways. The red lines are the barrages and the yellow lines are
gates to regulate the flow. At its inlets, the gates at the Dong-
ping, Shunde or Donghai waterways will be open when good
quality water appears in Xi River in flood seasons. The inlet
gates at Lianhuasan, Shawan etc will be open when good qual-
ity water appears in the Pearl River (Shiziyang). The gates at
outlets of these two coastal reservoirs will be open to improve
its water quality or to mitigate flood disasters.
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5 Conclusions

This paper analyses the water availability and water demand in
China and finds that the water shortage occurs in coastal cities
can be effectively solved by coastal reservoirs, the conceptual
designs of these coastal reservoirs have been conducted. By
doing so, the following conclusions can be drawn from this
study:

1) Currently, almost all coastal cities have a water short-
age and in future, it becomes worsened due to the population
growth.

2) The technology of coastal reservoirs is a sustainable, cost-

effective and clean way for water supply, it will dominate water
supply in future.

3) These coastal reservoirs proposed in this paper are cost-
effective, environmental friendly and social acceptable.
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concept which can cater the action of both saline and sea wa-
ter. They are designed with gates so that the excess flood water
more than the capacity of the reservoir can be discharged into
the seal!l.

1 Introduction

As the available fresh water sources are very less throughout
the world, there is a stress upon the available sources and in
conservation structures. The focus of desalination and other
techniques are increased, but for a developing country like In-
dia, it is very difficult for a huge investment in projects like
desalination which demands high maintenance cost as well.

Kollam city is the fourth largest city in the state of Kerala,
India, with a population of 389 thousand. The Kollam district
accounts for 2.64 million population. As per Census 2011, the
city has a gross population density of 6,090 persons per km?,

The coastal cities are normally more urbanized. There is a
rapid migration of people there because of the job opportuni-
ties. There would be rapid increase in population where the
demand for water would increase exponentially. Presently the
solution for this issue would be a Coastal Reservoir (fresh wa-
ter reservoir) i.e. a reservoir near the sea. Coastal reservoir
is a unique structure constructed at an estuary (point where a
river meets a sea) to store the excess water at flood times. This
coastal reservoir has its own advantages in case of land acqui-
sition and forest clearance. They are already put to work in
countries like Netherland, Singapore etc and proven to be ben-
eficial also. This plan would be the only clear source of fresh
water during drought times. The construction follows a unique

which is second highest in the state.

The Kallada River has its origin in Papanasam range South
of Kulathupuzha in Kollam district itself at an altitude of 900
m above MSL. The river has a length of 121 km, and drains
an area of 1,699 km? before confluencing with the Ashtamudi
Lake. Even though the monsoon period of the basin is consid-
ered from June to November, the basin gets most of the rain-
fall during June to August. The Kallada Basin recieves good
rainfall with annual rainfall varying from 2,225 mm to 4,038
mm 2!,

Ashtamudi Lake is the second largest lake, next to Vem-
banad Lake in the state of Kerala, India. Ashtamudi wetland
is an estuary filled with brackish water and this lake has eight
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Figure 1. Location of study region along with proposed dyke.

arms and all the arms converge into a single outlet at Neen-
dakara, to enter the Arabian Sea. Ashtamudi is the deepest
estuary in Kerala with a maximum depth of 6.4 m at the con-
vergence zone.

2 Need of the Study

In-spite of high rainfall in the district, Kollam city and sur-
rounding regions are facing water shortage in summer due to
storage shortage. Kollam city has a total water demand of 60
MLD of water per day and the current availability is 28 million
liters per day. The total current water requirement in Kollam
city is 0.77 TMC ft. Kollam Municipal Corporation draws 16
MLD of water from Sasthamkotta Lake, which goes almost
dry in summer months. Ashtamudi Lake is a much bigger lake
(6,424 ha) which contains brackish water and hence unquali-
fied for domestic use. This necessitates a feasibility study on
the concept of formation of a fresh water reservoir to augment
the water demands of Kollam city by converting Ashtamudi
Lake to a fresh water lake (partially or fully). Besides this,
the sea level rise, according to researchers, is of serious con-
cern in the state of Kerala which has a 590 km-long coastline
and large expands of backwaters and estuaries and low-lying
areas such as filtration ponds. Some tiny islands in Ashtamudi
Lake like Munroe Thuruthu Islands seem to be gradually sink-
ing due to subsiding coasts, eroded shoreline, loss of wetlands,
reduced sediment deposits and sea-level rise. Nearby areas are
facing frequent and increased tidal flooding through the year.
The role of proposed project in saving these islands and other
low lying areas from tidal flooding and sea level rise will be
investigated and presented. This paper proposes the concept
of constructing a dike at the mouth of a popular brackish wa-
ter lake of southern India, to check sea water intrusion into the

lake and to save tiny islands in the lake from the after effects
of sea level rise and climate change. Salt water intrusion is
perceived in the shallow aquifer in the western part of Kollam
district which is in connection with the back water. There is
water scarcity along the eastern hilly areas and water logging
issue is observed in rainy season along the western part of the
district bordering the back water.

3 Gist of the Study

This study aims to conduct a comprehensive feasibility of the
concept of conversion of brackish Ashtamudi Lake to a fresh
water reservoir by building a barrage at the outlet of lake at
the mouth of the Arabian Sea (Neendakara) and also suggest
the remdial measures to clean up the lake from the sewage
disposal. On one side, it will block freshwater flowing from
Kallada River to the lake from being dispersed into the sea.
On the other side, the barrage will prevent seawater from en-
tering the lake, avoiding the contamination of the freshwater
supply from saltwater. The project schemes comprise mainly
two steps, first is the construction of the dike at the mouth of
Ashtamudi Lake, and second is the process of natural replace-
ment of salty water by rainwater and surface runoff to the lake.
The dike must be designed to separate fresh water from the
salty waters of the Arabian Sea. The quantity of flood wa-
ter has to be estimated and the possibility to alleviate flooding
during high tides in the ocean. Large steel/concrete gates are
suggested, that can be raised or lowered depending on the need
during low tide and high tide. As the water level in the reser-
voir rises, the gates incline downwards, releasing water out to
sea but preventing the entry of water from the sea into the reser-
voir. The dike has to be supported on pile foundation founded
on the rock.
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4 Kallada River Basin Details

Kallada river basin with geographical coordinates 9°10°0” N to
8°44°0” latitudes and 76°30°0” E to 77°20°0” longitude is one
of the major river basins in Kerala with an area of 1,654 kmZ2.
Kallada River originates from the Karimalaikadakkal ranges
(1,524 m) of Western Ghats, flows towards the west and ul-
timately drains into the Ashtamudi Lake in Kollam District.
Average annual rainfall of the basins is found to be 2,800 mm
and average annual streamflow is found to be 3,374.86 mm?.
Important rainguage stations are Punalur, Quilon, Kottarakara,
and Thenmala and discharge stations are Enath, Punalur and
Thenmala 3l

Figure 2. Stream network of drainage basin for Kallada River Basin.

