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PREFACE

Urbanization is a global trend that is irreversible in the face of difficulties
faced with providing the expected living standards to the masses in rural
landscapes. During the last few decades millions of people all over the
world have migrated to urban environments, mostly cities located near sea,
resulting in over one quarter of the global population living in coastal urban
habitats that have less than 10% of the global renewable water supply and
are at the same time undergoing rapid population growth [290].

Moreover, it is estimated that over 50% of world population to be living in
cities, with that figure to be as high as 70% in the developed countries [279].

Sri Lanka is no exception where poor infrastructure, inadequate flow of
resources and income to the rural areas, lack of employment opportunities
and depletion of natural resources, including ground and surface water
resources, driving an ever increasing number of families to urban centers. In
this scenario, the most stressed out resource is water, which however is the
most fundamental need for living. With the ever increasing population on
one hand and the fast depletion of ground and surface water resources on the
other hand, local authorities are facing an uphill task providing safe to drink
reticulated water to every household at a reasonable cost. The situation is
aggravated by the high cost of construction and maintenance of necessary
infrastructure to store and distribute service water, high utilization of energy
in such projects and the associated impacts brought upon the environment,
which in turn having a negative impact on the natural resources, particularly
the water cycle.

In this background, a renewed interest on Rain Water Harvesting (RWH), an
age old practice all over the world, has been growing with the possibility of
capturing rainwater locally with comparatively a minimum requirement of
infrastructure. Rain is available in adequate quantities in most countries, is
relatively devoid of pollutants and contaminants compared to ground or
surface water and can be collected with zero input energy, limited only by
the collection surface area and rainfall depth.

Many countries, including Sri Lanka, have enacted laws, making provision
for RWH mandatory in new buildings, but it is the positive attitude of the



potential householder towards using harvested rainwater that would
proliferate RWH systems. Of the many factors that influence the inclination
towards RWH, the cost of installation, maintenance, energy requirement, the
quality of harvested water and the convenience in using the system stand out.
This book attempts to address these very concerns by presenting relevant
information gathered from sources around the world, together with the
published research findings of the author, with the intention of proliferating
of RWH in urban environments.

Chapter 1 looks at the fundamental concepts of RWH, needs, benefits and
limitations of RWH and Chapter 2 and 3 exploring the global and Sri Lankan
RWH scenarios respectively, particularly looking at current systems, models,
methods and issues, and also presenting published information on small and
large scale systems. Chapter 4 is dedicated to system components and their
optimization with details on methods and design tools available. Chapter 5
gives possible configurations of RWH systems in single and multi level
urban dwellings while Chapter 6 introduces a novel energy efficient RWH
system of distributed storage capacity, with minimum disturbance to building
structure. Details of the system, identified as the Cascading Multi Tank
RWH (CMTRWH) system, are presented on total energy security, optimum
energy efficiency and minimum total storage for a given demand, rainfall
depth and collector area values. Chapter 7 addresses quality issues of
collected rainwater, use of photo voltaic (PV) systems to minimize energy
costs in RWH and also selection of appropriate pumping options.

Information and contents relevant to RWH from as many research articles,
documents and technical papers as possible are included in the book to
encourage those who are interested in RWH into further research and for
future contributions to advance knowledge in the subject. Throughout the
book sources of information are identified and listed for reference and
further reading. It is the author’s sincere wish that the contents presented in
the book would encourage implementation of this modified and refined
ancient technique for the sustenance of millions of urban lives in the face of
increasingly acute water stress.
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Chapter 1
RAINWATER HARVESTING CONCEPTS

Defined as the collection, control and utilization of rainwater close to the
point it reaches the earth, Rain Water Harvesting (RWH) is an age old
practice throughout the world for obtaining natural soft water, potable as
well as non-potable indoor usages and for sustaining livelihoods such as in
agriculture. RWH can also be used in aquifer replenishment, erosion control
as well as flood control. As the populations grow, consumption per capita
increases, water resources are over exploited and the climate changes, RWH
has gained a renewed significance in the recent times. Rainwater is usually
free from physical and chemical contaminants such as pesticides, Lead and
Arsenic, color and suspended materials and it is low in salt and hardness.
With the world urban water demand expected to rise to 6.4 billion m® in
2050 [282], the likelihood of climate change with the increase of variability
of precipitations and the number of floods and drought episodes [123],
coupled with the absence of surface water, mineralized ground water and
unaffordable centralized piped supplies, there is a dire need to focus attention
on RWH more objectively.

Historical evidence in RWH is found in countries all over the world with
good examples from Jordan (Roman pools in Ajlun and Madaba, 850 BC)
[82], India (Rajasthan) and Sri Lanka (Sigiriya, 5" century AD) where
extensive surface water harvesting was practiced to irrigate vast tracts of
agricultural lands. In the simplest form of RWH, rainwater can be diverted to
a vessel using a broad leaf such as of Banana attached on a tree trunk when a
rain event occurs and at a much larger scale, collection is made as surface
runoff directed to small and large scale ponds or tanks to be used for
agriculture. Therefore, essentially, RWH can be described as a technology
that is flexible and adaptable to a very wide variety of conditions, being used
in the richest and poorest societies on our planet and in the wettest and driest
regions of the world [6].

While rainwater is the only source of water in arid and semi-arid regions
where surface water sources such as streams, rivers and lakes are either
absent or highly polluted and at locations where tapping ground water



offbore holes and dug wells not viable,it has been mostly a supplementary
source of water in other regions, making life easier from fetching water from
a distance. Provided that the rainfall pattern in a given location is regular
and spread more or less evenly throughout the year, such harvesting of
rainwater therefore could provide both potable and non-potable water at the
door step releasing the householders, particularly the womenfolk who
traditionally do the fetching of water, for other chores.

1.1Benefits accrued from RWH

It is important to note that while at a domestic level, RWH depends on many
factors such as the demand for water at a dwelling, based on the number of
users and the per capita consumption, quality of the available surface or
ground water, the number of days the regular sources would be dry or with a
low volumes of water and the number of rainy days per year, globally at a
wider scope the need for RWH can be summarized as;

e Inadequacy of existing water supply systems in the face of rapid
population growth, creating frequent water shortages and scarcities.

e Degradation of water quality in primary sources such as rivers,
ground water aquifers and natural lakes as a result of wide spread use
of chemicals in agriculture (pesticides, herbicides and fertilizer) and
their contamination due to industrial and human waste.

e Escalating cost of providing water (cost per m®) due to high cost of
constructing reservoirs for storing reticulated water, high costs in
pumping from centralized locations to end user points, filtering and
purification costs, distribution system maintenance costs and
financial costs on investments such as opportunity costs.

e Risk of disruption to mains water supply due to break downs or
prolonged draughts. The storage facility of the RWH system can act
as the buffer for such an emergency.

e Non-availability of potable water in isolated areas through
conventional methods due to lack of water bodies in the vicinity,
difficulty in reaching ground water aquifers due to excessive depths
and high capital outlay in drilling through rock, non-availability of



power supply inherent to isolated hamlets in arid, semi arid and
mountainous areas.

Depletion of water levels in underground aquifers thus limiting the
draw-offs as a result of minimal ground water recharging and
increased use of ground water.

Apart from the obvious benefits of availability of potable water at virtually
no cost excluding pumping cost from the storage tank to end user points,
there are a host of direct and indirect benefits from a well designed RWH
system that can be described as follows:

Reduced demand on conventional water supply systems by
supplementing rain water for needs which do not require high quality
water such as WC flushing, washing, gardening, vehicle washing etc.,
thus saving on purified, treated drinking quality water. This would
facilitate managing demand for water and rationalize new
investments.

Minimized depletion of ground water by recharging in surface run-
off harvesting and preserving it at higher levels and quality,
minimizing water stress during draughts and enhancing the vitality of
all life forms.

Increased decentralized water security and local self reliance whilst
encouraging family level operation and maintenance.

Facilitating urban home gardening and small-holder food production,
supplementing rural irrigation and stimulating income generation.
Lowered risk of flash flood situations by taking off a sizable quantity
of roof run-off from the drainage system.

Reduced national energy consumption and water loss in the treatment
and conveyance of reticulated water.

Reduced conflictive invasion of rural water sources to cater for urban
demand by meeting requirements close to the point of harvesting.
Increased domestic water security by reducing the unproductive
labor, time and hazards faced mainly by women and children in
fetching water from a distance, and improved accessibility to safe
water for many marginalized communities.



e Minimized consequences of increased salinity intrusion due to sea
level rise, and the threat caused from pollution to traditional sources
of water by infiltration.

1.2 Demand for Service Water

RWH system design is mostly based on the demand and whether that
demand is for drinking or for secondary use. In most climates only about 2
liters per capita per day (Ipcd) is required for survival and depending on the
lifestyle, climate and environmental conditions, domestic per capita
consumption can range from 7 to 300 liters/day, with the standard minimum
quantity of 20 Ipcd set by WHO. It is an important finding that in many
studies confirming that a given user in a given geographical location using an
approximately constant amount of water per day which can be attributed to
his or her lifestyle and the ease with which water can be obtained
[298],[240],[115].

1.3 Storage of Service Water

Based on the percentage of service water that rainwater would be
supplementing, there arises a need for storing devices resulting in vessels of
various sizes, shapes and makes utilized for the purpose. The tanks can be
clay pots, used oil tanks etcas the most commonly used types to reinforce
cement concrete (RCC), ferror cement, fiberglass or HDPE tanks.

1.4 Collection of Rainwater

While the storage capacity gives the maximum number of days a particular
demand can be met without any input from a rain event, for any RWH
system, it is the collection area which determines the amount of rainwater
that can be harvested in any given rain event. Simply taken as the product of
the projected surface which is exposed to rain (A) and the rainfall depth (R),
the maximum amount of rainwater that can be harvested therefore is given

by,



Collection Area (A) x Rainfall depth (R) = AR

Depending on the surface texture and type of the roof, equation (1) can be
modified to indicate the actual roof collection as,

Collection Area (A) x Rainfall depth (R) x Collection Efficiency (Cy) =
(AR)ActuaI

Where generally C;is a function of texture and absorption quality of the
surface and also a function of the roof pitch, wind speed at the time and other
minor system losses in the case of roof as the collector surface.

Connecting the collector surface and the tank is the rainwater transport or
conveyance system, which could be the drainage system or streams in the
case of surface water harvesting or guttering in the case of rooftop
harvesting.

The three main components, namely the collector surface, rainwater
transport system and the storage tank constitute a system that can be used to
harvest rainwater as per the demand as well as supply, i.e. rainfall depth and
collector area. In addition, to improve the quality of collected rainwater,
various devices can be introduced, particularly to flush out the initial amount
of roof or surface collection that could mostly be contaminated after a
prolonged dry period, to filter out debris and other contaminants before use
and for extraction of water out of the tank or cistern.



Chapter 2
RAINWATER HARVESTING IN GLOBAL CONTEXT

“Having access to quality potable water is a fundamental human need”.
(United Nations)

It is reported that in 2015, at least 1.8 billion people use a drinking water
source that is contaminated; 663 million people rely on unimproved sources,
including 159 million dependent on surface water. It is estimated that by
2025, half of the world’s population will be living in water-stressed areas
[315].

It is found that a fifth of the world’s people, 1.2 billion, live in areas of
physical water scarcity, where there is not enough water to meet all demands.
A further 1.6 billion people live in areas experiencing economic water
scarcity, where the lack of investment in water or insufficient human
capacity makes it impossible for the authorities to satisfy the demand for
water [316]. According to the Falkenmark water stress indicator, a country
or region is said to experience water stress when annual water supplies drop
below 1700 m*® per person per year. At levels between 1700 and 1000 m*® per
person per year, periodic or limited water shortages can be expected while
below 1000 m* the country facing water scarcity [322].

In the light of these facts there is a grave concern on the availability and
supply of water with growing interest towards RWH. International interest in
RWH spans a wide spectrum of topics ranging from supplementing drinking
water to environmental concerns of constructing large reservoirs for water
supply schemes, which would alter the ecological balance. In depth research
has been carried out from Europe to Africa on various aspects of RWH
systems covering Water Saving Efficiencies (WSE), optimum system
capacities, cost against benefit analysis and impact on environment and the
subject is considered a major component of sustainable development. Some
of them are summarized indicating the general scenario.

Currently, RWH is practiced in many forms throughout the world. While
surface run-off is collected for agricultural purposes as well as for mitigating
flash floods, roof run-off is used to supplement potable water, mainly to
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households. Even though treated rainwater is used for drinking and cooking,
in most urban houses it is a case of rainwater supplementing the reticulated
supply for activities such as toilet flushing, gardening and laundry. It is
estimated that in developed countries these 3 activities account for 30% of
the total service water utilization with laundry alone using 20% of the total.

However, per capita consumption of water is a relatively elusive figure in
practical terms as water usage patterns vary significantly with life style,
draw-off source, and geographical location of the end user as well as the
climatic conditions prevailing in the area. While per capita water
consumption is low in dry and low humid areas, it tends to increase in areas
with abundant rain. It is observed that the relative ease of availability of
water tends to increase the usage while the biggest variation occurs along
with life style differences.

Research in many countries has shown that modern household equipment
and amenities such as WC in toilets, washing machines, dish washers as well
as car washing has significantly increased water consumption. Studies
carried out on water usage patterns reveal that a sizable quantity is being
used for WC flushing, car washing and other external uses which do not
require drinking quality water. For example, in Sweden, 20% of household
water use is for flushing toilets, 15% for laundry and 10% for car washing
and cleaning [289]. In the UK, 30% of the potable water supplied to the
domestic sector is used for WC flushing and the transportation of foul waste
[85]. In Australia, studies of water usage in homes located in different
climatic regions indicate that on average 15% of supplied water being used
in toilets while 30% being used for external purposes [1].

Many practical Roof Top Rain Water Harvesting (RTRWH) systems are in
use globally and differ to each other mostly on cost factors and the level of
sophistication. While many developing countries use simple systems similar
to what used in Sri Lanka, most of the developed countries use RTRWH
systems as supplementary water sources for existing mains supply. In these
systems the discharge is automated so that when collected rainwater in the
storage facility drops to a predetermined level, provision is made for
automatic change over to mains supply.



2.1 International experiences in RWH

It is useful to examine RWH experiences in different continents and in a few
selected countries at domestic and community level to understand the current
trends and new developments. At the global level, some of the largest RWH
projects are underway in China, Brazil and India while in many countries,
including Sri Lanka, Bermuda, Guinea-Bissau, US Virgin Islands and a few
states in India, laws have been enacted to include RWH in all new building
constructions.

2.1.1 South America and the Caribbean Islands

For more than three centuries, rooftop catchments and storage have been the
basis of domestic water supply on many small islands in the Caribbean. It is
estimated that more than 500000 people in the Caribbean islands depend at
least in part on RWH systems supplied water [74]. Further, large areas of
some countries in Central and South America such as Honduras, Brazil and
Paraguay, use RWH as an important source of water supply for domestic
purposes, especially in rural areas.

While RWH for domestic purposes is carried out extensively in semi-arid
regions of Brazil and Argentina, in Central American countries like
Honduras, Costa Rica, Guetamala and El Salvator, RWH using roof top
catchments is widely practiced [77].

In a recent water supply study, the continued use of rooftop and artificially
constructed catchments was contemplated for those parts of rural Jamaica
lacking access to river, spring or well water sources. It is thought that more
than 100000 Jamaicans depend to a major extent on rainwater catchments.
While accessibility to water sources is the main concern in interior of Central
and South America, for the coastal areas and the island nations, salinity
intrusion into ground water aquifers is compelling towards RWH.

2.1.2 Australia

Australia is the driest inhabited continent in the world, with the mean
household water use of over 300,000 L per year, placing Australians
amongst the highest water users in the world. In 2004, 17% of Australians



sourced water from their rainwater tanks with 48% of all households in
South Australia relying on tank water as their primary drinking source [1].