For Characterization/classification and analysis of coastal
sub-watersheds (Ashtamudi Basin) with Morphological, and
Hydrological parameters, clustering algorithms can be use-
ful for urban watersheds classification to form homogenous
groups, particularly if many parameters are associated with
watersheds. In the study, clustering analysis techniques in-
cluding Kohonen Neural Networks (KNN), K-means Cluster
Analysis (KCA), Principal Component Analysis (PCA) will be
adopted and a genetic programming based Hybrid clustering
algorithm will be proposed for characterization/classification
of sub-watersheds in the study region of brackish Ashtamudi
basin. High nitrogen and phosphorus concentrations in storm
water runoff have the potential to impact ecosystem integrity
and river ecology. Suspended solids and industrial wastes are
discharged into Ashtamudi Lake from shores and river absorb
various substances such as heavy metals and nutrients. In this
context, a study has been contemplated in the proposed project
to continuously monitor the quality of Ashtamudi Lake water
through periodical sampling and conducting standard physico-
chemical analysis and subsequently design a water filtration
system in the proposed barrage complex.

5 Marina Barrage

The details of Marina Barrage are included herewith due to
slight resemblance of the proposed project with the Marina
Barrage in terms of construction and geography. The Marina
Barrage acts as a barrier between fresh water in the Marina Bay

and salt water of the South Chinese Sea. Nine large steel gates
were installed at the site that can be raised or lowered. As the
water level in the reservoir rises, the gates angle downwards,
discharging water out to sea and stopping the passage of sea
water into the reservoir. When the barrage was first instituted,
the reservoir contained a mixture of freshwater and seawater.
The reservoir water was turned completely freshwater through
the natural process of replacement by rainwater, which began
in April 2009. In 15 months the bay has become a freshwater
reservoir with a stable water level [*!.

6 Proposed Fresh Water Storage Strat-
egy

Sasthamkotta Lake is rain fed and has no visible fresh wa-
ter source or tributaries. The groundwater recharge to lake
is greatly reduced these days. But it is not the best option
to take Kallada water to Sasthamkotta. Because during rainy
season it is already fed and there is no point in taking flood
water to Sasthamkotta. In contrary, Ashtamudi is a brackish
lake and even if one mudi (arm) is replaced with fresh wa-
ter, it can augment the water demand of Kollam and adja-
cent regions throughout the year which is not possible from
Sasthamkotta which has insufficient water in summer. Three
schemes are proposed here as shown in Figure 4. Scheme 1 is
planned in Chittumalachira which is already connected to Ash-
tamudi through a canal. If we can have a canal from Kallada
to Chittumalachira, fresh water from Kallada can be drawn for
Scheme 1. Scheme 2 envisages to convert one arm of the lake
into complete freshwater reservoir. Scheme 3 aims at con-
verting entire Ashtamudi Lake into a fresh water reservoir for
which the dike has to be constructed at the outlet of Ashtamudi
Lake into the sea at Neendakara. Details of proposed storage
schemes with storage capacity and dike lengths are shown in
Table 1. The annual yield of Kallada River is about 80 TMC ft
and enough water is available every year to supply fresh water
to proposed schemes in Ashtamudi Lake.

Table 1. Proposed storage schemes.

Location of ~ Storage capacity Length of
storage (TMC) dike (m)
Scheme 1  Chittumalachira,
part of Ashtamudi 03 775.25
Scheme 2 Ashtamudi partially 3.0 267.00
Scheme 3 Ashtamudi full 12.0 622.02

7 Conclusion and Recommendations

This study proposed the concept of constructing a dike at the
mouth of Ashtamudi Lake, to check seawater intrusion into the
lake and to save tiny islands in the lake from the after effects
of sea level rise and climate change.

Conversion of brackish Ashtamudi Lake to a fresh water
reservoir is feasible by building a barrage at the outlet of lake
at the mouth of the Arabian Sea (Neendakara). On one side,
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Figure 3. Marina Barrage mechanism. (A) Mechanism, showing vertical “closed” gates. (B) Marina Barrage, with “closed” gates. (C) Mechanism, showing

diagonally tilted “open” gates. (D) Marina Barrage, with “open” gates.

Figure 4. Proposed schemes of fresh water storage strategy in Ashtamudi
Lake.

it will block freshwater flowing from Kallada River to the
lake from being dispersed into the sea. On the other side, the
barrage will prevent seawater from entering the lake, avoiding
the contamination of the freshwater supply from saltwater.
This paper presented three different possible schemes to
meet the water demands of Kollam city, Kollam district and
entire state of Kerala. The required lengths of dikes for these
schemes are presented along with storage capacities. Scheme
1 can supply water to entire Kollam Muncipal Corporation.
Scheme 2 can meet water demands of Kollam, Cochin and
Thiruvananthapuram cities. Scheme 3 will suffice to supply
water to entire state of Kerala. Coastal reservoirs use the

year to supply fresh water to proposed schemes in Ashtamudi
Lake.

sustainable storm flood waters which are reasonably cleaner.
This will emerge as a sustainable strategy for water resource
development in the coming years. The annual yield of Kallada
River is 80 TMC ft and hence enough water is available every
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Abstract: This paper addresses the feasibility of creating a fresh water reservoir in the Arabian sea impounding the flood waters from Netravathi
River. The project schemes comprises mainly two steps: first, the construction of the dyke in the Arabian Sea; and second, the process of natural
replacement of salty water by rainwater and surface runoff to the reservoir. The study presents the detailed hydrological analysis of Netravati
and Gurupura rivers including estimation of runoff into the sea. The study estimates the surface runoff at inlet and outlets of Netravati Basin
along the costal lines of Arabian Sea. The existing land use along the costal lines of Netravati Basin is assessed. The dyke must be designed
to separate fresh water from the salty waters of the Arabian Sea considering the tidal variations and wave heights. The bathymetric profiles of
the sea bed has been created and presented in the paper. The annual runoff at the mouth of Netravati River was estimated as 388 TMC and
just 2.5% of this would be sufficient to meet the present water shortfall of Bengaluru and Mangaluru. The annual sediment load was found to
be negligible. The water quality parameters are well within permissible limits ensuring quality water from Netravathi to the proposed coastal
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1 Introduction chief port city of Karnataka. Located at 12°52’N latitude and
74°49’E longitude, it is the largest city in Dakshina Kannada
district of Karnataka and is one of the most cosmopolitan non
metro cities of India. The city is located in the confluence of
Netravati and Gurupura rivers with an average elevation of 22
m (72 ft) above mean sea level (Figure 1).

The geology of the city is characterised by hard laterite in
the hilly tracts and sandy soil along the seashore!®!. Manga-
lore is moderately earthquake-prone urban center and is cat-
egorised under Seismic III Zone in seismic zonation map of
India. Mangalore lies on the backwaters of the Netravati and
Gurupura rivers and these rivers effectively encompass the city.
The rivers form an estuary at the south-western region of the
city and then discharge into the Arabian Sea. Mangalore city
has a population of 484,785 as per the 2011 census of India.

Development and civilization of human race started with the
availability of water in abundance. Mangalore is blessed with
River Nethravathi which carries great quantity of water during
monsoon and at last end up in the sea. Coastal reservoir (CR)
is a very innovative concept which has the potential to store
the flood water of river joining the sea and meet the water re-
quirement of water starved cities!""?l. A fresh water reservoir
near the coast would bring a positive transformation in coastal
Mangalore in terms of cleanliness, living standard of the peo-
ple, human resource development and livelihoods.

The project schemes comprises mainly two steps, the first is
the construction of the dyke in the Arabian Sea, and the second
is the process of natural replacement of salty water by rainwa-
ter and surface runoff to the reservoir. Considering the tidal
variations and wave heights, the dyke must be designed to sep- . Ty
arate fresh water from tlgle salty wzters of the Arabiin Sea. Tlrl)e 2.1 Geography of Netravati River
quantity of flood water will be estimated the possibility to al- Globally, this river can be pinpointed at coordinates 12°54°30”

leviate flooding during high tides in ocean. N and 75°20°56” E. This river has an apparent breadth of about
200 yards. Its drainage area is about 1,353 m?2. The river bed
mainly comprises of hornblende rock containing spangles of
2 Study Area mica and small garnets. They act to fetter the river bed. A

Mangalore (Mangaluru), a coastal city, situated between the train passing through Mangalore called Netravati Express is
Arabian Sea and the mountain ranges of Western Ghats, is the = named after this river. A railway bridge was constructed on

38 Journal of Sustainable Urbanization, Planning and Progress (2017) - Volume 2, Issue 2


k_sreevalsa@cb.amrita.edu
http://doi.org/10.26789/JSUPP.2017.02.006
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Sreevalsa Kolathayar, T.G. Sitharam, R Ramkrishnan, et al.

Mangaluru o

aBantwal

Figure 1. Mangalore map.

the Netravati River which served as one of the major gateways
to Mangalore. Netravati Rivers railway bridge is considered
to be the longest railway bridge built atop a river bank. The
nearby cities of Netravati River are Bangady, IshagIndabettu
and Nellyady Town. The catchment area of Netravathi and
Gurupura rivers is shown in Figure 2.

2.2 Course of Netravati River

Netravati River originates in the Western Ghats in Bangraba-
like forest Valley in Yellaner Ghats of Kudremukha range in
Karnataka. The Netravati amalgamates with the Kumarad-
hara River near Uppinangadi village. Kumaradhara River also
originates in Western Ghats in the Subramanya range. When
it flows from Uppinangadi, it arrives in the city of Manga-
lore. After merging with Kumaradhara River, the Netravati
then joins the Arabian Sea. As estimated, this river drains
large quantity of water into the Arabian Sea every year. Along
its course, the Netravati also flows through a popular pilgrim
place called Dharmasthala. The navigability of the Netravati
River is dependent on small country craft, which has the po-
tential to travel many miles in the river.

2.3 Bathymetry

Bathymetric data gives descriptive picture of the ocean bottom
terrain with size, shape and distribution of underwater features.

Figure 2. Catchment area of Netravati and Gurupur River. (Source: Satellite
image from Google)

The Bathymetric profile of the ocean bed near the Netravati
River is shown in Figure 3.

3 Annual Runoff at Netravati Basin

The Annual Runoff at terminal site of Netravati Basin was esti-
mated and the average annual runoff in Netravati Basin during
1989-2013 was 388.5 TMC (Figure 4). The maximum Runoff
was 528.34 TMC during 2007-2008. A minimum runoff was
experienced in the year 2012-2013. The standard deviation
was 78 TMC during the period.

4 Average Annual Rainfall

The average annual rainfall at Netravati Basin over the decade
2003-2013 is 3,922.5 mm. The standard deviation of rainfall
over the decade was 383 mm. A maximum rainfall of 4,427.8
mm was experienced in the year 2009-2010. A major varia-
tion in rainfall has not be experienced over the decade (Figure
5). Figure 6 presents the annual sediment load in Netravati
River and it is clear that the sediment load is very negligible
and hence silting issue in coastal reservoir will not be a major
problem.

S Land Use Analysis

Land Use of the area was analysed using remote sensing data
from LANDSAT 8 images of resolution — 30 m (visible, NIR,
SWIR); 100 m (thermal); and 15 m (panchromatic) down-
loaded from a public domain (https://earthexplorer.usgs.gov/).
The remote sensing data obtained were geo-referenced and the
study area was cropped and extracted. The Landsat 8 satel-
lites has a spatial resolution of 30 m x 30 m (nominal reso-
lution) followed by nearest-neighbour interpolation. A False
Colour Composite (FCC) of remote sensing data (bandsgreen,
red and NIR) was generated so as to enable the user to iden-
tify heterogeneous patches in the landscape. Training polygons
were identified and delineated on the identified heterogeneous
patches by overlaying the FCC layer on a google earth image
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Figure 3. Bathymetry of the ocean bed near the Netravati River.

Average Annual Runoff (TMC) at Netravati Basin
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Figure 4. Average annual runoff at Netravati Basin.

using the built-in plug-in in the GIS tools. Uniform distribu-
tion and accurate marking of these training polygons was en-
sured in the study area!®. Land use analysis was carried out
using the built in supervised Gaussian maximum likelihood al-
gorithm. The results obtained are shown in Figure 7 and the
statistics are tabulated in Table 1.

From Figure 7, it is clearly visible that most of the popula-
tion is concentrated towards the Mangalore City bounds, near
the mouth of Netravati. Population density keeps on decreas-
ing from the coast to the inlands and a large portion of the
area inland is utilized for agricultural purposes. Out of the to-
tal 568.6 km? area, more than 50% of total area is utilized for
agriculture and plantations as visible from the statistics, about
14.5% of the total area (82.5 km?) is forest area and 18.7%

Average Annual Ramfall (inm) at Netravati Basin
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Figure 5. Average annual rainfall at Netravati Basin.
Table 1. Land use statistics of Mangalore.

Sl No. Category descrption km? Acres Hectares % Cover
1 Forest 82.4211 20,366.70 8,242.11 14.50
2 Plantations 38.0133 9,393.29 3,801.33 6.69
3 Agricultural Land 269.7543 66,657.74 26,975.43 47.44
4 Water Bodies 13.8627 3,425.55 1,386.27 244
5  Built-up area 106.6617 26,356.68 10,666.17 18.76
6  Open Areas 57.8781 14,301.99 5,787.81 10.18

TOTAL 568.5912  140,501.95 56,859.12  100.00

of the total area (106.6 km?) builts up land. The area covered
by water bodies and open areas can vary in different seasons,
when the river flows at different levels or when different crop-
s/plants grow respectively.

6 Conclusions

The average annual runoff in Netravati Basin is eastimated as
388.5 TMC during 1989-2013. Hence it is imperative that a
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Figure 6. Annual sediment load in Netravati River.