Australia faces rapid urbanization and its huge migrated population mainly
concentrated in a few coastal cities it has become compelling to look into
centralized RWH and storage systems which can provide water for domestic
use in large housing schemes. At present Australia faces acute water
shortages during summer months, imposing restrictions on car washing,
garden watering and in some states pet washing and drive-way cleaning.

2.1.3 Europe

In Europe, attention is now focusing on alternative water resources such as
Rainwater Catchments Systems as supplementary water sources with multi-
purpose functions.

Despite water in Europe is still an abundant natural resource, for example in
Sweden only 0.5% of the naturally available water resources being used
[289] rapid changes in ecological factors such as the low renewal rate of
ground water (in Upper Franconia, Germany where annual precipitation is
around or less than 650 mm, the renewal rate is 100 — 120 mm/annum [11],
contamination of ground water by nitrates, and pesticides from agriculture
and effluent from land fill sites, have diverted the attention of authorities on
RWH.

Contributory natural environmental factors affect the limitation provided by
the protective shield of soil and rock above the water table of prelatic
aquifers. These include low slopes, shallow water table, high recharge and
hydraulic conductivity, permeable soils, low natural ground cover, high
coefficient of recharge etc. Such natural aspects of the ambient environment
can become un-sustainability factors with regard to maintenance of ground
water quality.

In the steady state situation of coastal aquifers, ground water drains towards
the sea-shore. Excessive pumping clearly has a severe detrimental effect
upon ground water reservoirs. Water table drops, significantly altering
ground water flow directions. Where excessive pumping situations apply,
saline sea-water tends to intrude into the fresh water inland reservoirs, a
phenomenon which can make salinization almost irreversible. Taking into
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consideration the origin of public drinking water supply in Europe in general
where for example 72% is from ground water and spring water, 22% from
surface water and 6% from bank filtrate in Germany, 75% from lakes and
streams with 25% from ground water in Sweden, the above researched
ground water quality problem has caused concern [115], [289].

Further, Europeans are focusing on the educational and prestige benefit of
using harvested rainwater water. Thinking behind the above theory is that it
would be easy for people to make the connection between natural resources
and their behavior, thus encouraging a feeling of responsibility towards
water use. In terms of prestige, residents will be a part of a forward thinking,
innovative project that benefits society and the environment.

2.1.4 Africa and Middle East

For African and Mid-Eastern countries the public water supply
overwhelmingly depends on ground water and the draw backs with regard to
quality of ground water plus high energy cost of drawing water from deep
underground aquifers makes it mandatory to look into RWH systems. Apart
from desert areas where the annual rainfall is 0.5 mm or less, other semi-arid
and arid areas use run-off collection either in individual storage devices or
detention ponds such as the community detention ponds in Tanzania [77].

2.1.5 Asia

The need for RWH systems vary significantly country wise as well as region
wise in Asia due to its environmental factors which differ from one extreme
to the other. While developed countries such as Japan, Taiwan and South
Korea are looking at advantages such as capturing and storing significant
guantities of storm water for landscape maintenance and improvement in
residential areas, reducing of peak demand on public water supply,
conservation of water and importantly mitigating storm water management
problems and flash floods. The developing countries such as India, China
and Pakistan are looking at reducing high cost of providing potable water to
its massive populations, both rural and urban, thereby providing water-
security diverting funds for more productive new investments. Rapid
depletion of groundwater levels causing desertification is another major
concern in Asia.
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Most of the Far Eastern countries such as Malaysia, Indonesia and
Philippines are blessed with high annual rainfall but rapid urbanization is
already causing flash floods and increased cost of providing drinking water
to its city populations. Singapore, the city state is a unique case where more
than 80% of its water requirement being imported from neighboring
Malaysia. Therefore, Singapore has made it mandatory to have RWH
systems to be in-built for new developments [11].

In Northern China, where the annual average rainfall is below 600 mm and
concentrated during summer months, ground water conditions difficult and
formerly perennial rivers drying up, there is a severe shortage of service
water to millions of people, compelling the extension of RWH as a public
policy [ 156]. To maximize the rainwater collection, households in northern
China are using gutter-less tiled roofs and paved courtyards giving collection
areas in excess of 100 m? with the runoff stored in underground cisterns
build without reinforcements.

In Brazil, the government is supporting a program to install one million
rainwater harvesting systems in the semi-arid areas of the country. In
Belgium, new buildings with a roof area greater than 100m? are required to
install rainwater harvesting and storm water attenuation systems.

In the Caribbean Islands and Central American countries, for example,
storage tank is made of steel drums of 200 L capacity, large polyethylene
plastic tanks of 1300-2300 L capacity or underground concrete cisterns of
100000 — 150000 L capacity and the respective government regulations have
made it mandatory that all developers construct a water tank large enough to
store a minimum 400 L of rain water per m? of roof area [74].

In eastern Africa where climates vary from arid to humid equatorial,
commonest water sources are springs and shallow wells. Local population
with a very low average annual income are compelled to travel on average
1.5 km to fetch water resulting in water consumption of under 10 Ipcd which
is not compatible with good hygiene. In semi-arid regions such as northern
Kenya and Somalia, large water stores have been constructed as brick lined
holes in the ground, sometimes covered [270]. In such areas RWH can be
popularized at domestic level if technical advances can minimize the cost of
tanks.
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Jordan, a Middle-Eastern nation is one of the world’s 10 most water stressed
countries. With a considerable variation in spatial distribution of rainfall of
which over 85% evaporating back into the atmosphere and only 4%
recharging the ground water, RWH is fast becoming a necessity. It is
estimated that even with the low potential, 5.6% of the total domestic water
supply of Jordan can be met by RWH [82].

In the tropical city state of Singapore on the other hand, RWH is proposed on
rooftops of their multi-story building blocks as a means of collecting a
portion of the year round rainfall of 2000 mm to supplement the costly
service water, particularly in non-potable use such as toilet flushing [12]. In
this case, an economical mixed system of a rooftop tank supplying toilet
cisterns can be considered, fed both by rainwater from a catchment surface
as well as by mains.

2.2 Fundamental types of RWH systems

Design wise RTRWH systems are classified into two basic types. They are
as follows:

e Dry systems

A dry system for rainwater collection involves down pipes leading
directly into the storage tanks, so after a rain event, no water remains
within the collection pipes as shown in Figure 1

e Wet systems

A wet system usually involves underground pipes with the entry to the
storage tank being above ground level thereby trapping water within the
pipes after rain as shown in Figure 2
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The dry system is preferred as the wet system can lead to water trapped in
the conveying pipes going stale and in some cases breeding mosquitoes if the
pipe entrances are not securely sealed. Since this additional volume need to
be jettisoned through the first flush device thereby increasing the capacity
required by the first flush (FF) device.

2.2.1 Main types of global RTRWH systems
There are 4 main types of typical RTRWH systems in use internationally,
distinguished according to their hydraulic properties. They are as follows:
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The Total Flow type

The Diverter type

The Retention and Throttle type

The Infiltration type [115]
2.2.1.1 The Total Flow type

The total run-off flow is confined to the storage tank, passing a filter or
screen before the tank as shown in Figure 3. Overflow to the drainage system
only occurs when the storage tank is full. It is important that in the case of a
clogged screen or filter, that there is no overflow allowed before the tank.
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Figure 3: The Total Flow type RTRWHS
2.2.1.2 The Diverter type

The diverter type, which contains a branch installed in the vertical rainwater
type after the gutter or in the underground drainage pipe as shown in Figure
4 The collected fraction is separated from the total flow at this branch and a
surplus is diverted to the sewerage system; most of these branches contain a
fine-meshed. Sieve diverting most of particles to the sewer. These devices
are a typical invention of the period, when rainwater usage was only looked
onto save drinking water and the diversion of storm water to a sewer was the
usual and accepted habit. The ratio of efficiency of the diverting devices
decreases with increasing flow. Therefore, during heavy rain, most of the
run-off is diverted to the sewerage system. At low precipitation rates, a
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minimum flow is diverted to the sewer and the efficiency decreases.
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Figure 4: The Diverter type RTRWHS
2.2.1.3 The Retention and Throttle type

The storage tank here provides an additional retention volume, which is
emptied via a throttle to the sewer as shown in Figure 5.
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Figure 5: The Retention and Throttle type RTRWHS
2.2.1.4 The Infiltration type

Local infiltration of the surplus tank overflow is a possible alternative to the
diversion to the sewer as shown in Figure6. Hydraulic impacts for an
infiltration site were calculated by Herrman & Schmida [115] and showed
that by the combination of rainwater usage and local infiltration, the natural
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local water balance can be restored and maintained independent of the
infiltration capacity of the soil, and independent of available surface for
infiltration facilities.
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Figure 6: The Infiltration type RTRWHS
2.3 International examples of large-scale in-building rainwater re-use

Many countries in the world have successfully adopted rain water harvesting
(RWH) to provide service water in large scale building projects such as
apartment blocks, sports stadiums and in public buildings. Following is a
brief description of successfully operated large scale RWH systems in a few
countries.

2.3.1 Japan

In Japan, there are several examples of large-scale rainwater collection
systems. They are presented here since it can indicate the level of
sophistication reached in other countries.

In three multipurpose stadiums located in Tokyo, Nagoya and Fukuoka with
capacity for a large number of spectators, rainwater is used for WC flushing
and irrigation of plants. The catchment areas are 16000, 25900, and
35000m?, respectively. Tank volumes are 1000, 1800, and 1500 m®,
respectively. A 19 month follow-up study carried-out at the Fukuoka Dome
showed that rainwater provided 65% of the volume of low quality water.
Approximately 75% of the total rainfall on the roof was used, representing a
significant economic saving [305].
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At the Kokugikan Sumo Wrestling Stadium, Tokyo, rainwater from an 8400
m? roof is stored in a 1000 m* reservoir in the basement, and used for toilet
flushing and cooling the building.

At the 1Izumo Dome in Izumo City, rainwater run-off from the dome and the
surroundings with a total catchment area of 13200 m? is stored in two storage
tanks with a total volume of 270 m® [101].

At Sumida City office, rainwater is collected from 5000 m? of roof and
stored in a 1000 m? tank located in the basement of the building. The total
amount of rainwater used for toilet flushing was 4658 m* in 1998, which
represented 36% of the WC water consumption [191].

2.3.2 United Kingdom

The Millennium Dome in London is another example of a large-scale
rainwater scheme. The roof of the dome has a surface area of approximately
100000 m? from where rainwater is collected, using large hoppers, which
discharge into a collection ring-main, that runs around the circumference of
the Dome. The captured rainwater is then discharged into a storm water
culvert containing an 800 m>under ground sump with three storm discharge
pumps, from which rainwater can either be discharged into the River
Thames, or pumped to the treatment plant [45].

A study of the performance of the system showed that rainwater provided
around 10% of the water demand though collection was limited by storage
constraints on site; thus, a maximum of 100 m*® a day of rain could be
collected [117].

Also in London, rainwater is collected from a 2200 m? roof to a 14.56 m®
tank and used for toilet flushing in commercial building; an overall annual
efficiency of the system was estimated on 51% [45].

2.3.3 Singapore

At Nanyang Technological University, Singapore, a study showed that roof
run-off from an area of 38700 m? could be collected and used for toilet
flushing in the north spine of the University. Computer simulations have
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shown that a 2542 m® rainwater tank would save 12.4% of the monthly cost
for water used [12].

2.3.4 Germany

In Berlin, at Daimler Chrysler Potzdamer Platz, roof run-off from 19
buildings (total area 32000 m?) is collected and stored in a 3500 m*® rainwater
basement tank [283]. The water is then used for flushing toilets, watering
gardens and roofs with vegetative cover, and for the replenishment of a
vegetated pond.

Another example in Berlin is the Belss-Luedecke-Strasse building estate.
Rainwater from roofs (7000 m?) is stored in a 160 m® tank along with rain
run-off from streets, parking places and pathways (4200 m?). After
treatment, the water is used for toilet flushing as well as for garden watering.
About 58% of the rainwater is retained locally by using this system. A 10
year period simulation showed that a 2430 m® potable water savings per year
can be achieved [283].

It is estimated that in Germany, there are more than 100 commercial
manufacturers competing in the rainwater usage market and rainwater usage
is being applied increasingly to commercial applications in schools, car
washing centres and service water demanding industries. While many city
councils in Germany has given incentives or subsidies to promote the
installation of rainwater usage systems, for example in Hansestadt, Hamburg,
[115], today there is a tendency to split-up charges for urban drainage in a
consumption-dependent amount for waste water and an impervious surface
area dependent amount for storm water. So there is a permanent financial
incentive to disconnect the roofs from the sewers.
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Chapter 3
RAINWATER HARVESTING IN LOCAL CONTEXT

Sri Lanka has a rich culture of RWH dating back to 400BC and beyond.
History records that the early Sinhalese had transformed the dry zone, which
is devoid of natural lakes, into a vast network of tanks and canals originally
fed by rainwater. In fact, King Parakramabahu the Great (12" century A.D.)
is credited with being the greatest water harvesting earthworks engineering
of all time with 165 dam walls, 3910 canals, 163 major and 2376 minor
reservoirs (tanks), 328 sluices and 1969 embankments constructed or
renovated within a span of 33 years. Also, at the historical sites of Sigiriya,
the rock fortress (5™ Century A.D) an extensive network of reservoirs and
ponds had been fed by harvested rainwater. RWH therefore is a technique
that has been practiced since antiquity in Sri Lanka. Evidence of RWH in
ancient times for potable use is still visible in forest monasteries such as
Rajagala in Ampara District.

With an annual average rainfall of 1800mm from a bimodal climatic pattern,
Sri Lanka, a tropical island nation, has wide temporal and spatial variations
in its rain pattern. Divided into two main climatic zones, the wet and dry
zones, the wet zone occupying 30% of the land area in the South West
quarter of the country experiences an average of 2350 mm of rain per year,
while the dry zone receiving 1450mm of rain. The wet zone is receiving rain
mainly through the South-West monsoon, active from May to October while
the dry region gets most rain from October to April (Fig. 7). Thus, rainfall
depth in both zones of Sri Lanka can be considered as adequate to initiate
RWH, which could be practiced at domestic or institutional level in all parts
of the country.

Within the respective regions however, rainfall varies with an average 900
mm in the North West and the South East to 5000 mm in the western slopes
of the mountainous terrain located in the centre of the country. It is estimated
that of the total annual rainfall accumulative 33.4 km? escape to sea, which is
65% of the runoff. The wet zone releases most of its runoff with 20.4 km?
and with highly urbanized areas, facing frequent flash flood during
monsoons, overburdening the local drainage systems. In the Colombo
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municipality alone, 74 million m® of annual runoff is estimated to escape into
sea [145].
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Figure 7: Rainfall map of Sri Lanka

With a background of an adequate rainfall in most areas of the country, it did
not warrant extensive use of rainwater for domestic purposes in households
nor did it encourage research on the subject since its water resources of
rivers, natural and manmade water bodies and its rich ground water aquifers
get replenished frequently. However, during the past few decades, along with
global trends, Sri Lanka also has been experiencing problems of providing
adequate water supplies to its population due to pressure exerted from
urbanization. For example, in developing countries, the level of urbanization
is still rising and expected to reach 83% in 2030 [280]. Population growth,
industrialization, depletion of forest cover, disruption to water supply
resulting in prolonged droughts, short duration-high intense rainfall,
depletion and contamination of natural water bodies and ground water
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aquifers and importantly, increased per capita consumption of water due to
introduction of modern amenities and needs such as WC flushing in toilets,
washing machines, car washing and garden watering are some of the
problems that needs to be tackled with carefully devised strategies. Though
urbanization in the country occurs parallel to global trends, for a relatively
small country with a population of 22 million over a land area of 64850
square kilometers, its human habitation is wide spread due to the culture of
land ownership and the agriculture based population distribution. According
to the Central Bank of Sri Lanka over 50% of the population was in
agriculture in 2015.

At present, over 70% of potable water used in Sri Lanka is tapped from
ground water aquifers through bore holes and wells, while the rest is from
natural water bodies and springs. However, fast depletion of ground water
levels due to prolonged droughts and excessive draw-offs plus contamination
of ground water from increased use of pesticides, herbicides and fertilizer
warrants finding ways of providing potable water in the coming decades.
Further, the initial cost of tapping ground water and the energy cost of
drawing it on to the ground level is another aspect which has to be closely
examined in the context of an impending energy crisis.

Thus far, Sri Lankan experience on RWH has been mainly focused on
providing safe drinking water to low income households which have poor or
no access to reliable sources of water. This includes communities living in
hilly terrains, near polluted waterways and where aquifers are contaminated
or drying up regularly. Inhabitants in such areas use highly polluted water or
suffer from lack of any water for most basic needs resulting in high incidents
of water related diseases. In the face of colossal expenditure required in
providing such communities with reticulated water, RWH has provided a
viable alternative. Many organizations, both government and non-
government such as the World Bank (CWSSP) and Lanka Rainwater
Harvesting Forum (LRWHF) are already engaged in RWH projects at the
rural level.

In rural areas user demand can vary between 25 to 30 Icpd depending on the
season and availability of water [15] while in urban areas it could be as high
as 200 lcpd used mainly for toilet flushing, gardening and car washing
[240].In Sri Lanka, an extensive survey was carried out [240] and average
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usage for WC flushing was found to be about 25% of the total water demand.
Importantly, this demand was found to be approximately a constant as the
water usage in a household is generally of habitual nature. However, it is
important to note that harvested rainwater is to be used as a supplementary
source of water taking a sizeable load off the reticulated centralized supply.

A few large scale RWH systems have been reported in Sri Lanka,
implemented mainly as projects to cut down the cost on service water.
However, given the prevailing subsidized tariff structure for reticulated
supply a low payback periods may not be realized. To cite a few examples, a
centralized RWH system has been introduced at the six storey
Sabaragamuwa Provincial Council building complex in Ratnapura as
supplementary source of service water to cater to 400 office workers and 200
visitors on any given week day [145]. The system located in a region where
the annual average rainfall is almost 3000 mm and well spread throughout
the year, harvests 4.2 million liters per year using a metal roof of 2842 m?
coupled to a 18.5 m® storage tank. Pumps are integrated to the system to lift
the collected rainwater to upper floors thus reducing the net cost saving.

A RWH system has been operation at Millennium Information Technologies
(MIT), Malabe to cater to a projected total service water demand of 195 m*
per day for toilet flushing, swimming pool and landscaping, utilizing a roof
area of 5525 m? with rainwater storage in ponds of combined volume 2315
m®. The system, designed for 90 day dry period meets 70% of the water
demand [16].

Another large scale RWH system is at David Peiris Motor Company, A
leading motor company in Sri Lanka, located at Madapatha, 30 km south of
Colombo in the wet zone of Sri Lanka. A total roof area of 5800 m? is
utilized for a monthly demand of 1000 m® of service water for sanitary and
gardening needs. Storage is mainly in open air collection ponds and 51% of
the water demand is met [145].

It is interesting to note that all 3 projects are located in the wet zone of Sri
Lanka where rainfall is bimodal with a high annual average of 2500 — 3000
mm, requiring relatively smaller storage capacities. It appears that the
projects have been implemented more as to strengthen the principles of
sustainability rather than for cost saving or due to water shortages.
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A few community-based medium scale RWH projects are reported from
Iriyagama and Kundasale in the Kandy District and a project at Galle in the
Galle District, both districts within the wet zone experiencing more than
2500 mm of annual average rainfall. Therefore, optimum sizing of storage
capacities do not seem to be an essential requirement as in the case of low
rainfall regions.

Sri Lanka has introduced regulations in 2007 (Gazette notification L.D. —O.
18/2007) amending the Urban Development Authority law of No. 41 of
1978, including RWH in the development plan prepared in terms of section
8A in keeping with the National Rainwater Policy and Strategies.

3.1 RWH systems in Sri Lanka

Rain Water Harvesting (RWH) systems in Sri Lanka are mainly classified
according to the positioning of their storage tanks.

3.1.1 RTRWH system with above ground Ferro-Cement tank

This model is introduced to rural areas by the Ministry of Urban
Development and Water Supply of Sri Lanka as shown in Figure 3.7.
However, space requirement for the tank hinders use in small dwellings
where land area is limited.

Figure 8: RTRWHS with above ground Ferro-Cement tank [145]
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3.1.2 RTRWH system with partial underground tank

This model, as shown in Figure 9, is introduced to the rural areas by, the
Ministry of Urban Development and Water Supply of Sri Lanka. The ease of
draw-off due to lower depth is an advantage. However clearing sediments is
the biggest drawback.

3.1.3 RTRWH system with below ground brick tank

In this system the space and aesthetics are saved as shown in Figure 10, but
cleaning of sediments and ease of draw-off is hampered. Another practical
difficulty encountered is the roots of nearby vegetation damaging the
brick/cement structure of the underground tank. Therefore, for this particular
model plastic tanks are recommended.

o
Below ground,
brick tank

Figure 10: RTRWHS with below ground tank [145]
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Studies on harvested rainwater in Anuradhapura district have revealed that
physical and chemical parameters of stored rainwater meet Sri Lanka
Standards (SLS) of potable water quality, but the biological parameters such
as the total coli form count are always above the expected SLS [311]. This
compares well with studies in rural areas of other countries in the world.
However, in a RWH system, if the water is kept stored for a longer period its
quality may deteriorate resulting in various health problems to the consumer.
This perception is influencing more than 90% of the households to refrain
from consuming harvested rainwater in Sri Lanka. This situation may be
partially attributed to bad practices such as improper sealing of tank
openings and absence of filters helping mosquito breeding and
contamination of water with bird and animal droppings and growth of algae
due to increased nutrient content in the water.
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Chapter 4
OPTIMIZING SYSTEM COMPONENTS

A practical RWH system can be as simple as a vessel as the storage placed
under a piece of cloth or plastic sheet with a hole in its center as the collector
surface tied at its corners to four poles.

An operational RTRWH system consists of five basic components. They are,
the collector surface also known as the effective roof area or the catchment
area, the conveyance system or the piping to convey rain water to the tank,
the storage facility or the tank, various filtering devices and a suitable draw-
off device.

4.1 Collector surface

The collection area in most cases is the roof of a house or a building.
Typical material for roofing include corrugated iron sheet, Asbestos-Cement
sheet, tiles or thatch made from a variety of organic materials if thatched
tightly[101]. The effective roof area and the material used in constructing the
roof influence the efficiency of collection and water quality. All catchment
surfaces must be made of non-toxic material. Painted surfaces should be
avoided if possible, or, if the use of paint is unavoidable, only non-toxic
paint should be used. Lead, chromium or zinc based paints are not suitable
for catchment surfaces due to presence of heavy metals. Overhanging
vegetation should also be avoided. Steep galvanized iron roofs have been
found to be relatively efficient rainwater collectors, while flat concrete roofs
are very inefficient [77]. However, roofs covered with corrugated galvanized
mild steel are found to be easiest to use and giving the cleanest water [312].
Gl sheets also have the potential to kill bacteria as a result of maintaining
high temperature when exposed to sun.

Rooftop catchment efficiencies range from 70% - 90%. These losses are due
to roofing material texture, evaporation, losses occurring in gutters and
storage tanks and inefficiencies in the collection process. It has been
estimated that 1 cm of rain on 100 m? of roof yield 10000 L. More
commonly, rooftop catchment yield is estimated to be 75% of actual rainfall
on the catchment area, after accounting for losses due to evaporation during
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periods when short, light showers are interspersed with periods of prolonged
sunshine [77], though occasionally, runoff coefficient for hard roofs in
humid tropics is taken as 0.85[271]. In Sri Lanka, typical runoff coefficients
are taken as above 0.9 for Gl sheets, 0.6-0.9 for glazed tiles, 0.8-0.9 for
Aluminum sheets, 0.6-0.7 for flat cement roofs, 0.8 for Asbestos-Cement and
0.2 for thatched/organic roofs [145].

Asbestos roofs, apart from relatively lower collection efficiency of 0.8 due to
its rougher surface texture, could promote the growth of coli forms from bird
and animal droppings. More seriously asbestos fibers can come loose if the
sheet is damaged having the potential for human ingestion causing cancer in
gastro-intestinal track and pulmonary fibrosis. However Asbestos on the
other hand is not uncommon in most domestic supplies with concentrations
in rivers and lakes around 1 million fibers per liter. The US Environmental
Protection Agency (EPA) in 1992 has set drinking water standards for
Asbestos at 7 million fibers per liter for fibers longer than 10 micro metres.
However research has indicated that slow sand and gravel filters can remove
up to 90% of Asbestos fibers and other particulate matter (RHIC network

priority).

Microscopically, the coarser surfaces of tiled or ashestos cement roofs allow
for higher depositions and entrapment of pollutants from the atmosphere
compared to the relatively smoother galvanized iron roofs [304]. High
intensity rain, which Sri Lanka often experiences during the Monsoon
periods, is more efficient in removing the pollutants due to the greater
amount of energy present in the rain drops upon impact with the roof surface.

Roofs painted with lead based paints should not be used to collect rainwater
for drinking due to potential leaking in the cases of rainwater having low pH
values. Therefore, unpainted and uncoated roof surfaces are the best options
to provide drinking water [58].

4.2 Conveyance system

A conveyance system usually consists of gutters or pipes that deliver
rainwater falling on rooftop to tanks or other storage vessels. These should
be properly supported and sufficiently strong to carry and keep loaded water
during the heaviest rain.
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Gutters both intercept and transport roof runoff. Increasing a gutter’s
gradient allows its size and cost to be reduced but also may reduce the
fraction the fraction of runoff intercepted [270]. Water losses caused by
occasional high intensity rain overshooting gutters are generally acceptable
in RWH since for most roofs the actual rainwater collection is taken as about
80% of the product of average rainfall depth and projected roof collection
area. The sizes of the gutters depend upon the area of the roof and the rainfall
amounts and are typically in the range of 20-50 cm diameter. To prevent the
loss of collection during high intensity rain events, splash guards can be
used.

As a rule of thumb, in humid climates, gutter cross section is taken as 1 cm?
for every 1 m? of catchment surface with a roof coefficient of 0.9. Typically,
gutters are installed with steeper gradient than 1:100 which would increase
the water flow by 10-20% [145].

It is important that the conveyance system to be constructed of chemically
inert materials such as plastic, Aluminum, or fiberglass in order to avoid
adverse effect on water quality.

4.3 Storage facility

The rainwater storage capacity must be large enough to buffer both the short
term fluctuations in water usage and the long term fluctuations of rainfalls.
Storage tank or recharge tank can be stationed above ground, partly
underground or fully underground depending on the design and spatial
arrangements and can be made of reinforced cement concrete (RCC), Ferro
cement, masonry, plastic (polyethylene) or metal (galvanized iron) sheets.
Storage can be classified broadly as above ground, called tanks and below
ground called cisterns. Tanks can also be purchased off-the-shelf and they
also allow easy inspection for leaks. Further, water extraction can be
through gravity and the outlet pressure can be increased by raising the tank
above ground. Cisterns on the other hand are unobtrusive, needing a pump
to extract water and also are susceptible to root penetration from the micro
climate. They also pose the problem of detecting leaks. Tanks and cisterns
need to be kept covered to control evaporation and more importantly to
prevent mosquito breeding and also as a safety measure. Algal growth could
be inhibited if sunlight is prevented into the storage but still maintaining
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proper aeration is vital to preserve the water quality. There are a number of
key requirements common to all effective tank designs;

i. A functional and water-tight design.

ii.  Asolid, secure cover keeping out insects, dirt and sunshine.
iii.  Ascreened inlet filter.

iv.  Ascreened overflow pipe.

v. A manhole allowing access for cleaning.

vi.  An extraction system that does not contaminate the water.
vii. A maximum height of 2 m, preventing high water pressures.

[58]

As a general rule, water tanks should ideally be cylindrical. While both
spherical and cylindrical shapes optimize the use of materials and increase
wall strength, spherical shapes were proven too be less feasible [52].

Tanks should be light-proof to minimize algal growth. Moth algae will not
make water unsafe for human consumption but can adversely affect taste,
odor and the appearance of the water [290]. It is reported that the unit cost
of construction of rainwater tanks shows a negative relationship with
increasing size of the system.

4.4 Filtering devices in RWH systems

Filters are used to filter out the debris that comes with the rooftop water and
prevent them being added to the storage tank. These are of two broad types:

4.4.1 Mesh Filters

A wire mesh fixed at the mouth of or on the down pipe to prevent leaves and
debris from entering the system. While preventing larger objects these filters
alone are not sufficient to obtain a reasonable quality rain water collection.
Also mesh filters tend to corrode over time unless the wires are plastic
coated. A typical mesh filter is shown in Figure 11.
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Figure 11: A typical mesh filter
4.4.2 First Flush (FF) devices

First Flush (FF) device is a valve that ensures the run-off from the earliest
rains is flushed out and does not enter the system. The first flush of run-off
water that occurs at the beginning of a storm event has been reported to
contain a high proportion of the pollutant load [85]. The main cause of this
phenomenon is the deposition and the accumulation of pollutant material to
the roof during dry periods. The longer the dry period, the greater the
probability of a higher pollutant load in the first flush. It is relatively
straightforward to install a device for diverting the first flush away from the
collection system [89].

The sizing of the FF devices can follow a simple equation relating to the
collection area and estimated pollution load on the roof.

Flush Volume (L) = Roof Area (m?) x Pollution Factor x 100 [1]

Pollution factors are 0.0005, for nil to light pollution, and 0.001 to 0.002, for
heavily polluted sites. This corresponds to 1 mm to 2 mm of initial rainfall
[310]. As a rule of thumb, the first 1 mm rainfall on a catchment area is to be
released through the FF device.

FF devices have a slow release valve which allows the captured water to
slowly drain to the garden or storm water outlet and thereby empty and reset
for the next rain event. The concept is to flush the contaminants from the
roof and gutter into the device which then closes mechanically when full,
allowing the remaining roof water to flow into the tank. The release of the
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FF water commences immediately and the study by Miller (2003)[182]
showed that this release rate can be significant to the efficiency of the
storage system. A typical First Flush device is shown in Figure 12.

Figure 12: A typical first flush device

The simplest of First Flush devices consist of a stand pipe and a gutter down-
spout located ahead of the down-spout from gutter to the tanks or cistern. In
this, the length of the extended down pipe to accommodate the first flush
volume is calculated according to the catchment area. The initial runoff can
also be manually diverted or have a tipping bucket arrangement though the
method the cumbersome.

Safe rain system is another method where hollow ball is allowed to float
inside an auxiliary tank blocking the inlet when the tank is full diverting the
flow to the storage.

4.5 Draw-off devices used in RWH systems

Draw-off devices are used to deliver stored rainwater from the tanks to end
user points and can vary according to the design of the particular RTRWH
system. A draw-off device can be:

- Asimple outlet to the tank
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- A hand pump which is widely used with underground and partial
underground storage devices.

- Acentrifugal or positive displacement pump which can be used to
pump collected rainwater from storage facility on the ground to
an overhead tank.

However, for RWH to be integrated in to the mass culture, its basic
components should be of low cost and easily attainable nature. Most
importantly the harvested rainwater storage device, which is the highest
costing item, should be of optimum capacity so that for a given particular set
of parameters the total cost of the storage device is viable and the system
pays back within a short period of time while providing an acceptable water
saving efficiency that lead to a reliable system. Therefore, special attention
should be made to identify and refine a suitable design tool independent of
location specifications, so that for a given demand, the optimum tank size
can be calculated.