Figure 7. Land use pattern of Mangalore.

small percentage of runoff of Netravathi is more than suffi-
cient to cater the water requirements of Mangalore and Banga-
lore. From the data for last few decades, there are hardly any
chances of scarcity of water availability in Netravati River. On
one side, we are having shortage of water, whereas on the other
side, large quantity of water is just flowing into the sea. This
necessitates to revisit the current water storage strategies and
explore new ways to tap at least a small amount of runoff wa-
ter to meet the water demands of people, which otherwise just
flow into the sea. The concept of coastal reservoir emerges as
the best solution to meet the future water demands of both Ban-
galore and Mangalore. The feasibility implications are summa-
rized below.

e The average annual runoff in Netravathi is 388.5 TMC. As
per Bangalore Water Supply and Sewerage Board (BWSSB),
shortfall in demand in Bangalore for 2051 is 26.16 TMC which
is 7% of average annual runoff through Netravathi. In 2021,
the shortfall in demand is only 8 TMC which is just 2.1% of
the runoff.

e There is hardly any chance of silting of reservoir as the
average annual sediment load in Netravathi River is 0.04 TMC.

e [ron concentration in ground water is beyond BIS Norms
(>1.0 mg/L) in Dakshina Kannada district.

e Radioactive minerals like monazite and zircon are con-
cealed under non radioactive sand layers which attenuates
gamma ray activity in Ullal Beach and hence there is no per-
ceptible danger to the human health due to radioactivity.

e The water quality parameters in Netravathi and Gurupura
Rivers are in tolerable limits for safe drinking water (far better
than that of Godavari and Cauvery) and the water can thus be
directly utilised without any major treatment.

o Benefiting sectors due to coastal reservoir are agriculture,
prawn culture and sand dredging.

e Creation of coastal reservoir may affect the marine fish-
ing in the area, but it opens up huge possibility of freshwater
fishing.

e The seismic hazard in the area is very marginal and hence
safe in terms of seismicity (below 0.05g).

o Coastal reservoir can act as a safety structure to safeguard
the coastal region from Tsunami hazards.

o The possible renewable energy generation implies that the
system will be self-sufficient in energy to meet the energy de-
mands for pumping, lighting and other requirements.
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Abstract: Caofeidian freshwater reservoir is nearly to the lower reaches of Shuanglong River area, which is located on the coast of Bohai Sea.
However, the two sides of the Shuanglong River are the agricultural production and cultivation and aquaculture areas, that resulting in serious
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floodplain wetland and ecological ditch to provide inspiration
for the construction of similar freshwater reservoirs.

1 Introduction

Caofeidian freshwater reservoir is located on the coast of Bo-
hai Sea, and its water supply is mainly composed of two parts:

the runoff of Shuanglong River and the paddy fields drainage. 2 StUdy Area

Shuanglong River has distinctive seasonal characteristics. The
two sides of the river are the agricultural production and culti-
vation and aquaculture areas, which results in serious agricul-
tural non-point source pollution, which leads to serious water
pollution of the reservoir.

The sewage has been effectively purified by constructing en-
vironmental remediation projects in Shuanglong River, which
is able to enhance the water quality of reservoir water supply
security. Beside the Shuanglong River, floodplain wetlands
were set up to purify water using Shuanglong River flood-
plain and the reservoir surrounding idle beach, and ecological
ditches were laid out to purify paddy fields drainage using rice
paddy ditches.

Wetland technology in sewage purification research and ap-
plication is of a wide range!'~’!. In this paper, we introduce
a water purification pattern of freshwater reservoir based on

2.1 Natural Environment

Caofeidian freshwater reservoir is the original seven farm plain
reservoirs in Tanghai County, which is located on the coast of
Bohai Sea (39°14°95”N, 118°19°50”E), and is near the lower
reaches of Shuanglong River (Figure 1). The reservoir is 30
km away from Caofeidian industrial zone, but only 100 meters
away from the water supply pipeline of Caofeidian industrial
zone. The reservoir is a substantially rectangular region, north-
south length is about 1,720 m, 4,387 m long from east to west,
with a total storage capacity of 23.65 million m?.

The water supply of the reservoir is mainly composed of
two parts: the runoff of Shuanglong River and the paddy fields
drainage. According to the calculations and analyses, the an-
nual runoff of Shuangyong River (26.14 million m?) and the
available amount of paddy fields drainage (11.14 million m?)
are 37.28 million m>. So it can meet 23.65 million m? of wa-
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Figure 1. Study site.

ter storage requirements of the freshwater reservoir in normal
years.

The reservoir area belongs to the eastern monsoon region
which is warm and humid zone with semi-humid, mild climate
and four distinct seasons. The average annual temperature of
the region is 10.8°C, the coldest monthly average temperature
is -5.9°C (January), the hottest monthly average temperature
is 25.3°C (July). The average annual rainfall of 635.7 mm, up
to 1,184.5 mm (1964), the lowest annual rainfall is only 335.3
mm (1968). The annual rainfall is generally concentrated in
July to August, with an average of 407 mm, accounting for
64% of annual rainfall. The average annual surface evapora-
tion of the project area is 1,050 mm.

A total of nine flows of Luanhe river and canal pass through
Caofeidian District, finally flow into the Bohai Sea. Shuang-
long River in Caofeidian District is 37 km long, and the basin
area is 256 km?. Shuanglong River has distinctive seasonal
characteristics, resulting in the maximum runoff is generally
in June to September (flood season).

Reservoir area includes six serious water shortage regions
in North China, where the per capita possession of water re-
sources is 380 m3, lower than the internationally recognized
water crisis protection limit of 500 m3. The annual water stor-
age of Caofeidian industrial zone will be 360 million m? after
the completion of the planned project. Water has become one
of the main factors restricting the local economic and social
development. It is a very urgent and long-term major issue to
solve the water shortage problem.

2.2 Question

The water of Caofeidian freshwater reservoir mainly from
Shuanglong River, where water quality is V class (GB3838-

2002, CHN), unable to meet requirements (GB5749-85,
CHN). The agricultural production and aquaculture lead to se-
rious river water pollution in the downstream of Shuanglong
River, because of large scale of aquaculture, large loss of fer-
tilizer and lack of governance means. At the same time, a large
number of nitrogen and phosphorus and other organic pollu-
tants entry into the reservoir through the rice paddy ditch due
to the soil erosion. Therefore, how to solve the problem of
non-point source pollution of river water is becoming the key
to improve the water quality guarantee of Caofeidian freshwa-
ter reservoir.

Practice has proved that the construction of freshwater reser-
voir, cutting flood water and purificating water for reuse is an
effective way to solve the current water shortage problem.

3 Water Purification Pattern

Sewage purification technology in wetland has been recog-
nized all over the world®'3]. Its research and application is
of a wide range!*>7141. The results show that different plants
have different effects on sewage purification!'>-2?! (Table 1).
Meanwhile, they exist between floodplain wetlands and sub-
surface flow constructed wetlands 32428291 (Table 2).

In this paper, a water quality purification pattern of flood-
plain wetland is introduced to treat Shuanglong River runoff
water, which is the surface flow wetland and subsurface flow
wetland. And an ecological ditch purification pattern, us-
ing rice paddy ditch, is introduced to purify paddy fields
drainage®*-331. Then a reservoir water purification pattern is
constructed: floodplain wetland and ecological ditch (Figure
2).

Purification Model

'P/\

Floodplain wetland

paddy fields drainage

Ecological ditch |

e —

surface subsurface plant ecological base
wetland wetland revetment slope material
combined PCA + purification wml(:'w_'—d ecological l\iicrobi_a.l
plant plant compine bage + orid preparation
plant age + gt +PCA

Figure 2. Governance pattern.