The following key factors influence determining the volume of a rainwater
storage tank.

a) Average annual rainfall
Higher average annual rainfall influences selecting a larger or smaller
volume tank.

b) Period of water scarcity
Smaller volume tanks for areas with evenly distributed rainfall
patterns and larger volume tanks when rain is confined to a few
months or weeks of the year.

c) Type and size of rain water catchment area: Larger catchments
facilitate installing of larger volume storage.

d) Water requirements: end uses of harvested water

e) Number of users: If the number of people using water is high, a large
volume tank is to be stationed.
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4.6 Optimization of storage size

The storage device is the highest cost component of a typical RWH system
and therefore its accurate sizing determines the cost of the overall system.
The sizing of storage tanks is well covered in the RWH literature [85], [98],
[101], [178]. There are a number of different methods used for sizing the
tank, from the simple demand based sizing to computer models but sizing the
storage for a given collection area (A), rainfall depth (R) and demand (D)
using graphically presented correlations less sophisticated but accurate and
practical solutions.

4.6.1 General methods of determining the tank capacities of RTRWHS

Two simple methods of determining tank capacities in a typical RTRWH
system have been employed for general use. They are:

Demand side Approach
Supply side Approach.
4.6.1.1 Demand side Approach

This simple approach assumes sufficient rainfall and catchment area.
Calculation of the required tank capacity is as follows:

If consumption of water per capita perday =C

Number of people per household =n

And the longest average dry period =t

Then, the daily consumption =Cn

Storage requirement =Cnt (2)
4.6.1.2 Supply side Approach

In this approach a suitable catchment area with appropriate capture
efficiency is determined to optimize the available tank capacity.

Supply S (m®) =Catchment Area (m?) x Rainfall (m) x Run-off coefficient
(Cy) 3)
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If roof top rainwater harvesting is to be practiced on a large scale, such as in
a centralized water supply, or as a system catering to a particular need for
example, using collected rainwater for WC flushing only or used as a
supplementary system to mains supply, then a more scientific approach is
needed to satisfy various parameters to obtain optimum sizes and maximum
collection efficiencies. Such systems can be used to compare costs against
conventional reticulated water supply systems and to determine cost and
energy savings as well as beneficial ecological effects.

4.6.2 Sizing based on supply (Mass balance method or rainfall mass
curve analysis)

This simple method helps determine the storage capacity by balancing the
rainwater supply and demand for a specific catchment in a specific
geographical location. For the calculation, first a bar graph for cumulative
mean monthly roof runoff has to be plotted for the 12 months of the year,
then on the same chart, the cumulative rainwater demand is plotted. The plot
starts with the first month of the rainy season after a dry period. In the case
of the dry zone of Sri Lanka, therefore, starting month is October. The
capacity of storage is calculated as the greatest excess volume of water over
the cumulative water use at any time.

4.6.3 Sizing based on computer models

Computer based programs, developed incorporating behavioral algorithm of
RWH system, can be used to determine tank sizes accurately for a given set
of system parameters. Such models can predict the performance of a RWH
system with fluctuating rainfall when long term monthly rainfall figures are
available for a given geographical location. The accuracy can be further
increased if long term daily rainfall data can be obtained which would be
particularly important in areas where rainfall is more evenly distributed and
more sensitive calculations are necessary. ‘RainCycle’ software [226] which
allows modeling the tank volume through continuous daily water balance of
supply and  demand  through the year and  SimTanka
(http://www.geocities.com/RainForest/Canopy/4805) are some examples.

“Rain Cycle” software can be used, which model the tank volume through a
continuous daily water supply and demand throughout the year. An optimum
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volume is chosen when the increase in capacity does not represent significant
gains in water collection. WSE of a RWH system can be calculated using the
hydraulic computer model Rain Cycle. Rain Cycle is a deterministic mass-
balance hydraulic system based on the Yield After Spillage (YAS) algorithm
(227).

4.6.4 Sizing based on design charts

For Sri Lanka, a country specific set of graphs, numbering 23, called Design
Charts for RWH, has been developed for corresponding locations to size
rainwater tanks by Eng. Mansur in 1998, using over 120 years of monthly
rainfall data. For a particular location, daily demands are plotted against plan
roof area for a series of storage capacities with the readings having 95%
reliability. Roof coefficient is taken as 0.8 and the graphs can be used to
estimate storage capacity for a given demand and catchment area. Graphs
are available for locations where weather stations are situated, and therefore
are not spatially independent. Sizing of a tank at a particular location
therefore need to refer to the graph for the nearest specific location.

4.7 Advanced methods of determining optimum tank capacities of
RTRWH systems

McMahon and Mein (1978) [178] identified three general types of reservoir
sizing models, namely:

Critical period model
Moran model
Behavioral model

4.7.1 Critical period model

This method identifies and uses sequences of flows where demand exceeds
supply to determine the storage capacity. The sequence of flows or time
series used in this method is usually derived from historical data. This
method is an improved version of previously mentioned “demand side
approach” to determine tank capacities.
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Temporal and spatial fluctuations of rainfall data, compounded by climate
changes due to global warming, severely limit generalized use of the method
over many locations. Further, it is apparent that high rainfall variations
affect the overall system efficiency to a great extent.

4.7.2 Moran model

Moran related methods are a development of Moran’s (1959) [186] theory of
storage. A system of simultaneous equations is used with this method to
relate to reservoir capacity, demand and supply. The analysis is based upon
queuing theory. Moran model also display similar limitations as discussed in
Critical period model, affecting the overall system efficiency.

Therefore, a more advanced model, which can readily accommodate
temporal and spatial fluctuations in rainfall, is required and the resultant
graphs developed depicting system efficiency can be used as a powerful
design tool to determine optimum tank capacities.

4.7.3 Behavioral models

Behavioral models simulate the operation of the reservoir with respect to
time by routing simulated mass flows through an algorithm which describes
the operation of the reservoir.

The operation of the rainwater collection will usually be simulated over a
period of years. The input data, which is in time series form, are used to
simulate the mass flow through the model and will be based upon a time
interval of either a minute, hour, day or month. Fewkes (1999a) [85] used
behavioral model to simulate the performance of rainwater collectors and
incorporated the spatial variations of rainfall into the model by using rainfall
time series from five different locations and temporal fluctuations in rainfall
by using two behavioral models each with different time intervals.

4.8 Investigating the Performance of RTRWH System using Behavioral
model

Behavioral models have been used by other researchers [129], [148] to
investigate the performance of rain water stores.
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The generic configuration of a rainwater collection system is illustrated in
Figure 13.
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Figure 13: Generic configuration of a rainwater collection system

Where,

Rt is Rainfall in time t

D is the Demand (time t)
Y is the Yield (time t)

A is the roof area

S is the storage volume
Q¢ is the roof runoff (t)
O is the overflow

Two fundamental algorithms have been identified to describe the
behavioral model [129]. They are:

a) The Yield After Spillage (YAS) operating rule
b) The Yield Before Spillage (YBS) operating rule
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4.8.1 Yield after spillage (YAS) operating model
YAS operating rule is;

Yt = min {Dtt, Vt-l} (4)
V= min {Vt.]_ + Qt Yy S- Yt} (5)
Where,

R¢ is the rainfall (m) during time interval, t,

Q is the rainwater run-off (m®) during time interval, t,
V. is the volume in store (m®) during time interval, t,
Y, is the yield from store (m®) during time interval, t,
D, is the Demand (m®) during time interval, t,

S is the Store capacity (m°)

A is the roof area (m?)

The YAS operating rule assigns the yield as either the volume of rainwater in
storage from the preceding time interval or the demand in the current time
interval whichever is the smaller. The rainwater run-off in the current time
interval is then added to the volume of rainwater in storage from the
preceding time interval with any excess spilling via the overflow and then
subtracts the yield.

4.8.2 The Yield Before Spillage (YBS) Operating model
YBS operating rule is,

Yi=min (Dy; Vi +Qy) (6)
Vi=min (Ve + Q- Yy S) (7)

The YBS operating rule assigns the vyield as either the volume of
rainwater in storage from the preceding time interval plus the run-off in
the current interval or the present demand whichever is the smaller. The
rainwater run-off in the current time interval is then added to the volume
of the rainwater in storage from the preceding time interval before
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subtracting the yield and allowing any excess to spill via the overflow. A
behavioral model can be used to define the reservoir operating algorithm
in a more general form [Latham]:

Yi=min (Dy; Vi1 +0Qy) 8
Vt = min ((Vt-l + Qt — (9Yt) — (1- G)Yt, S— (1'(9)Yt) (9)

Where, 6 is a parameter between 0 and 1. If & = 0, then the algorithm is
YAS and if § =1, the algorithm is YBS.

4.8.3 Predicting the performance of RTRWH System using Behavioral
model

Using the YAS algorithm and a monthly time interval, the reliability or
performance of the rainwater store can be expressed using either a time or
volume basis [129]. In either case, a reliability or performance of 100%
indicates complete security in provision of service water.

The accuracy of behavioral models for the sizing of rainwater collection
systems using both different time intervals and reservoir operating
algorithms applied to a comprehensive range of operational conditions. The
preliminary analysis of their study indicated that the hourly YAS model
could be used as a standard of comparison against which other models could
be compared and calibrated [36].

The YAS reservoir operating algorithm was found to give a conservative
estimate of system performance irrespective of the model time interval and
therefore is preferred for design purposes compared to the YBS operating
algorithm.

Components of a rainwater collector sizing model is depicted in Figure 14.
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Figure 14: Components of a rainwater collector sizing model

In developing the system performance curves, two models were used to
incorporate the temporal fluctuations of rainfall.

The first model uses a daily time interval, which ignores fluctuations with a
time scale less than a day, to predict system performance for different
combinations of roof area, demand, storage volume and rainfall level. A set
of curves is produced which enable the performance of rainwater collection
systems to be predicted in different locations. The main limitation of this
approach is the requirement of daily rainfall time series, which can be both
costly and difficult to manipulate.

The second method of modeling uses a larger time interval of one month
resulting in a more compact model and economic data set. However, the
coarser monthly time interval does not take into account rainfall fluctuations
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with a time scale less than one month, which may result in an inaccurate
prediction of system performance [86].

The poor resolution of the monthly interval model compared to the daily
model is countered by the introduction of a parameter, referred to as the
storage operating parameter. The short time scale fluctuations of the daily
model are in effect replicated in the monthly model by the storage operating
parameter. Values of the parameter are selected so that the monthly model
mimics the system performance predicted by the corresponding model using
a daily time interval. This approach provides a simple and versatile method
of modeling the performance of rainwater collectors which takes into
account temporal fluctuations in rainfall.

The performance of the rainwater collection system is described by its Water
Saving Efficiency (WSE) [36], [68], [86].

Water Saving efficiency is a measure of how much mains water has been
conserved in comparison to the overall demand and is given by,

t=T
dovt

t=1-

VA R p— x 100% (10)

t=T

> Dt

t=1

Where, Y:is the yield from storage facility (m®) during time interval, t, Dy is
the demand (m®) during the time interval, t. T is the total time under
consideration.

In the study conducted by Fewkes (1999b) [86], the demand component of
the models was limited to WC usage which accounts for approximately 30%
of potable household water usage in the UK (Department of the Environment
and Welsh office 1992) and was assumed to occur at a constant daily or
monthly rate. This assumption was reasonable because the demand time
series generated by WC usage did not exhibit excessive daily or monthly
variance.
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In studies conducted elsewhere, including in Sri Lanka, it is reported that the
service water usage is relatively constant and depends on the lifestyle of the
users at a particular geographic location. However, if the demand from other
domestic appliances such as washing machine was considered the demand
pattern would not be constant and the demand time series required.

The detailed analysis undertaken enabled constraints to be proposed for the
application of hourly, daily and monthly models expressed in terms of
storage fraction. It was recommended that hourly models should be used for
sizing small stores with a storage fraction below or equal to 0.01. Daily
models can be applied to systems with storage fraction within the range 0.01
to 0.125. Monthly models were only recommended for use with storage
fractions in excess of 0.125. Generally, daily models can be used to predict
the performance of all stores except small stores with a storage fraction less
than or equal to 0.01 [86].

4.8.4 Generic curves for system performance of a RTRWH System

Fewkes (1999b) [86] developed a generic set of curves using a YAS daily
time interval model, for a range of storage and demand fractions. Different
combinations of roof area, store capacity and demand were expressed in
terms of two dimensionless ratios, namely the demand fraction and storage
fraction.

The Demand fraction is given by D/AR, where D is the annual demand (in
m®), A is the roof area (in m?), and R is the annual rainfall (in m). The
Storage fraction is given by S/AR, where S is the store capacity (in m®). The
above fractions can be used to predict the performance of rainwater
collectors within a particular geographical area. The performance of the
rainwater collection system is described by its Water Saving Efficiency
(WSE) [68].

It was observed that the Water Saving Efficiency (WSE) curves at each
demand fraction ratio for different sites are of close proximity to each other
suggesting system performance could be adequately represented by a set of
average or generic curves. The average water saving efficiency of a
rainwater collector at demand fractions of 0.25, 0.50, 0.75, 1.00, 1.25, 1.50,
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1.75 and 2.00 each with a storage fraction range of 0.005 — 0.40 is illustrated
in Fig. 15
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Figure 15: Generic curves for Water Saving Efficiency (WSE) [86]

4.8.5 Important observations and parameters with regard to generic
curves on WSE

Three important factors are considered in developing the generic curves for
their effects on performance of the curves. They are; the effect of demand
pattern, the roof run-off coefficient (Cs) and rainfall data.

Effect of demand pattern
Effect of roof run-off coefficient (Cy)
Variation in rainfall data

4.8.5.1 Effect of demand pattern

The generic curves of WSE were plotted against different storage fractions
(S/AR) for a given demand fraction (D/AR). In doing so, demand is assumed
to be a constant for a particular situation and in the case of WC flushing
appears to hold true. It was observed that for a period of 12 months, that WC
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flushing water demand remained at a fairly consistent level from day to day
[86].

Demand patterns which exhibit significant daily variance will require more
precise modeling. Therefore, the generic curves for WSE can be fairly
accurately used where demand can assumed to be a constant.

4.8.5.2 The effect of roof run-off coefficient (Cs)

Rainfall loss during collection occurs due to absorption by the roofing
material and wind effects around the roof. The rainfall loss was modeled
using an initial depression storage loss (L) with a run-off coefficient (Cy)
[85].

The model is of the general form;
T T
Qt= > Qt=(Q_RACf)-L (11)
t=1 t=1

Where, Qt is the rainwater run-off during rainfall event, t,
T is duration of rainfall event, t (min)
L is the depression storage loss (L)
Cs is the run-off coefficient

Ry is rainfall during rainfall event, t (mm).

It is noted that L can also be expressed in mm by dividing the depression loss
by collection area. L can also be used to accommodate the first flush volume
in a rain event which contributes to storage loss. The sensitivity of WSE to
rainfall loss is illustrated in Fig. 16
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Figure 16: The sensitivity of WSE to rainfall loss [85]

In the analysis the depression storage loss was set to zero and the sensitivity
of the rainwater collection sizing (RCS) model investigated using constant
proportional losses or run-off coefficients ranging from 0.8 to 1.00 [86]. The
amount of rainwater collected was not found to be significantly affected by
wind speed and direction.

The accuracy of the (RCS) model maintained within the range is indicating
that a simplified approach to the modeling of rainfall losses appears valid.
Therefore, the overall run-off coefficient for the trial period can be estimated
using the relationship:

Cs = Q7/R1.A (12)
Where, Qr is the quantity of rain water collected in time T
Rt is the rainfall intime T
A is the capture area

4.8.5.3 Variation in rainfall data

The generic curves for Water Saving Efficiency (WSE) were developed for a
particular set of rainfall data. The model was simulated with rainfall data
collected in 5 sites where average annual rainfall varies from 620 — 1600
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mm/year [89]. The performance curves predicted for each site were found to
be close together, almost coalescing into a single curve. The modeled
performance of rainwater collectors at various demand fractions, except
when D/AR is closer to 1.00 when slight sensitivity is shown appears
therefore to be relatively insensitive to fluctuations in daily rainfall patterns
experienced at each location. Therefore, for the given rainfall range, the
generic curves developed can be adequately used to suggest system
performance for given demand and storage fractions.

4.8.6 Sample calculation for sizing storage of a RWH system

It is observed that the harvested rainwater can be utilized for WC flushing
and cleaning purposes the where the amount of water used is approximately
40% of the total water usage. However, such requirements need the delivery
of collected rainwater to utility points at a sufficient pressure to be used at
any given time. One possible energy efficient arrangement is to position the
storage tank at an elevation near the capture area (at roof level) so that the
collected water can be fed to utility points through gravity. However, when
the tank size increases, the space and strength requirements to support the
tank will be beyond the meaningful utilization of harvested rainwater.
Further, due to limited availability of ground space in urban multi-story
buildings, positioning of a larger storage tank above ground will not be
feasible and the entire quantity of harvested rain water will have to be
pumped up to utility points. Therefore, typical sizes of storage tanks will
have to be studied to make the model more practical.

Considering a typical household in the wet zone of Sri Lanka, where the
annual rainfall is the highest (1500 mm to 6000 mm), with a capture area of
50 m?, the daily water usage for four occupants can be taken as 800 L (at per
capita demand of 200 L)

If harvested rainwater is utilized only for WC flushing and cleaning,

Then the demand for harvested rain water is 800x40% = 320L/day (116.8
m?>/year)

As the minimum annual rainfall in the wet zone, Rumin-wet = 1500 mm

The value for D/AR can be calculated as D/AR = 1.56
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(1t should be noted that the minimum rainfall values are selected as a safety
factor for performance reliability)

From the WSE curves (Fig.15), the maximum possible WSE that can be
achieved is found to be 65% and the corresponding value for S/AR = 0.15
giving an optimum storage size (S) of 11.25 m®. Even when the capture area
is doubled (100 m?), it would still give a value of 1.5 m® as the storage
capacity for the same WSE of 65%. If however, a WSE of 95% is desired,
then the optimum storage capacity (S) will be 15 m® Therefore, if a
reasonably high and economically acceptable WSE is to be employed
(typically over 80%), then a higher value for the optimum tank size (S) to be
expected. Moreover, as the minimum annual rainfall figure (Rmin) tends to
be smaller for the intermediate and dry zones, higher tank capacities are
required if the WSE to be achieved above 80%.

It can be observed that in order to provide running water facility, the storage
tank has to be placed at a higher elevation-which is not feasible due to
volumes concerned. While such bigger tanks can be accommodated in rural
single story houses with abundant ground space, for urban multistory houses
with the necessity of running water will need a different model to use rain
water harvesting effectively and meaningfully.

It has been shown that Fewkes generic curves for water saving efficiencies
(WSE) can be used to determine the optimum storage capacities for a given
demand and for a desired WSE. The curves are validated for Sri Lanka by
Sendanayake et al.[250]. These minimum annual rainfall figures defining the
boundary of the domain in which the generalized curves hold true are below
the minimum annual rainfall figures in the dry zone of Sri Lanka. As such,
the curves given in Fig.15 can be used for RWH model system sizing in any
region of the country and can be accepted as universal within Sri Lanka.
However, as the sizing applications move towards drier regions, unless the
capture area is significantly increased D/AR tends to increase thus falling
into regions of lower WSE of the curves. To maximize the WSE for the
given D/AR value, S/AR values will have to be chosen beyond the 0.15
range, indicating bigger storage tanks. A similar scenario can be seen when
the demand (D) for harvested rain water increases, even in the wet zone.
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Chapter 5

RAINWATER HARVESTING SYSTEMS IN URBAN
HOUSES

Water scarcity is recognized as an increasingly severe problem with global
implications [236]. Urban areas are among the most vulnerable systems as
they bear great environmental pressures, are associated with large ecological
footprints and are dependent to a great extent on water from distant sources
which are transported by means of large infrastructures [6]. It is reported
that approximately 50% of the world’s population is concentrated in urban
areas [279] where the water scarcity and the reduction of conventional
resources promoting greater dependence on sometimes lower quality
imported water from distance sources to cater to the need.

At present, in urban landscapes, addressing of water scarcity is more focused
on costly desalination techniques and water recycling processes. But in an
urban landscape RWH can provide free water that can be easily sent to non-
potable water uses, mitigate the pressure on aquifers and surface courses,
reduce water stress and pollution to surface waters, help to prevent floods
caused by soil scaling resulting from urbanization while reduce loads on
sewers allowing larger storage volumes of high intensity rainfall events [6],
[87], [146], [208], [309]. Additionally, the use of rainwater on a large scale
is perceived as an adaptive strategy to climate change against the reduction
of water availability [275].

RWH systems have been historically applied to a variety of uses in
population settlements and isolated homes [107] particularly as a viable
water source for the flushing of toilets, laundry, irrigation of gardens and
other activities related to potential non-potable uses [197] and recently there
has been an increasing interest in the use of water resources generated within
the urban boundary for drinking water supply substitution [81]. RWH
systems therefore can be considered as shrinking the urban water cycle and
making more visible the components of the hydro-social cycle to the citizens.

With RWH systems, in addition to the water security, the owner would be
consciously involved with the maintenance of the system, integrating
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effectively with environmental aspects of urban living, allowing the residents
to play a central role in the implementation of RWH systems as they become
the owners and managers of the systems.

In integrating a RWH system to an urban building many factors are to be
considered in depth. While at the installation stage, the availability of space,
structural and aesthetic aspects associated with the positioning of the system
components, the piping and plumbing network and local building regulations
are important, at the operational stage, the utilization of energy, the cost
incurred and the possible contributions to Green House Gas (GHG)
emissions should be considered. It is seen that many of these issues are
related to the selected method of positioning the rainwater storage tank in
relation to the building structure.

5.1 Alternative methods of storage tank positioning for urban houses

Various methods of positioning rainwater storage tanks and the
corresponding plumbing configurations possible for typical households are
presented below. Practical water supply situations for both single and two
story houses where RWH systems supplementing the service water needs are
looked at in five scenarios.

5.1.1 The storage tank at ground level, and draw-off through pressure
operated pump

Collected rainwater is fed to a separate pipeline, feeding WC end user points,
at a higher pressure than the mains. A level sensor operates the pressure
pump, to prevent the pump running dry. The system can be used in multi-
storey situations, but no energy saving is possible. Reticulated supply is to be
directly feeding the service points with appropriate valve arrangements to
prevent backflow with the cistern solely for storing harvested rainwater. A
schematic diagram is shown in Figure 17.
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Figure 17: Plumbing configuration for RTRWHS

5.1.2 The storage tank mounted on the eve of a multi-storey house

Rainwater is supplied through gravity, hence no energy consumption
occurs. However, supply of water to upper stories is not possible due
to lack of head. Since the tank is mounted on the eve, space
restrictions could occur. Also, a strength analysis of the eve for its
load bearing capacity is required [240].
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Figure 18: Plumbing configuration for RTRWHS [240]
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It should be noted that if the capture area is > 200 m?, a smaller tank of 2000
L can be utilized, so that the eve can support the additional weight since the
tank size is smaller compared to that for a smaller capture area. A schematic
diagram is shown in Figure 18.

5.1.3 Rainwater pumped from storage facility to a header tank

In this situation an extra energy input is required to pump the collected
rainwater to the header tank. A level sensor to operate the pump P1 fixed in
the header tank could improve the efficiency in water saving. This system is
suitable for locations, where ground water levels drop seasonally. A
schematic diagram is shown in Figure 19.
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Figure 19: Plumbing configuration for RTRWHS [240]

5.1.4 Rainwater collected in a split cistern

To mitigate the unreliability of mains water supply, many households utilize
underground cisterns. By partitioning the cistern so that one part receives
roof collection while the other part receives the mains supply, savings can be
made on service water. A 5000 L capacity tank connected to a minimum
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roof area of 45 m? is recommended for WC flushing water requirement. A
schematic diagram is shown in Figure 20.
Ve

’_’wc

FF1

(B

Figure 20: Plumbing configuration for RTRWHS [240]
5.1.5 Rainwater collected in a cistern with draw-off through filtration

Employing a series of filters such as Carbon and Sediment filters and a UV
sterilizer, drinking quality water can be obtained from the collected
rainwater. It can be envisaged that, by selecting suitable storage capacities
and collection surfaces, substantial water saving efficiencies can be
achieved. A schematic diagram is shown in Figure 21. In this scenario,
untreated rainwater can be allowed to mix with reticulated mains water as the
supply to service points is through a series of filters.
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Figure 21: Plumbing configuration for RTRWHS [240]

Except in scenario 5.1.2, in all other scenarios the requirement of a pump to
provide the harvested rainwater either to an overhead tank or directly to the
utility points can be observed. Such arrangements while preserving water,
utilize energy to transfer the entire quantity of collected rainwater and as
such cannot be considered as energy efficient or as promoting the principles
of sustainable development for built environments.

5.2 Integration of RTRWH systems to multi-storey situations

Integrating of RWH systems multi-storey households are looked at in the
light of the following;

o Inadequacy of service water supply pressure for upper floors
at peak hours, requiring header tanks for water security.
e Increased trend to build multi-storey houses in urban areas

due to high cost of land.
e Multi-storey buildings confirming to sustainable development
through energy conservation and cost effectiveness.

To overcome water security problems, most multi-storey and other
households use an underground sump from where service water is pumped to
a header tank. Therefore, in calculating payback periods for RTRWH
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systems, the investment on the cistern, header tank and the centrifugal pump
are excluded. As such, Investment on solar pumping is taken as follows;

Capital outlay = Cost of solar pumping unit — Cost of Centrifugal pump
[13].

5.2.1 Different scenarios of integrating RTRWH systems to service
water supply in multi-story houses

5.2.1.1 Scenario 1

In this scenario, the mains service water supply is connected to a header tank
(H1) for water security. Rainwater is harvested in to a storage facility at
ground level, the capacity of which is calculated for WSE of 80%.
Rainwater is pumped to a header tank of 1000 L capacity (H2), by using a
solar powered positive displacement pump. Both H1 and H2 are fitted with
floater switches to control overflow. The H2 is used to feed WCs as shown
in Figure 22.

Figure 22: Integration of RTRWHS for multi-story situations, scenario 1 [241]
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5.2.1.2 Scenario 2

Service water from mains is supplied direct to an over head tank (OHT).
The RTRWH system is supplementing the service water. Rainwater
harvested is collected into a storage facility placed on RCC/Steel structure
positioned just below the eve. The limitations of the system include space
restrictions and lower water pressure at upper floors. A schematic diagram
of the scenario 2 is shown in Figure 23
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Figure 23: Integration of RTRWHS for multi-story situations, scenario 2 [241]

5.9.1.3 Scenario 3

Rainwater is collected to an underground sump, with mains supply as a
backup. Water from the sump is pumped using solar power to an OHT,
which feeds the user points via a series of filters (sediment & carbon) and the
kitchen line through an UV Sterilizer to remove bacteria. Rain water
conveying lines are fitted with sieves at gutter level and at entry to the sump
to prevent vegetation entering the tank. A First Flush (FF) device is fitted as
an integral part of the RTRWH system. A schematic diagram of the scenario
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3 is shown in Figure 24. Collected and filtered water can be used for all
household chores. In this situation, night filling is not allowed to save
service water.
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Figure 24: Integration of RTRWHS for multi-story situations, [241]

5.2.1.4 Scenario 4

In the light of the general aversion to use of rainwater in cooking and
drinking in Sri Lankan households, an improved version to scenario 3 is
proposed. The existing sump is partitioned, so that 75% of the service water
is from rainwater as shown in Figure 25.
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Figure 25: Integration of RTRWHS for multi-story situations, scenario 4 [241]

Solar pumping can be used to fill an additional header tank (H2), which will
feed all user points except at kitchen.

While it is possible to reduce the sump capacities required by increasing the
collector area, it is prudent to employ a larger capacity sump for water
security since prolonged draughts can be anticipated due to climate change.

Of the various pumping options available, except for hand pumping, all other
options require energy input, where in the case of electrically operated
systems, the possibility of Green House Gas (GHG) emissions occur. In Sri
Lanka, where 65% of electricity generated is from fossil fuel burning, every
electrical appliance including the water pump, contributes to GHG emissions
in operation. Hence, alternative renewable energy sources are looked at to
make RWH confirming to sustainable development.
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It is reported that a RWH system designed as an integrated component of a
new construction project is generally more effective than retrofitting a
system to an existing building [313].

5.3 Impact of RWH systems on design loads of local drainage systems

Rain Water Harvesting (RWH) is a useful proposition for medium and large
scale suburban housing schemes where the service water demand can be
partially met reducing the investment on reticulated supply (Jayasinghe et al
2007). Particularly ideal for tropical countries where sufficient rainfall is
available throughout the year, the individual housing units with optimum
capacities for their rainwater storage tanks, can gain further advantage
through economies of scale in reducing the overall system cost. At the same
time, increased impervious surfaces have made the urban areas susceptible to
flash floods during storm events with severe strain on the local drainage
system. Since the rain water storage tanks retain a percentage of roof
collection during a storm event and only the excess flowing into the drains,
collectively the tanks can be used to reduce the peak load on the drainage
system by judiciously increasing the retention volumes. If an inter-
relationship between the storage volume of a RWH system and the overflow
quantities for a given climatic region, with service water demand and storage
capacity as system variables, can be developed, such a relationship, once
graphically presented, could be a significantly useful design tool to estimate
rainwater storage capacities for a given scenario.

As RWH systems trap a certain amount of roof collection in rain events,
increasing of retention volumes can be effectively used to mitigate the
overflow thus reducing the design peak load on the local drainage system
while enhancing the overall WSE. In this scenario it is useful to investigate
the impact of increasing the storage capacity on both the overflow quantities
and WSE and select the optimum capacity for the overall viability of the
system.

The overflow quantity of rainwater (Qor) from a RWH system on a given i
day can be given by,

(Qor)i = (Qavp)i + (Qin)i - (Qusk)i (14)
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Where, (QavpL)i, (Qin)i, and (Quse)i are the balance quantity of rainwater
available in the storage tank after the yield of the previous day, the roof
collection during the day and the amount of rainwater drawn from the tank
(yield) respectively on the i day. Q in fact is the product of the effective
roof collection area (A) and the average rainfall depth of the day (R); and
therefore can be taken as (AR);. (Quse)iwhich is the daily yield and can be
indicated as Y.

Therefore, for annual quantities (14) can be modified as,

(XQoF) = (2QavL) +AR-3Y (15)

where ‘R’ is the annual average rainfall depth.
Further, the overall WSE of the system can be defined as,
WSE% =3 Yi/3 D; (16)

By simulating (14) with daily rainfall values, daily overflow quantities can
be obtained for a given demand, storage capacity and roof collection area.

Plotting overflow as a percentage of roof collection (3 Qor%/AR) against
storage fraction (S/AR) for constant daily demands of 100 L and 200 L (Fig.
26), a set of characteristic curves can be observed. It can be seen that for a
given roof collection area (A) and rainfall depth (R) overflow gquantities drop
with the increase of storage capacity. However, the percentage overflows
show only a marginal drop for an increase of storage fraction beyond 0.02
indicating that increasing of the storage capacity beyond that of S/AR = 0.02
for a given A and R is not having a substantial mitigating effect on the
overflow quantities for a given RWH system [244].