3.1 A Floodplain Wetland Purification Pattern

The local government has implemented about 20,000 mu (1 mu
equal to 666.7 m?) for the construction of Caofeidian wetland
park, including 5,000 mu of the lake area, 12,000 mu of surface
flow wetland and 3,000 mu of subsurface wetlands. The total
possession of water storage capacity is about 20 million m3.
Surface flow wetland system (Figure 3a) is surrounded by

an embankment with certain height to maintain certain thick-
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Table 1. Summary of water purification effects of wetland plants (%).

Pollutant type

No. Plant type

References

COD TN TP

1 Phragrnitas communis

2 Phragrnitas communis / Typha angustifolia

Phragrnitas communis / zizania latifolia / Acorus
calamus

Scirpus validus / Phragrnitas communis / Canna

47.0~66.0 64.5

13.0~40.0

43.2~48.9 52.2

Peng Juwei et al ., 20107
Chen Junmin et al ., 2006"?
27.0~38.0 Zhou Linfei et al ., 2014"
Wan Jinbao et al ., 2010[23];
Lu Shaoyong et al ., 20061
Zhang Wenyi, 2012[24]; Wei

25.0~29.0

35.0~52.0

45.3~73.5

4 81.0~83.0 68.0~85.0 57.0~70.0 1251
glauca Cheng, 2008
[ i i is / Iri Liao Weimin et al., 20117,
5 Sglrpu§_valldus/Phragrmtas communis / Iris 30.0~644 250~728 23.0~60.0 i / imi
wilsonii / Pontederia cordata Guo Xiao et al ., 20100
Zizania latifolia / Hydrilla verticillata / . 4
6 Hydrocharis dubia 280 45.0 32,0 Guo Xiao et al ., 2010
Acorus calamus / Canna glauca / Scirpus validus / _ _ 271
" Qenanthe javanica 37.0~66.8 35.0~834 32.0~64.9 Deng Futang etal., 2006
Hymenocallis Americana / Phragrnitas communis /
8 Canna glauca / Vetiveria zizanioides /Acorus 65.0~87.0 57.0~90.0 28.0~53.0 Zhao Jiangang et al ., 2006

calamus / Cyperus alternifolius

Table 2. Summary of water purification effect of wetland type (%).

Pollutant type
COD TN TP

No. Wetland type References

Zhao Jiangang et al .,
50~60 30~50 35~70 2006"!; Zhang
Wenyin et al ., 20125

1  Surface wetland

Zhao Jiangang et al .,
2006""; Liu Bingwei
etal.,2016%%: Zhang
Wenyin et al ., 201214

2 Subsurface wetland 55~75 40~70 70~80

ness of the water layer (usually 10~30 cm). And combina-
tion plants were planted in wetlands (Phragmites communis/-
Typha angustifolia, Zizania caduciflora, Hydrilla verticillata).
The flow of water in the wetland surface was pushed forward,
in the process of flow, the sewage is purified through physi-
cal, chemical and biological reactions, with the biofilm of soil,
plants and plant roots 34361,

Subsurface wetland is a subsurface flow constructed wet-
land, which is designed to receive surface streams (Figure
3b). The substrate is laid according to the needs of different
pollutants (phosphorus contaminants) 3242329381 " and differ-
ent types of purified plants are planted.

The sewage is purified under the combined effects of the
matrix, plants and microbial physical, chemical and biologi-
cal through the pattern of surface flow wetland + subsurface
wetland. Where the chemical oxygen demand (COD), to-
tal phosphorus (TP), total nitrogen (TN), algae, oil and other
significant removal are efficient (COD 40.6%~94.2%; TN
52.2%~72.25%; TP 23%~74%) 233337381,

In this paper, river water quality (COD 50 mg/L, TN 2.0
mg/L, TP 0.4 mg/L) is calculated. The removal rate of COD,
nitrogen and phosphorus are 30%. The pattern can reduce the
storage of pollutants, 450 tons of COD, 18 tons of total nitro-
gen, 3.6 tons of total phosphorus each year. 1,000 mu of phrag-

mites communis wetlands is contained in surface wetlands, the
evaporation is 0.2 mm/h (Relative to the ground 1.05 mm/h),
the reduction of evaporation is 14,000 m? annually.

3.2 Ecological Ditch Purification Pattern

On both sides of the rice paddy ditch bank slope, there are
structures plant revetment with the willow and phragmites
communis, calamus and others. On the ditch bank slope, the
slope dyke layer was constructed by the ecological bag and
ecological grid*1. Compared with the local rice paddy ditch
ecological water purification base material *Y. A water purifi-
cation pattern for paddy field ecological ditch was constructed
based on plant revetment, ecological slope and water purifi-
cation base material *34!=#! (Figure 3c). The results showed
that the removal rate of nitrogen and phosphorus pollution of
agricultural non-point source reached 48% ~ 64% and 41% ~
70%[4446].

In this article, according to the current situation of existing
paddy field planting area and ditch, the ecological ditch is 10
km long. The paddy fields drainage are 5 million m?, the wa-
ter quality of total nitrogen is 2.0 mg/L, total phosphorus is 0.4
mg/L. The removal rate of nitrogen and phosphorus pollution
is 40% and 40% respectively. And then, the system will re-
move the storage of pollutants total nitrogen 4 tons, total phos-
phorus 0.8 tons effectively each year. At the same time, it can
add 50 mu of woodland on both sides of ecological ditch. The
average moisture content of forest land is 20 m*®#”!, and it can
conserve nearly 1,000 m? water each year.

There is a total result of the reservoir water purification pat-
tern in Table 3. The system will remove the storage of pol-
lutants for the COD 450 tons, total nitrogen (TN) 4 tons, total
phosphorus (TP) 0.8 tons, and it can conserve water 15,000 m?>
nearly each year.
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Figure 3. Water purification pattern.

4 Conclusions

(1) Caofeidian freshwater reservoir is located on the coast of
Bohai Sea. And the water supply is mainly composed of two
parts: the runoff of Shuanglong River and the paddy fields
drainage.

(2) The agricultural production and aquaculture lead to serious
water pollution in the downstream of Shuanglong River, be-
cause of large scale of aquaculture, large loss of fertilizer and
lack of governance means. At the same time, a large number
of nitrogen and phosphorus and other organic pollutants entry
into the reservoir through the rice paddy ditch due to the soil
erosion.

(3) The Caofeidian freshwater reservoir water purification pat-
tern is introduced: floodplain wetland + ecological ditch.

Table 3. Total result of the reservoir water purification pattern.

Pollutant type (ton)  Remove  Conservate
No.  Wetland type 3
cob TN TP rate(%) water (m)
1 floodplain wetland 450 18 3.6 30 14,000
2 ecological ditch / 4 0.8 40 1,000
3 total 450 22 4.4 >30 15,000

(4) A floodplain wetland water quality purification pattern is
introduced to treat Shuanglong River runoff water, which is
the surface flow and subsurface. Calculated, it can reduce the
storage of pollutants COD 450 tons, 18 tons of total nitrogen,
3.6 tons of total phosphorus, and reduce the water evaporation
of 14,000 m? annually.