From the equation for calculating overflow quantities (14), it is seen that for
a given A and R, Qv is a constant and Qusg, which is the yield from the
system, is depending on the demand and the WSE of the system. Further, it
can be seen that Qay. for a given day is a function of the yield and the roof
collection related to the previous day and therefore essentially is a function
of the WSE of the system for a given A, R and D. Therefore, it can be
deduced that Y Qor%/AR varies with the WSE of a RWH system for a given
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D and storage capacity (S) with the overflow quantities reducing with the
increase of system efficiency.

Comparing the two curves for the daily constant demands of 100 L and 200
L, it is clear those higher demands having profound impacts on the overflow
quantities. This can be explained by (15) and (16), in which the yield (Y) is
given by WSE*D, thus showing that any decrease in WSE as a result of
increasing daily demand (d) is offset by the increase in total demand (D). In
fact the drop in WSE, and thereby the percentage annual overflow quantities
with the decrease of S/AR, can be explained by the behavior of the
generalized curves developed for WSE for RWH systems [86], in which
WSE values dropping with decreasing storage fraction (S/AR) for a given
demand fraction (D/AR) value [244].
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Figure 26: Annual average overflow percentages for storage fractions at given daily
demands

The graph depicting the variation of overflow percentages with storage
fractions (Fig. 26) shows optimum values for S/AR of around 0.02 for both
daily service water demands of 100 L and 200L. For S/AR values greater
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than 0.02, the drop in the overflow percentage for a given D, A and R are
marginal and hence it can be concluded that increasing the storage capacity
beyond 2% of the annual roof collection (AR) will not have any significant
impact on the overflow quantities and therefore on the local drainage system.

From the graph (Fig. 26) it can also be seen that the daily demands having a
high impact on the overflow quantities. In fact doubling of the daily demand
has reduced the overflow percentages by as much as 30% for S/AR values
greater than 0.02, showing that the load on the local drainage system can be
more effectively reduced by increasing the use of rainwater for most of
domestic service water needs [244].

It is also important to note that since the overflow quantities and storage
capacities are divided by the roof collection (AR), the impact of spatial and
temporal variation of rainfall on system performance is avoided and
therefore allowing the determining of required storage capacities for any
given combination of A and R values.

Therefore, it can be concluded that the curves can effectively be used as a
design tool to determine the optimum storage capacity of a RWH system for
a desired overflow quantity at a given service water demand. In the
simulation, system losses are considered as negligible [244].

In developing the percentage overflow against specific storage volume chart,
if data from a longer time series is taken, more accurate overflow quantities
could be possible.

Since the maximum overflow occurs during periods of maximum rainfall, it
can be safely assumed that the results obtained from measuring and
calculating overflow quantities in a single year closely resembles a similar
data set collected over a longer period of time. It is clear from historical
data, that the average rainfall during peak rainy months is approximately
same with a maximum variation of 15% [244].

It can be seen from the graph, that for a significant percentage drop in
overflow, the specific storage volume has to be largely enhanced. In any
case, practically, overflow percentage cannot reach zero due to
unpredictability of the strength and intensity of rain events in any particular
period of time. However, if a minimum of 50 years of rainfall data are
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collected for a particular region and simulated to calculate overflow
percentages, the maximum additional retention volume required for
maximum rainfall occurred as well as average additional retention volume
required for annual average rainfall during peak rainy period can be
calculated. Whilst the former can be useful in flash flood control situations
the latter is useful in RWH situations. Further, it can be seen from the graph
that a more pronounced impact can be affected on the overflow percentages
by increasing the specific rain water consumption. Therefore, if harvested
rain water can be used further to WC flushing, a steeper reduction in
overflow quantities can be achieved.

RWH controllers such as OptiRTC, based on software and online weather
forecasts, are available now which receive Internet-based weather forecast
data to automatically empty rainwater systems in advance of storm events to
maximize storage as well as reduce impacts to the storm water system.
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Chapter 6

CASCADING MULTI TANK RAINWATER
HARVESTING SYSTEMS

In any RWH situation, the storage tank has to be placed at a lower elevation
than the collection area, thereby facilitating the flow of collected rain water
into the tank under gravity. The storage can be at a positioned above the
ground level, in which case the collected rainwater can be fed to service
points under gravity or it can be placed below the ground level as a sub-
surface cistern. In both the above and below ground level scenarios either a
pressure activated pump or a pump and a header tank are required, where the
collected rainwater is first pumped to the header tank and through which
water is fed to the service points under gravity. In the first scenario of
elevated storage, the retention volumes required for improved WSE levels
pose problems on the building envelop in structural and aesthetic aspects. In
the case of placing the tank at ground level on the other hand require space,
which in most situations is limited in built up areas. In the case of
underground cisterns, issues of cleaning and difficulties in detecting leaks
are common. In any case, the bigger problem is the pumping of the harvested
rain water in to service points so that the system performance is on par with
the centralized systems. However, there is a risk of RWH negating the
sustainable principles, which it espouses, if a high amount of energy is
consumed in the pumping operation.

Taking the above factors into consideration and focusing on minimizing the
energy requirement in transferring collected rainwater to service points, a
novel RWH model called the Cascading Multi Tank Rain Water Harvesting
(CMTRWH) model is introduced with detailed features.

The rain water harvesting model introduced is a novel concept of
decentralizing the storage capacity where the roof collection cascading down
through storage tanks located at different elevations making it particularly
attractive for multi-level compact and diffuse urban dwellings [245].
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Figure 27: CMTRWH system for a two storey house [241]
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In the model, a number of smaller capacity tanks are positioned at each floor
level, with the top most tank just below the collection area, and a bigger
volume tank, identified as the parent tank, at the ground level. Rain water is
fed first into the upper tank, the overflow of which cascading down to the
lower tanks, finally ending up in the parent tank at ground level. Supply to
each floor is from individual smaller capacity tanks, called feeder tanks, by
gravity floor and the final collection at the parent tank pumped back to the
top most feeder tank as and when required. The pump is activated through a
floater switch arrangement at the lowermost feeder tank when its water level
drops. Essentially the concept of CMTRWH model attempts to distribute the
storage capacity of the RWH system at various floor levels so that the
requirement for pumping is minimized for an improved overall WSE.

6.1 Assumptions adopted in system operation

In developing an algorithm for the operation of a CMTRWH system, the
water usage at any given floor level is taken as a constant for a given set of
operating parameters. As research across the globe indicates, service water
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usage pattern is habitual, therefore constant for a particular set of uses in a
given location.

6.2 System dynamics

For the CMTRWH model, development of an algorithm to describe the
dynamics of the system is an important step to understand the operational
aspects fully.

By developing a system algorithm, the effective run-off to each storage tank
and the pumping requirements can be determined, which could be used to
analyze the performance of the model for energy efficient rainwater
harvesting.

An algorithm for the performance of a CMTRWH system is developed based
on the Yield After Spillage (YAS) behavioral model for generic RWH
systems [129] with annual demand (D), storage capacity (S), collector area
(A) and annual average rainfall (R) as variables. Equations are formulated to
determine the amount of collected rainwater that can be pumped up and the
amount of roof run-off received by tanks at each level.

The capacity of each tank is determined according to the generalized curves
developed for the water saving efficiency (WSE) m, defined as the
percentage of yield against demand for a given constant service water
demand D (in m®/year), roof collection area A (in m?), annual rainfall R (in
m) and storage capacity S (in m®).

In order to analyze the performance of the system, the effective roof
collection fed into each tank and the amount of water that can be pumped up
from the lower tank to the uppermost tank for given WSE values has to be
determined. If the water saving efficiency (WSE) of the upper tanks are n);
and the parent tank is np for a given capture area A (m?), annual rainfall R
(m) and demand D (m®year), and the tank capacities are S; and Sp
respectively, from YAS algorithm and generalized curves for WSE;

Ni f{Si, Dv Av R}

MNp f{Sp’ D, A R}
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This can be used to determine the optimum storage tank capacities for the
system.

Considering the tank at the lowermost level, called the parent tank, from
where pumping is to occur, for a given A, R and D, D/AR can be calculated.
Then for a desired efficiency (1) the optimum tank size, S, can be found
using the generalized curves for WSE.

As space and weight restrictions dictate the installation of a smaller capacity
tanks for the upper floor levels, a suitable tank size, S; is selected. Then for
each (AR); and D;, n; can be found from the curves.

For cascading multi tank situations, the following algorithms are valid.
For each floor, If the yield is Yj, fori=1ton

Pumping requirement Q; ;

Qi =D - Yi=Di(1-nj) [17]

Then for the i floor (i tank),

When the demand is D, supply is (AR);

But, (AR)i = (AR)i+1 — Yis

Since Yis1 = Dis1 i1

(AR)i = (AR)is1 — Dis1™nisa [18]

Further, if the total demand is D,

D= > Di [19]

i=1
The overall WSE for the system is denoted as 1,
Therefore, if the number of floors are n and the ground floor is taken as i = 0,
it can be shown that;

The amount of water that can be pumped up in CMTRWH system, Q,
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n

Q=3Qi- YQi(l-1) = Y Qi*ne

n
i=1 i=1 i=1

From Equation 3.2,

Q= {Y.Di -3 Diri} [20]
When,
(AR)i = AR - 3 Di*; [21]

i=i+1

When the demand at each floor level is taken as Dj, and the total system
demand is taken as D, fori=1ton;

Since > D; = D,
Di=Dy=........... =Dn=D/n

Therefore, from equations 20 and 21,

Q:np{iDi -iDini}

Q=neD{1-1n > i} [22]

i=i+1

(AR)= AR —DIn Y 7i [23]

i=i+1

The algorithm developed can be used to simulate the performance of the
system, particularly to estimate the fraction of roof collection feeding to each
tank and the amount of collected rainwater at the parent tank that can be
pumped up. The model allows the flexibility of varying the WSE desired for
a given demand fraction, limited only by the spatial and structural
allowances in a given building envelop. It also provides a means of
determining the amount of makeup water from the reticulated mains service
water supply required to maintain the water security of the building. The
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CMTRWH system with storage tanks at each floor level, optimized for a
desired WSE against a constant daily demand, therefore is a viable solution
to minimize the energy requirement to provide collected rainwater to service
points by pumping.

Consisting primarily of a collector surface, usually a section of the roof,
conveyance system and a storage tank, these new types of models with
distributed storage capacities have a pumping unit to lift the collected
rainwater from the ground level parent tank to upper level feed tanks as an
integral part of the model and its operation therefore should be optimized for
the overall viability of the system. Identifying the optimum pumping
quantities in cascading multi-tank RWH models for a given set of annual
demand, rainfall depth and collector surface area values is significant
therefore to select suitable pumping options.

6.3 Optimum pumping requirement of a CMTRWH system

Compared to a conventional RWH system of an equivalent capacity
operating with a header tank, a CMTRWH model is required to pump up a
much less a quantity of collected rainwater thereby reducing the running
cost. As the collected quantity of rainwater that can be pumped up from the
parent tank, Q, has a direct bearing on the overall water saving and energy
efficiencies of the system as well as on the selection of pumping options, it is
useful to study the variation of Q with respect to annual demand ‘D’ for a
given set of system parameters A, R, S; and Sp.

The quantity of rainwater that can be lifted up from the parent tank of a
CMTRWH system (Q), can be compared to that of ‘Qg’, which is the
corresponding amount for a conventional RWH system equipped with a
header tank to estimate the amount of energy saving in the pumping
operation. Additionally, ‘Q’ can also be used to calculate the shortfall in
fulfilling the cumulative demand at the feeder tanks, indicating a measure of
the overall Water Saving efficiency (WSE) or 1 of the system.

Of the system parameters, ‘R’ for a given location is assumed as a constant
and the S; values are selected as 1 m* each for the minimum structural and
aesthetic disturbance on the building envelops. Selection of ‘Sp’ can be
based on the generalized curves developed for WSE of a generic RWH
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system [86] and validated for tropical climates [250] which show that for a
given R, D and A and for all 0.25 < D/AR > 2.0, storage capacity should be
such that S/AR > 0.1 for maximum WSE. It should be noted that D is taken
as a constant since typical daily demands are found to be governed by usage
patterns [115].

For CMTRWH systems, the shortfalls in demand, calculated as the
difference between the demand on the parent tank and Q (i.e. Dp — Q) can be
taken as percentage values of the total demand D. The calculated percentage
is named as Effective Shortfall in Yield (ESY %) where,

ESY% = (Dp — Q)/D (24)
For,
Dp=D- ) Di*7i (25)

i=i+l

Plotting Q against D/AR values for the Three Tank and Two Tank systems
(Fig. 28), it can be seen that in both cases the respective curves peaking at D
= AR, indicating a maximum pump utilization compared to D < AR and D >
AR scenarios. The behavior can be explained with the WSE (n) values
obtained for feeder tanks where for D < AR, high efficiencies and therefore
high yields demanding lesser pumped up quantities Q and when D > AR,
lower efficiencies rendering a lower effective runoff ARp to the parent tank.
This makes the required quantities not available for pumping, resulting in
under-utilization of the pump in both cases.
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Figure 28: Pumped up quantities vs. Demand fraction for Two and Three Tank models [248]

The energy utilization for pumping can be seen when Q/Qg% values are
plotted against the corresponding D/AR values (Fig. 29). Curves peak at D =
AR indicating that the energy savings possible compared to a conventional
RWH system are at a minimum. Comparing the Three Tank and Two Tank
models, the energy savings (Q/Qe %) in the Three Tank model is
approximately 10% more for the same A, R, D and S;. This is a direct result
of doubling the total feeder tank capacity in the Three Tank model thereby
enhancing the overall WSE for the system, reducing Q. It should be noted
that even though the increased capacity of the parent tank of the Two Tank
model (9 m® against 8 m® in the Three Tank model) marginally enhances 1p,
it does not have a significant bearing in increasing Q [248].
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Figure 29: Energy utilization % vs. Demand fraction for Two and Three Tank models [248]

Plotting ESY% against demand fractions D/AR (Fig. 4) it can be seen that
for both Two Tank and Three Tank models when D < AR, ESY% remains
very low indicating the pumped up quantity Q can satisfy the shortfall in
yield and when D > AR, ESY% rapidly increasing highlighting the
underperforming of the system. Since low ESY% values when D < AR is
clearly due to over designing of the storage capacity, the threshold D/AR
value for zero ESY%, identified as the D = AR scenario, can be considered
as the optimum condition at which the overall WSE of the system
maximizing [248].
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The results show that for CMTRWH systems, D = AR scenario is unique
where the maximum pump utilization occurring along with achieving the
maximum overall WSE while the energy saving compared to an equivalent
conventional RWH system minimizes. Therefore it can be concluded that
the optimum pumping conditions for CMTRWH systems are occurring when
the annual demand ‘D’ is fully supported by the annual roof collection
quantity ‘AR’ at which integration of a suitable pumping option is fully
justified.

Further, it can be seen that for CMTRWH systems D < AR scenario is a case
of an over design while D > AR is an under design for a given set of D, A, R,
Si and Sp values. In both scenarios pumping requirement is not fully met and
the systems under performing. From the result it is also evident that for the
same system parameter values of D, A, R, S;j and Sp, the pumping gquantities
Q for the Three Tank model is less for all D/AR values hence indicating
higher energy efficiency. The higher performance of the Three Tank model
is further highlighted by the ESY % curve (Fig. 30) attributed to the
enhanced distributed storage. Therefore, it can also be deduced that the
water saving efficiencies in CMTRWH systems to increase with the number
of floor levels [248].
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6.4 Optimum demand for energy security

It is seen that the CMTRWH model is in requirement of a pumping unit to
re-circulate the collected rainwater intermittently, as and when needed, to
keep the cascading cycle sustained to maintain a desired WSE, incurring a
running cost on power. However, there are many remote locations where
grid power is not available or installing of a pumping unit, even with an
alternative power source, is not viable for RWH applications thus requiring a
model which would be meeting the service water demand at each floor level
only through gravity, eliminating the need of a pumping unit. If the need for
pumping can be eliminated, a significant improvement can be made to the
model in reducing both the capital investment and the running cost, which
would proliferate the use of RWH for multi-storey buildings while enhancing
the system reliability. Besides, such a model will not require a larger parent
tank at the ground level reducing the total cost of the system further.
Therefore finding the threshold values for service water demands in order to
achieve total supply reliability of harvested rain water fed, only through
gravity, where no pumping is required is important [242].

But forn>2, Zni =n-1 for all n; = 1.00

=il
Therefore,

(AR)i = AR-D(n-1)/n (29)
From the generalized curves for WSE, it can be seen that,

For 0.25 < (D/AR), < 0.5 and (S/AR); > 0.05, WSE is 100%.

It implies therefore, that if a CMTRWH system can be designed with Si/AR
>0.05 for individual tanks at upper stories, total supply reliability can be
ensured for all D/AR <0.5.

Since for each i" level, demand is D/n and (AR)i = AR-D(n-1)/n,

And n=1.00 when S/AR > 0.05 for 0.25 <D/AR < 0.5,
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D/n(AR-D(n-1)/n) < 0.5, for S/AR > 0.05

D/AR < n/(n+1) (30)

0.9 -
0.8 -
0.7 -
0.6 -
05 - P

0.4 - - AR+ 1)
03 -
0.2 -
0.1

»
2\
<4

2\ 3

Maximum D/(AR) for 100% WSE

Floor level number 'n’

Figure 31:Upper limiting values for D/AR for different floor levels [242]

It can also be shown from WSE curves that;

n= 1.00 when S/AR > 0.05 for D/AR <0.5
In multi-story situations, Stow = Y Si
i=1

Therefore, for housing units of 2 story, for ne=1.00 and n;= 1.00

D/AR <0.67 for Si/AR >0.05

And for housing units of 3 story, for n,= 1.00 and n;= 1.00

D/AR <0.75 for Si/AR >0.05

For example, for a two story house in Colombo, Sri Lanka, where R = 2000

mm/year and a roof collection area of 50 m? when all S; are selected as 5.0
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m?, the total demand can be a maximum of 0.67*AR, i.e. 67 m® per year at
183.6 L/day. Such a demand will ensure that both floor levels are supplied
with collected rain water at 100% WSE. It implies that, by increasing the
roof collection area A, an increased demand can be met for a CMTRWH
system without the requirement of a pump. However, in designing the
system, taking into account that in certain months the rainfall could be so
low, the month with the lowest average rainfall for a given location can be
selected to calculate the annual rainfall for a foolproof design, though with
the disadvantage of having to select a sub-optimum roof collector area.

From (30), the limiting value for D/AR for the system to function totally
under gravity is obtained as a function of the number of floor levels, ‘n’. It
implies that when D/AR is below the limiting value D/AR < n/(n+1), the
system is capable of operating without the requirement of a parent tank and a
pumping unit, thereby significantly reducing the capital outlay on the system
in addition to zero running cost in energy and maintenance. Therefore, a
cascading multi tank rain water harvesting (CMTRWH) system with D/AR
below the threshold value could be ideal for high rise buildings when the
demand can be catered with increased roof collection area (A) for a given
annual rainfall (R). However, it is important to note the variation of the
storage capacity of the composite system (S) as well as the capacities of
individual feed tanks (S;) with the increase of floor levels for the threshold
value of D/AR. It can be seen from (28), for the system to function totally
under gravity, Y 1 should be maximum requiring n; = 1.00 for i = i+1 to n.
Further, the water saving efficiency (WSE) of the composite system n,
should also be 1.00. Therefore, two limiting values for S and S; can be
considered. From generalized curves for WSE [86] it can be seen that as S; =
S/n, for n> 2, and S/AR > 0.05 for D/AR > 0.67. Similarly, n, = 1.00 for all
S when S/AR > 0.05 for all D/AR > 0.67. From Chart 1 it can be seen that
when the number of floor levels ‘n’ increases, the threshold value for D/AR
increasing [242].

This increment of D/AR is compensated by the increasing capacity of the
composite system S, so that when the number of floor levels increase 1, =
1.00. However, since the WSE curves are valid only for D/AR > 0.25, a
minimum value for S; can be determined when Si/AR > 0.05, D/AR > 0.67
for i = 1.00. Therefore, for any CMTRWH system totally relying on gravity
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feed of collected rain water, should have its upper level feed tanks with
capacities greater than 0.05AR. However, it implies that if the collection
area A is increased for a given annual rainfall R to compensate for the
increased demand D, the increased size and hence the weight of feed tanks
would pose a problem of accommodating upper level tanks within the
building envelop [242].

CMTRWH systems can be effectively used without a ground level parent
storage tank at ground level and a pumping unit subject to a maximum
annual demand for a given AR value and for a given number of floor levels
‘n’. Such a model by not utilizing energy for pumping not only will allow
rainwater harvesting fully conforming to sustainable principles but will also
be cutting down the total cost of the system by eliminating the need of a
parent tank and a pumping unit. Further, the elimination of pumping reduces
the amount of collected rainwater that would be retained in the piping
network affecting the overall WSE of the system. The proposed model,
however, needs all the storage tanks filled up at the commencement of the
operation to reduce the time required for the system to be fully functional,
with the cascading effect taking place. As all the service points are gravity
fed, with the tanks for each level located at only one level up, the service
pressure could be low and may have to be boosted if necessary [242].

6.5 Differential demand on CMTRWH systems

In Cascading Multi Tank Rain Water (CMTRWH) Systems, the daily
demand at each floor level is the parameter which is having a direct impact
on the water saving and energy efficiencies for a given collection area,
storage capacity and rainfall depth. Houses with two or more floors are
common in urban settings and Rain Water Harvesting (RWH) is encouraged
as a supplementary source of service water. Typically, in multi storey houses
the water usage between the ground and upper floors differ and an
investigation on the impact of uneven demand loading at floor levels on
system efficiency will have a significant effect on service water using
patterns.

76



Analyzing the behavior of CMTRWH systems, it is identified that the
optimum operating conditions are achieved when the average annual roof
collection (AR), which is the product between the effective roof collection
area (A) and the annual average rainfall depth (R), is equal to the annual
demand (D) [248]. At D = AR, a comparatively higher WSE is achieved and
the integration of the pumping unit is justified with a higher volume of
collected rainwater pumped up. The total annual demand calculated on the
basis of constant daily usage scenario [115] however is typically unevenly
distributed among floor levels particularly in two storey housing units. As
the upper level feeder tanks and the ground level parent tanks of CMTRWH
systems calculated to be of optimum storage capacities using the generalized
curves for WSE [86] (Fig. 31), and the effective roof runoff cascading down
varies [247], there is a possibility of a significant impact on the amount of
collected rainwater that can be pumped up (Q) and therefore on the overall
WSE as a result of uneven demand loading [243].

It is important to investigate the effect of variation in demand loading
conditions among the floor levels, on the water saving and energy
efficiencies of CMTRWH systems for a given set of system parameters A, R,
Spand S;. Itis equally important to determine more favorable distribution of
demand with respect to energy efficiency in two storey housing units using
Cascading Three Tank RWH systems.

In CMTRWH systems, for a given set of parameters D, A, R, Sp and feeder

tank capacity at the i level S;, the quantity of collected rainwater that is
possible to be pumped up from the parent tank (Q) is given by,

Q=np{D Di-> Dini}
i=1 i=1
For which the effective roof collection at each level is,

(AR)i = AR - Zn:Di*ni

i=i+1l

77



Where D; and n; are the demand and WSE at the feeder tank at the i level
and np is the WSE of the parent tank for n > 2 where ‘n’ is the number of
floor levels.

For a CMTRWH system with a feeder tank for each floor level and a parent
tank, the demand on the parent tank can be given by,

Dp=D- > Di*yi
i=i+1
Dp, therefore, is the gross shortfall in the total yield, which requires to be

satisfied by the quantity of collected rainwater that can be pumped up from
the parent tank (Q).

Therefore, (Dp — Q) is the effective shortfall in the yield (ESY) and when
taken as a percentage of the total demand, indicates a measure of the overall
WSE of the system. A high overall WSE is indicated by a low ESY% and
vice versa.

ESY% = (Dp — Q)/D (31)

Analyzing the variation of Q as a percentage of Qg with D,/D; ratio, where
Qe is the corresponding pumping quantity in an equivalent conventional
RWH system with the same total capacity and D, and D; are the annual
service water demands at upper and lower feeder tanks, the impact on the
overall energy efficiency can be determined. Further, to find the impact on
the overall WSE of the system, the variation of ESY% can be calculated for
a range of D,/D ratios

To investigate the impact of differential demand, a hypothetical case of a
cascading Three Tank RWH system installed at a two storey house located in
a tropical setting receiving annual average rainfall of 2500 mm is selected.
Feeder tank capacities are taken as 2 m®each, the parent tank capacity is
selected as 10 m® so that the total capacity (3Si + Sp) is 14 m® satisfying the
condition S > 0.1AR for maximum WSE values for a given D/AR value [86]
Since the optimum performance of a CMTRWH system is when the total
annual demand is equal to total annual roof collection (i.e. D = AR) scenario
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[248], an effective roof collection area of 110 m? is taken for a total daily
service water demand of 600 L.

For D,/D; ratios of 5, 2, 1, 0.5 and 0.2, Q%/Qg and ESY% values are
calculated (Table 1).

Table 1: Variation of system performance with Demand Ratio [243]

Dz/Dl m N2 ARp Dp Q Dp-Q Npe Q%/ ESY%
(m°) | (m% | (m°) | (m%) Qe

5 092 | 055 | 87 | 865 | 744 | 108 | 0.86 | 44 4.9

2 0.80 | 0.68 | 62.5 | 61.3 | 57 44 1091 | 33 2

1 067 | 0.75 | 646 | 635 | 532 | 32 | 095 | 31 1.5

05 | 060 | 086 | 696 | 686 | 631 | 55 | 093 | 37 2.5

0.2 | 050|098 | 93 92 | 810 | 11 |0.88 | 47 5

The quantity of collected rainwater that can be pumped up from an equal
capacity conventional RWH system (Qg) is calculated for the same constant
daily demand (d), roof collection area of 110 m?, annual average rainfall of
2000 mm, storage capacity of 14 m® feeding the service points through
gravity from a header tank. For the equivalent conventional system, WSE is
calculated as 78% and therefore Qg as 171 m® [243].

Plotting Q%/Qg, where Qg is the amount of collected rainwater that can be
pumped up from an equivalent conventional RWH system with a same total
storage capacity equipped with a header tank and a pumping unit, against
D,/D; ratio, a marginal increase can be seen when D,/D; ratio increase (Fig.
32). This shows that the comparative energy saving in pumping is lesser
when the usage in the ground floor is more. This can be attributed to the
higher effective roof runoff to the parent tank (AR)p resulting in a higher
amount of collected rainwater that is possible to be pumped up (Q) as and
when needed. In fact, as indicated by higher np (Table 1), (AR)p is
influenced by the individual efficiencies of the feeder tanks n, and n;. Itis
also seen that the increase in WSE of the upper header tank (n) with ground
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floor usage is getting higher compared to the increase in WSE of the lower
feeder tank (n1) when the ground floor usage is getting lower [243].

In fact, comparing the D,D; =5 and D,/D; = 0.2 scenarios, when the ground
floor usage is high (i.e. DyD1=0.2), nz is 98% and n; is 50% whereas when
DyDi1 = 5, na is 55% and n; is 92% showing the impact of the reduced
effective roof runoff cascading down to the lower feeder tank of the same
capacity as that of the upper. Since this situation drives up the demand on
the parent tank (Dp) as well, for scenarios where Dy/D; is lower, the effective
shortfall in demand (Dp — Q) which is in fact Dp(1-np) increases despite a
slight increase in np. Therefore, when ESY as a percentage of total demand
(D) is plotted against Dy/D1, the value is marginally higher when the ground
floor usage is high, indicating a corresponding drop in the overall WSE of
the CMTRWH system (Fig. 33) [243].

However, it can be shown that this situation can be somewhat arrested by
increasing the capacity of the lower feed tank thereby increasing its WSE
(ny). For example, by increasing the capacity of lower feeder tank (Si1) by
50% to 3 m®,it can be shown that Q and Dp dropping resulting in both the
major efficiency indicators Q%/Qg and ESY% decreasing, indicating an
overall improvement in the system performance (Table 2).

Table 2: Impact of lower level feeder tank capacity on system performance [243]

Storage Q Dp Dp-Q Mp Qu/ Qe ESY%
(S) (M) | (m°) (m®) (m°)

2 81 92 11 0.88 47 5

3 67.5 73.7 6.2 0.87 39 2.8
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Figure 32: Pumping Quantity Percentage (Q%/Qg) versus Demand Ratio (D,/D,) [243]
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Figure 33: Effective Shortfall Yield Percentage (ESY %) vs Demand Ratio (D,/D,)

It can be concluded that for a cascading Three Tank RWH system in a two
storey house with feeder tanks of equal storage capacity, uneven demand at
the upper and lower floors is not having a significant impact on the overall
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WSE or the energy efficiency of the system when the total annual demand
for harvested rainwater (D) is equal to the annual roof collection (AR).
However, due to the cascading manner in delivering the roof collection to the
lower feeder tank, a marginal drop in system performance can be seen when
the water usage at the lower floor level is higher.

The situation can be rectified by increasing the capacity of the lower feeder
tank allowing a higher water usage at the ground level aligning well with the
typical usage pattern in a two storey house. It can also be concluded that
since h calculations are based on equations developed for CMTRWH
systems, the overall performances to drop with the increasing of the number
of floor levels unless a progressive increasing of the capacities of lower level
feeder tanks introduced in situations where the usage at lower levels are
high.

6.6 Minimizing the parent tank capacity

In Cascading Multi Tank Rain Water Harvesting (CMTRWH) systems the
upper level feeder tank capacities can be restricted to as low as 1 m* posing a
minimum disturbance to the building envelop, but the parent tank which
collects only the excess roof runoff cascading down from the feeder tanks
still occupies a considerable space at the ground level. If the storage volume
of the parent tank can be further reduced while having a marginal effect on
the overall water saving efficiency, it could have a significant impact on
minimizing the system cost.

The parent tank capacity (Sp) is usually taken to complement the difference
between the cumulative volume of feeder tanks and the storage volume of an
equivalent conventional RWH system in order to achieve a comparative
WSE. If however, the capacity of the parent tank (Sp) can be optimized with
minimum impact on the performance of a CMTRWH system, it will
significantly reduce the foot print of the parent tank while reducing the
overall cost. The result will be more important for single and two storey
houses with cascading two or three tank rainwater harvesting systems. Since
RWH is prolific at household level, the study is focused more on Three Tank
and Two Tank models suitable for two and single storey houses respectively.
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It is useful to investigate the impact of the variation of the storage capacity of
parent tanks (Sp) on the quantities of collected rainwater that can be pumped
up (Q) and therefore on the overall WSE of cascading two and three tank
rainwater harvesting systems in single and two storey houses. It is also
important to determine the threshold values for Sp for D < AR, D = AR and
D > AR scenarios for given D, A, and R values while maintaining the feeder
tank capacities at 1 m® for the minimum disturbance on the building envelop.

For a CMTRWH system with a feeder tank for each floor level and a parent
tank, the demand on the parent tank can be given by,

Dp=D- ) Di*yi
i=i+1
When modified for equal demand loading at each floor level, the equation
can be given as,

Dp=D-DIn Zni
i=i+1
Dp, therefore, is the gross shortfall in the total yield, which requires to be

satisfied by the quantity of collected rainwater that can be pumped up from
the parent tank (Q).

Therefore, (Dp — Q) is the effective shortfall in the yield (ESY) and when
taken as a percentage of the total demand, indicates a measure of the overall
WSE of the system. A high overall WSE is indicated by a low ESY% and
vice versa.