(5) A water purification pattern for paddy field ecological ditch
is introduced based on plant revetment, leach slope and water
purification base material. Calculated, it can remove the stor-
age of pollutants total nitrogen 4 tons, 0.8 tons of total phos-
phorus effectively annually, and 1,000 m® water is conserved.
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Abstract: India is a sub-continent where presently 320 million people remain in the water-starved parts of the country and according to the
UN, this number is expected to increase to 840 million in the year 2050. There is a severe demand-supply mismatch. Though there has been
no significant change in India’s rainfall pattern, the number of areas under drought in India is increasing every year. Increase in population is
one of the reasons for water scarcity but the inefficient management of the received precipitation stands as the major cause. Though extreme
rainfall events are significantly increasing, there is a spatial non-uniformity in the rainfall events that occur. This makes it difficult to pre-plan
large scale water storage at different locations. Out of the 4,000 billion m® of freshwater available from precipitation per annum, major portion
run off into the sea. The solution to India’s water problem is to conserve the abundant monsoon water bounty, store it in coastal reservoirs, and
use this water in areas which have occasional inadequate rainfall or are known to be drought-prone or in those times of the year when water
supplies become scarce. It is estimated that about 4,400 thousand million cubic feet of rainwater just simply drains into the sea. This paper
focuses on the concept of Coastal Reservoir. This basically means building a storage structure near the mouth of river. In this way, the amount
of water that is wasted as run-off can be stored. The construction of a coastal reservoir does not involve many risk factors and disadvantages
like relocation which would occur in an inland dam construction. The paper also presents the concept of Sarovarmala - a chain of coastal
reservoirs which is an innovative concept that has the potential to ensure water availability to India throughout the year.
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1 Introduction of the year when water supplies become scarce. Per capita
) _ storage of water in India for domestic purpose is too small
Demand for water keeps on increasing day by day. However,  when compared with developed countries. It is wise to invest

average rainfall has remained C(;nstant and it is plentiful. In storage of this excess flood water (which is reasonably di-
India, it is about 4,000 billion m”. But most of India’s rainfall  |yted and cleaner) in the coastal reservoirs close to the places

comes over a 4-month period starting from June to September.  where rivers join the sea.

India also experiences years of excess monsoons and floods,

followed by below average or late monsoons with droughts. The currently available solutions are unable to satisfy peo-
Despite abundant rains in July to September, some regions face ple’s increasing need for water. As far as rain water is con-
a shortage of drinking water, while some other parts of the cerned, one area receives too much rain in the wet seasons
country receive excessive rains resulting in floods. This geo- thereby causing floods and excess rainwater discharge into the
graphical and time variance in the availability of natural wa-  5€4a, while receiving a shortage of rain fall in dry seasons.
ter versus the year-round demand for irrigation, drinking and Hence, the solution lies in utilizing or conserving the abundant
industrial water creates a demand-supply gap that keeps wors- ~ monsoon water which runs off to the ocean.

ening with rising population. It is estimated that about 4,400
TMC ft of river flood water from west flowing rivers alone
drains into the Arabian Sea. From this, it is very clear that
India is not water-starved but storage-starved.

The solution to India’s water problem is to conserve the
abundant monsoon water bounty, store it in coastal reservoirs,
and use this water in areas which have occasional inadequate
rainfall or are known to be drought-prone or in those times

There is a need for a method for developing a sustainable
water source for managing rain water. There is further a need
for storing flood water in sea based reservoirs by building im-
permeable sea walls and interlinking these reservoirs for trans-
fer of water from one place to another. The primary objective
of the present paper is to present a method for developing a
sustainable water source for managing rain water. And high-
light the potential of coastal reservoirs for storing flood water.
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2 Current Water Solutions

There are different kinds of water supply options in the world.
For example, groundwater, on-land reservoir, desalination of
seawater, reuse of wastewater, diversion of water from a re-
mote source. Each of these has its own characteristics. The
primary renewable source of freshwater is rainfall. Rainwa-
ter, surface water, subsurface flow, ground water and sea water
are other sources of water available for water supply options.
Following are the different options:

1. More inland reservoirs - Very few large dams after the
year 2000; more and more people have realized the prob-
lems of large dam construction on land. Silting process
reduces storage - 75% of silt will be left on land. Further,
India is the third largest dam building nation in the world
with more than 6,000 dams (large dams).

. Interlinking of rivers - to optimize the surface water.

. Ground water.

. Desalination plants.

. Wastewater reuse facilities.

6. Coastal (sea based) reservoirs.

W B~ W N

As the available fresh water sources are very less throughout
the world, there is a stress upon the available sources and con-
servation structures. The focus of desalination and other tech-
niques is increasing. However, for a developing country like
India, it is very difficult to make a huge investment in projects
like desalination, which requires a high maintenance cost.

Desalination is not environmentally viable and it affects ma-
rine environment where waste water is released. The coastal
cities are normally more urbanized, and more and more ur-
banization is concentrated along the coasts. There is a rapid
migration of people because of the job opportunities. There
would be a rapid increase in population and the demand for
water would increase exponentially. Presently, the solution for
this issue would be a coastal reservoir, i.e. a reservoir in the
sea to store a portion of the river flood waters which is joining
the ocean in the monsoon periods and use it during the drought
periods.

3 Coastal Reservoir to Store Flood Wa-
ter

Coastal reservoir is a unique structure constructed at an estuary
or gulf, bay or in the sea (point where a river meets a sea) to
store the portion of excess water at flood time. This sea wall
or dike structure may run for kilometers together in the coast
line. Coastal reservoir has many advantages, such as no land
acquisition problems, no land submergence and forest submer-
gence like in inland reservoirs. They are already put to work in
countries like the Netherlands, Singapore, China, India, South
Korea, Hong Kong, United Kingdom, etc and proven to be ben-
eficial. They are designed with gates so that the excess flood
water which is more than the capacity of the reservoir can be
discharged into the sea. Even inlets and outlets are controlled

so that only good-quality water enters the reservoir with very
little stagnation of water. One can adopt very innovative de-
signs with smart sensor networks to operate the coastal reser-
voirs efficiently.

Figure 1. Schematic of a coastal reservoir that enables storage of freshwater
during river floods.

Figure 1 shows a typical schematic of a coastal reservoir
which enables storing of fresh water during river floods. The
fresh water reservoir includes an impermeable sea wall for con-
taining the fresh water and preventing a mixing of the fresh
water with the sea water. The sea wall is located on the sea
bed having three-sided structure to prevent ingress of sea wa-
ter into the fresh water/river course. By keeping out seawater,
the construction of sea wall along with one or two barrages
(with sluice gates) close to the mouth of river forms the fresh
water reservoir in the ocean. Sea based reservoir is a part of
the river watershed which is formed by the convergence of the
rivers and allows fresh water and salts to join the ocean. The
reservoir will be shallow waters and have an average depth of
10 to 20 m with a maximum depth of about 30 m. When it
rains heavily during low-tide, the sea reservoir outflow crest
gates will be lowered to release the excess rain water from the
reservoir into the sea. If heavy rain falls during high-tide, the
outflow crest gates remain closed and large reservoir can be
designed so as to absorb the flood water shocks and release
water out to sea only during low tides. The method further
includes interlinking of these reservoirs at different locations
across different rivers through underwater subsurface pipes for
transferring water from one reservoir to another in shallow sea
water (herein, we called this as Sarovar Mala; Sarovar means
freshwater pond in Sanskrit and mala means necklace around
the land) .

4 Scenario in India

India is a peninsula surrounded by ocean on three sides, en-
joys a lot of monsoon rainfall because of its physical features.
Indian peninsula receives an average annual rainfall of 4,000
BCM and this number has not changed much in the last 100
years. However, due to climate change, very intense rain-
fall events are causing floods in many regions in India. In
some other areas, average annual rainfall is 300-650 mm, but
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Table 1. Comparison of sea based reservoir vs land based reservoir.

Item Sea based reservoir On land reservoir
Dam Site Sea (Inside/outside river mouth) Valley (limited area)
Water level At sea level Above sea level
Pressure Low pressure along with wave surges  High water pressures

Catchment area Entire Catchment of the river course Partial catchment
Seepage By density difference (Slow) By head difference (fast)
Pollutant Land based and sea water Land based

Land acquisition  Nil High

Environmental Nil (no forest damage, no displacement Very high (difficult to build dams

damage of people, etc.) nowadays)
Water supply By pumping Mainly by gravity
Construction cost Low High

it is very unreliable and the southwest monsoon accounts for
most of the precipitation. Different regions receive different
amounts of rainfall, varying from 20 cm to over 800 cm. De-
spite that, we have a massive network of both perennial and
non-perennial rivers that form a network within the country.
India also has various water storing and conservation struc-
tures. India is the third largest dam building country in the
world after USA and China. India has built more than 6,200
dams which are taller than 15 m and the majority of them (>
80%) are earthen dams. Various storage structures lie at con-
flicting spots and hinder the socioeconomic condition of the
people whenever there is a problem. Even these structures act
as hotspots in both national and international borders. Inter-
state water disputes have only increased in the recent times.
As per the government of India information, there are 8 major
inter-state water disputes in the country.

Due to various climatic factors, the total rainfall that should
be received throughout the year is just received in 30-40 days.
This would result in torrential rainfall and flash floods during
monsoon. This precipitation water ultimately would mix in
the ocean without any use during the time of need. Close to
80% of the total precipitation received over Indian peninsula
joins the ocean in just 3 to 4 months every year. Because of
the lack of the storage structures within the country (even with
more than 5,000 large dams), we have a burning need of more
storage structures to cater to water demands during times of
drought. Even though land based reservoirs like dams have
various advantages, they also have their own disadvantages.
Land acquisition, clearing of forest areas, loss of bio-diversity,
submergence of lands and forests, diversion works during con-
struction etc are some of them.

5 Benefits of Coastal Reservoir

Table 1 shows the comparison of sea based reservoirs to the
land based reservoirs. There are many advantages of the sea
based reservoirs when compared with any conventional land
based reservoirs %),

Listed below are the advantages of coastal reservoirs:

1. No harm to any of the river basins and no alteration to the
river course (no temporary diversions as well).

2. No disturbance to any forest cover and no submergence
of land.

3. No physical displacement of people and their villages/-
towns.

4. Agriculture activities can be augmented.
5. Coastal erosion can be minimized.

6. Ground water recharge due to fresh water in estuarine ar-
eas.

7. Intrusion of saline water into wells will reduce.
8. Freshwater dredging will provide sand for construction.
9. Earthquake resistant sea walls.

10. Solar panels on the sea wall - solar energy.

11. Tidal energy at the wall.

12. Roadways over the sea wall, Fresh water Fishing, Navi-
gation and Tourism.

13. Real estate opportunities.

14. Length and width of sea wall - serve as a deep-water fish-
ing harbour - benefit the fishing community.

15. Increase in industrial, recreational and fisheries activities
around this fresh water.

Table 2 shows the existing coastal reservoirs in the world
along with the purpose].

Table 2. Existing sea based reservoirs around the world.

Country Name Purpose
Netherlands Afsluitdijk in the ljsselmeer, 1932 Flood control
India Thanneermukkom Bund, 1974 Agriculture
1. Sihwa, 1994 Tidal energy

South Korea

2. Saemanguem, 2010 Land reclamation and fresh water
1. Shek Pik, 1968
Hong Kong 2. Plover Cove Fresh water
3. High land
1. Qingcaosha, 2011
China 2. Chenhang, 1992 Fresh water
3. Baogang, 1985
Singapore Marina Barrage, 2008 Fresh water

United Kingdom  Cardiff Bay Barrage, 1987 Fresh water lake

note: Under Planning Stage: 1. Pluit Reservoir Revitalization Project, Jakarta,
Indonesia; 2. Kalpasar Project, Gulf of Khambhat, Indian Water Project, Gu-
jarat; 3. Sydney and other coastal cities, Australia; 4. New York, USA.

Table 3. Cost of water and cost of construction.
Cost per kilolitre of water in  Cost of construction / Billion
Indian Rupees (Rs) Cubic Meters (in Indian Rupees)

Sea based reservoirs Rs 2-10 (sea level) Rs 20,000 Million / BCM
Rs 30-100 (above the sea level) Rs 100,000 Millions / BCM
Rs 60-80 (sea level) Rs 80,000 Millions / BCM

Inland reservoirs
Desalination

Table 3 gives the cost of water and cost of construction using
coastal reservoirs in comparison to desalination, inland reser-
voirs, water recycling (from waste water). Cost of water per
1,000 liters (1 m? or Kilo liters) and cost of construction for
storing 1 Billion Cubic Meter (BCM) of water has been esti-
mated considering the costs of labor, materials and execution
in India. Cost of water has been estimated at the location of
coastal reservoir without considering the cost of pumping.
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6 Coastal Reservoirs in India

6.1 Thanneermukkom Bund

Theneermokkum Bund (Figure 2) was constructed in 1974 as
a part of Kuttanad low land development scheme and creation
of fresh water reservoir in the coastal area of Kerala. Thaneer-
mukkom salt water barrier/bund is considered the largest mud
regulator in the country and is in operation since 1976. It di-
vides the Vembanad Lake into fresh water lake fed by the rivers
draining into the lake and brackish water lake fed by ocean
currents into low lands of Kuttanadu. The Four major rivers
of Kerala, the Pamba, Meenachil, Achankovil and Manimala
flow into the region before they confluence into the Arabian
Sea. It also has a major portion of the largest lake in Kerala
“the Vembanad Lake”. Lake is fed by ten rivers of which the
above four major rivers form the main part. The region re-
ceives a good amount of annual rainfall which is above 3,000
mm and these four rivers bring a large quantity of water into
the lake before joining sea. By constructing the salt water bar-
rier, a coastal reservoir having fresh water has been created for
increasing agricultural activities in the area in addition to land
development. However, there are reports of environmental and
ecological damage such as rampant propagation of water hy-
acinth in fresh water and deterioration of brackish water fishing
in the area. However, these are related to the wrong operations
of the reservoir and not the fully functional plan of Thaneer-
mukkum Bund. The problems faced by fisherman and water
hyacinth problems need to be addressed with innovative alter-
native schemes of operations. In fact, this fresh water reservoir
is need of the hour and needs to be restored to its capacity for
the supply of drinking water to nearby areas and also supply
fresh water for irrigation in the low lands of Kuttandu, which
helps farmers.

6.2 Kalpasar Project

The Gulf of Khambhat Development Project is mainly water
resources project involving the creation of fresh water reser-
voir in the Gulf of Khambhat for meeting demand of irriga-
tion, domestic and industrial water supply. Associated compo-
nents related to the fresh water reservoir are use of top of the
dam across the gulf as a surface transport link, potential de-
velopment of fisheries, reclamation of saline land around the
fresh water reservoir. The Gulf of Khambhat extends about
200 km from north to south and the width varies from 25 km
at the inner end to 150 km at the outer mouth, covering an
area of around 17,000 km2, of which only 2,000 km? will be
enclosed by constructing a dam across the gulf between Bhav-
nagar and Dahej. Figure 2 shows the Kalpasar project location
and detailed plan of Gulf of Khambhat development wherein
is a coastal reservoir is envisaged in Gulf of Khambhat and
using contour canals to supply water the entire Gujarat Coast.
The Kalpasar Project envisages building a dam across the Gulf
of Khambat for establishing a huge fresh water reservoir for
irrigation, drinking and industrial purposes. A 10 lane road
link will also be set up over the dam, greatly reducing the dis-

Figure 2. a) Bird eye view of Thanneermukkom Barrage. b) Location of
barrage across Vembanadu Lake.

tance between Saurashtra and South Gujarat by 225 km. A
state government release said the Rs 55,000 crore (US$ 11.7
billion) project to be completed by 2020, will have a vast fresh
water reservoir with gross storage of 16,791 million m® of wa-
ter. The 64 km long dam across the Gulf of Khambhat con-
nects Ghogha in Bhavnagar with Hansot in Bharuch District.
The state government of Gujarat has signed an MOU with a
Korean consortium to build the first ambitious sea wall project
in the Gulf of Khambhat in the first quarter of 2016/, Once
constructed, it will be one of the large freshwater reservoirs in
the sea with highest priority for irrigation and drinking water in
the region for Saurashtra and Central Gujarat regions of India.

6.3 Feasibility Study of Coastal Reservoir at
Mangaluru from Flood Waters of Netravati
River

Author has carried out a detailed feasibility study with a

large multidisciplinary team on developing a sustainable water

source for Bengaluru and Mangaluru using the coastal reser-
voir as a storage area for Netravati/Gurupura River flood wa-
ters, Karnataka, India. The principal objective of the project
was to assess the feasibility of storing fresh water in a reser-
voir along the coast, by building a sea dike in the Arabian Sea.

On one side, the dike will ensure the required quantity of fresh

water which flows from the Netravati River to the reservoir,
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without being drained completely into the sea. On the other
side, the sea dike will prevent the sea water from entering the
reservoir avoiding salt contamination of the fresh water sup-
ply. The study addresses the coastal urban watershed manage-
ment of Mangaluru city and agricultural land along the river
and the coast, in the context of the proposed project of building
a sea dike for the creation of a fresh water reservoir impound-
ing river flood waters >,

It is imperative that a small percentage of runoff of Netravati
River is more than sufficient to cater the water requirements of
Mangalore and Bangalore. From the data of last few decades,
there are hardly any chances of scarcity of water availability
in Netravati River. The concept of coastal reservoir emerges
as the best solution to meet the future water demands of both
Bangalore and Mangalore. The average annual runoff in Netra-
vati River is 388.5 TMC. As per Bangalore Water Supply and
Sewerage Board (BWSSB), shortfall in demand in Bangalore
in 2051 is 26.16 TMC which is 7% of average annual runoff
through Netravati. In 2021, the shortfall in demand is only 8
TMC which is just 2.1% of the runoff. There is hardly any
chance of silting of reservoir as the average annual sediment
load in Netravati River is 0.04 TMC. The water quality param-
eters in Netravati and Gurupura Rivers are in tolerable limits
for safe drinking water, thus the water can be directly utilized
without any major treatment. Benefiting sectors due to coastal
reservoir are agriculture, prawn culture and sand dredging. The
possible renewable energy generation implies that the system
will be self-sufficient in energy to meet the energy demands for
pumping, lighting and other requirements. Consultation and
inputs from renewable energy developers would strongly sup-
port in the planning for cost-effective and sustainable technol-
ogy installations for renewable energy generation. The coastal
reservoir will not affect the built-up area. The land use in-
dicates that built-up area is less, while the vegetation cover is
more. Also, due to fresh water reservoir, a reduction of salinity
of water is expected after the construction of coastal reservoir,
its effects on the vegetation must be pre-assessed and analyzed.

6.4 Sarovar Mala (Garland of Reservoirs for
India)

Sarovar Mala (Figure 3) is a concept of linking sea based/-
coastal reservoirs (Sarovar’s in the ocean) at the mouth of
rivers (where rivers in Indian Peninsula join the ocean. The
main objective is to create a large of fresh water for develop-
mental activities including drinking/agricultural activities and
increase water storage per capita in the coastal areas. This is a
strategic plan to increase the water storage per capita in India
along the Indian coast by storing the excess flood waters from
major rivers in southern Indian Peninsula, once these Sarovar’s
are connected by pipelines in shallow ocean waters along the
coast (by using a shallow water spud barge which has side way
lowering).

Along with the initiative of the Government of India to mod-
ernize India’s ports, this fresh water reservoir (Sarovar) will aid
the development of coastal areas. With the increased fresh wa-

ter availability in the coast, the coastlines can be developed to
contribute to India’s growth. Sarovar Mala provides a good
connectivity for non-perennial rivers and will provide a stor-
age plan for fresh water from the excess river flood waters and
can develop the industrial clusters and hinterland up to a radius
of 100 km, which resulting in Sarovar becoming the drivers of
economic activity in coastal areas.

Figure 3. Sarovar Mala, a chain of freshwater reservoirs along the coastal line
of India.

7 Concluding Remarks

India receives most of its fresh water during a four-month mon-
soon period during which time the lakes are filled, rivers expe-
rience floods and ground water is recharged. But due to the
onset of climate change, the rainfall pattern changed resulting
extreme variability of the rainfall is experienced. While some
rivers receive huge quantities of rain resulting extreme flood-
ing, other rivers and water bodies are bone dry. Indian popu-
lation over the decades has increased so much, the density of
population and dwindling forest coverage is not allowing the
creation of fresh land based reservoirs. The original proposal
of interlinking of rivers to overcome the ill effects of variable
rainfall in India is practically dead and impossible to imple-
ment under the changed circumstances and huge cost of the
project. Considering all the above, the solution lies in storing
flood water in sea based reservoirs which are of immense value
as they do not submerge lands. If heavy rain falls during high-
tide, the outflow crest gates remain a closed and large reservoir
of about > 100 TMC ft (2.8 BCM) can be designed so as to
absorb the flood water shocks and releases water out to sea
only during low tides. Even the sand, silts and salts can join
the ocean partly through the sea based reservoir. Sea based
reservoir can be constructed in shallow waters at appropriate
locations close to the mouth of the river along with a barrage
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at one or two ends. A detailed study is needed even consid-
ering salt water intrusion through estuaries, bays and gulfs.
By connecting coastal reservoirs around the Indian Peninsula,
Sarovar Mala will be a sustainable solution for Indian water
requirements specifically in the coastal areas. More species of
fish call these ponds home! This reservoir will increase Indias
fresh water supply for generations to come and use the rivers
flowing into Arabian Sea and Bay of Bengal.
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