ESY% = (Dp — Q)/D

Analyzing the variation of ESY % with respect to the reduction of parent tank
capacities, (ASp) as a percentage of the original capacity Sp (i.e. ASp/ Sp%),
for scenarios of D < AR, D = AR and D > AR, threshold values for Sp can be
found for the minimum impact on overall WSE.

To investigate the optimum values for the parent tank capacity Sp with
respect to system parameters D, A, R, Sp and S;, hypothetical cases of
cascading Three Tank and Two Tank RWH systems installed at two storey
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and single storey houses located in a tropical setting receiving annual
average rainfalls of 2000 mm are selected. With an effective roof runoff area
of 50 m? feeder tank capacities are taken as 1 m® each, the parent tank
capacities are selected as 8 m® for the Three Tank model and 9 m? for the
Two Tank model to ensure that the total capacity (YS; + Sp) is 10 m*
satisfying the condition S > 0.1AR for maximum WSE values for a given
D/AR value [86].

For constant daily demands of 200, 300 and 400 Liters, (Dp — Q) values are
calculated for Sp values of 12, 8, 4, 2 and 1(in m®) for Three Tank model and
9, 6, 4,2, 1and 0.5 (in m®) for Two Tank models. The daily demands are
selected to suit the three scenarios of D < AR, D = AR and D > AR. (Dp —
Q), identified as the Effective Shortfall in Yield (ESY) is calculated as a
percentage of the total demand D against ASp/ Sp% where ASp is the
variation introduced to the parent tank capacity and Sp is the original
capacity of the parent tank (in this case 8 m®) [247].

When the Effective Shortfall in Yield as a percentage of the total demand
(ESY%) quantities are plotted against the percentage change in the parent
tank capacity (ASp/ Sp%), in the D = AR scenario, in both Three Tank and
Two Tank cases only a marginal increase in ESY% can be observed till ASp/
Sp% reached a value of 50% indicating a parent tank half the capacity of the
originally selected tank of 8 m® is sufficient to maintain the cascading cycle
without significantly affecting the WSE of the system (Fig 15) [247].
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Comparing the Three Tank and Two Tank models it is seen that the ESY%
values corresponding to ASp/ Sp% at the optimal D = AR scenario are lower
in the Three Tank model whereas the Two Tank model outperforming the
Three Tank model at sub optimal D < AR and D > AR scenarios [247].
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Further, when the demand is varied, for both D > AR and D < AR scenarios,
the respective curves for Three Tank and Two Tank models, even though
show a slight increase in ESY% values for the increase of ASp/ Sp% values,
maintain the same shape characteristics. Comparing the curves for the Three
Tank and Two Tank models, it can be seen that at D = AR, the Three tank
model showing lower ESY% values and in all other scenarios, the Two Tank
showing marginally lower ESY% values. In the D < AR scenario, the
behavior can be attributed to the relatively high roof runoff to the parent tank
resulting in high np, hence Q, resulting in low ESY%. In the D > AR
scenario comparatively, both Dp and Q drop, lowering the ESY %.

When D > AR, for both Three Tank and Two Tank models efficiencies of
the individual feeder tanks drop for given S; values, pushing the Dp values
high. Further, in this scenario, the effective runoffs to the parent tanks (ARp)
are small compared to D < AR, D = AR scenarios, hence increasing the
Dp/ARp ratio resulting in low np values. As a consequence therefore, (Dp —
Q) increase, hence high ESY% values for all corresponding ASp/ Sp%. The
rapid increasing of ESY% values with increasing ASp/ Sp% can also be
attributed to the behavior of mp decreasing rapidly with increasing Dp/ARp
ratio [247].

In all situations a rapid increase in ESY% is seen for (ASp/ Sp%) over 80%,
i.e. when Sp < 1 m*, where the parent tank capacity is less than that of feeder
tank capacity. In that scenario, since Sp/ARp values getting positioned in the
sensitive region of the generalized WSE curves, a rapid drop in np makes low
Q hence resulting in high ESY%. This trend is slightly mitigated in the D >
AR scenarios due to drop in ARp values, keeping the Sp/ARp values away
from the sensitive region of the WSE curves.

In both cascading Three Tank and Two Tank models the effect on ESY% for
the variation of (ASp/ Sp%) are less than 3% and therefore are marginal up to
50% for all three scenarios of D < AR, D = AR and D > AR. Since ESY% is
a measure of the overall WSE of the system, it can be concluded that
reduction of parent tank capacity by as much as 50% is possible without a
significant impact on the system performance. Of the three scenarios, the
rate of increase of ESY% for the reduction of Sp is highest when D > AR,
highlighting the continued underperformance of an under designed system.
On the other hand D < AR scenario corresponds to an over designed system
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while in the optimum D = AR scenario, less than 10% ESY values in both
Three Tank and Two Tank models, indicating a small drop in WSE can be
justified by the expected cost saving due to reduction of the parent tank
capacity Sp by as much as 50% [247].

It can also be recommended that the reduction of Sp should not be below 1
m? for the risk of high inefficiencies (np) resulting in high ESY% values and
hence low system performances. Further, since the equations used for the
calculation of ESY% are based on the equations developed for CMTRWH
systems, the above findings can be extended to multi tank models as well.
Comparing the two models it is clear that at the optimum system
performance condition of D = AR for a given AR, Three Tank model is
outperforming the Two Tank model. Since this is a result of a higher
fraction of the storage capacity distributed to upper floor levels, it can be
deduced that at D = AR the overall WSE to increase with the number of
feeder tanks.

In actual practice, due to collection inefficiencies, ESY% could marginally
increase but will not pose an impact on the result. System losses and water
retained in the piping network is not considered for the calculation due to its
negligible scale [247].

6.7 Performance of a cascading Two Tank RWH model — A Case Study

To gain advantage of the limited land available, many housing units of
diffuse settings are built with two or three levels. This, not only reduces the
building footprint but also reduces the overall building material requirement,
hence cost, thus aligning well with sustainable principles. Therefore, the
case of a typical two storey house installed with a cascading two tank
rainwater harvesting system is investigated for its performance.

In the proposed CTTRWH model, two storage tanks are utilized. A smaller
capacity tank is positioned at a higher elevation (possibly at the eve level)
into which the captured rainwater be directed. This upper tank (Sy) will
supply the utility points and feed a bigger tank (S.) at ground level via the
overflow. As such when a rain event occurs, captured rainwater will flow
into the upper tank and then cascade down into the lower tank and any
excess water to be disposed through the overflow of the lower tank. The
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total storage capacity of the system consists of the combined capacities of the
two tanks and a pump is utilized to transfer collected rainwater from the
lower tank to the upper tank when the water level in the latter drops. A
schematic diagram of a CTTRWH model is shown in Fig. 36.

I

[ ]

Figure 36: Schematic drawing of a CTTRWH model [246]

A set of equations are developed based on the WSE of the storage tanks to
analyze the behavior of a CTTRWH system for a typical two story building
with a constant daily service water demand. The equations are then used to
determine the possible variations in the system performance with regard to
annual demand (D), annual average rainfall (R), roof capture area (A) and
the capacity of the upper storage tank (Sy) subject to the operating domain of
the generalized curves for WSE.

6.7.1 System dynamics —- CTTRWH Model

The WSE of a RWH system can be defined by Y/D and denoted by n, where
Y and D are the annual yield and demand respectively for a given storage
capacity S at a given location with a collection area A and an annual rainfall
of R. When the WSE for the upper tank and for the overall system are ny
and no respectively, for a given annual demand D in m?, collection area A in
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m? and annual average rainfall R in m for given storage capacities of Sy for
the upper tank and Sp for the parent tank, the yield from the upper tank Yy
and the overall system Y are given by;

Yy =D*nyand Yo =D* no_ where ny and no are the WSE of the upper tank
and the overall system.

It can be shown that the quantity of collected rain water that is possible to be
pumped up (Q) is given by;

Q=D(Mo - Mu) (32)

However, when calculating the storage fraction (S/AR) to obtain the WSE
(n) values from generalized curves [2], the values no and n_ are almost the
same due to the capacity of the lower storage tank (S.) being significantly
larger than Sy and also since AR is much greater than S. For example, if the
capacities of upper and lower tanks are 1 m® and 5 m® respectively, installed
in a location where the annual average rainfall is 2000 mm and the roof
collector area is 50 m? So/AR and S_/AR values would be 0.06 and 0.05.
Since the objective of the multi-tank system is to have a smaller upper tank
for gravity feeding the harvested rainwater to service points as well as to be
accommodated readily into the building structure and a larger lower tank to
ensure water security, the above argument holds true. Therefore, without
significant errors (32) can be modified as;

Q=D(ML - nu)

Therefore, when the system is fully functional, Yy should reach Yo, though
with reduced pumping due to distribution of the storage capacity between the
floor levels.

Based on (32), the following equations can be developed to determine the
minimum storage capacities and minimum pumping quantities in a
functional CTTRWH system for a constant daily service water demand.

As S > Sy, for the same A,Rand D n.>ny
Since for a given demand D,

The shortfall in the upper tank (Sy) is given by D(1 - ny) and
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The shortfall in the lower tank (S,) is given by D(1 - n.)
The amount of water that can be pumped up is given by Q;
Q = D(1-nu)-D(1-mny), which simplifies to,

Q = D(nL-nu) (33)

Additionally, if the total demand for water is Dy, then the amount of water
required from the mains is given by M;

M =D(1 - n.) + (Dt - D), which simplifies to,
M = Dr- D (34)

The performance of the CTTRWH model can be studied using the equations
(33), (34) and the generalized curves for WSE, varying the parameters A, R,
D and Sy.

6.7.2 System performance with change in demand (D)

If the demand is reduced by, for example, using water saving devices, the
water saving efficiencies n_ and my increases rapidly for D/AR > 1.0 and
slightly for D/AR < 1.0

This is due to the under-performing of the system for D/AR > 1.0

6.7.3 System performance with change in rainfall (R)

It can be noted that moving from wet to dry climatic zones, where the
minimum annual rainfall (Rmin) drops, both 1. and ny dropping and as a

result, the dropping of pumping requirement due to lower value for (. - nu)
[246].

6.7.4 System performance with change in capture area (A)

It can be observed that by increasing the capture area A, for a given R, D and
Su that the dimensionless ratio, D/AR, decrease and as a result achieving
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higher values for .. However since S/AR decrease with the increase of A,
the difference between the water saving efficiencies of lower and upper
tanks, (1. - nu), tends to rise, increasing the quantity of water that has to be
pumped up [246].

6.7.5 System performance with change in upper tank capacity (Su)

By increasing the size of Sy for a given set of parameters A, R and D, ny
increases reducing the quantity of water required to be pumped up Q, and as
a result negating the purpose of a two tank system. It also implies that
greater the difference in capacity of the two tanks, the higher the pumping
requirement [246].

The operating domain of the generalized curves dictates that a performing
CTTRWH model can be designed only for 0.25 < D/AR > 2.0. For values of
D/AR beyond this range the behavior of the curves are found to be
unreliable, particularly in the critical zone of S/AR < 0.05. Further, it is
noted that for the system to achieve a WSE of over 80% (i.e. n. > 80%),
D/AR<1.0

Therefore it can be deduced that, for
n>80%, D<AR

It can also be observed that when the system parameters are selected so that
D/AR > 1.0, when either A or R is increased or the demand D reduced, n_
increases rapidly while the increase in ny IS moderate due to the fixed nature
of the upper tank capacity (Su).

The implications of the above behavior becomes apparent when R > Rpyn,
which is a usual occurrence since for the reliability of delivery, the minimum
annual rainfall, Ryn is selected in design calculations. It can be shown that
when R > Rpin, due to the increase in (1. - nu), the quantity of water to be
pumped up Q increases which in turn will increase the demand on the power
source. The effect will be more profound if a stand- alone power source is
employed to operate the pump. However when D/AR < 1.0, for

R > Rpin the value (n. - nu) actually reduces, preventing excess loading on
the power source.
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It can be shown that for tank capacities Sy, S_ and annual demand D, the
maximum number of days the system can supply without rain water input is
given by,

day =  (Su+SL)365/D (35)

In the case of Sri Lanka, from historical data, the average maximum number
of non-rainy days (rainfall < 0.5 mm) can be taken as, 30 and 50 days for the
wet (annual rainfall 1600-4000 mm) and dry zones (annual rainfall less than
600 mm) respectively (National Meteorological Department of Sri Lanka).
Hence, when selecting a value for S, it should satisfy Equation 35 for
system reliability.

Therefore, from (35),
dary > 30 and 50, for the wet and dry zones.

Hence, the two tank RWH model can be effectively integrated into single or
multi storey households, with suitable variation in storage sizes and
collection areas for a desired WSE, in combination with an effective
pumping system. It should be noted that, the effect of the volume of retained
water in the piping network to the overall performance of the system is not
considered. However, for typical two storey housing units it can be of
negligible influence taking into account the average pipe lengths and
diameters.

However when D/AR < 1, for R > Ryin the value (. - nu) actually reduces,
preventing excess loading on the power source.

It can be shown that for tank capacities Sy, S. and annual demand D, the
maximum number of days the system can supply without rain water input is
given by,

day =  (Su+S1)365/D (36)

From historical data, the average maximum number of non-rainy days
(rainfall < 0.5 mm) can be taken as, 30 and 50 days for the wet and dry zones
respectively. Hence, when selecting a value for S, it should satisfy equation
36 for system reliability.
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Therefore, from Equation 36,

dary > 30 and 50, for the wet and dry zones.

6.7.6 Pumping requirements for water security

Considering the upper tank Sy, the maximum number of days for which it
can supply without an input from pumping is given by dymax),

dU(max) = 365SU/D
From Equation 32, Q = D(n. - nu)

If the pumping frequency is taken as Np per year, then the number of days
between consecutive pumping events is given by 365/ Np

It can be deduced therefore, for supply reliability,
du(max) > 365/ Np
ie. 365Sy/D > 365/Np
Hence, Np> D/Sy
To compensate for sudden demand loadings, a safety factor K; can be used,
Where, K;> 1.5, thus,
Np = K;D/Sy
For a pumping frequency of Np, the pumping volume required at a time is
Q/ Np
Substituting Equation 36 in 32 gives,
Q/ Np = SuMmc - nu)/ K1 (37)

Therefore, when the water level in the upper tank Sy drops by a quantity
equivalent to
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Q/ Np, a floater switch arrangement can be made to cut-in to activate the
pump.

6.7.7 Make-up water requirement for water security

From the Equation 35, mains water requirement, when the total demand is
Drisgivenby,M = Dr- D

However, the mains water requirement for the RWH system,
M. (i.e. to the lower tank, S;) isM_ = D(1-1y)

If the number of days the system can supply the demand without mains water
iS dsup

Then, dsup = 365(SL + SU)/D

If the frequency of supplying mains water is Ny, then the number of days
between consecutive supply events is given by; 365/ Ny

Since, for system supply reliability,

365/Nm < 365(S. + Sy)/D

Npm > D/(SL + Sy)

To compensate for demand surges, a safety factor K, can be used,

Where, K, > 1.5.

Thus, Ny= Kz D/ (S. + Su) (38)

Since the quantity of mains water supply required at a time is given by, M
ML = D(@-nu)/ Nm

Substituting in Equation 38,

M. = (SL + Su) (1 - nL)/KZ (39)
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Chapter 7

WATER AND SERVICE QUALITY IMPROVEMENTS
IN RAINWATER HARVESTING SYSTEMS

Many areas suffer from water scarcity but, paradoxically, a local source of
water such as rainwater is mostly treated as a risk rather than a valuable
resource [144].Fuelled partly by ignorance and the general perception of an
urban environment to be highly polluted appears to keep potential users
away from using rainwater. Much research has been carried out on the
quality of rainwater, which naturally is the cleanest and softest form of fresh
water available on the planet before reaching the surface of the Earth. Except
for the possibility of marginal reduction in pH values in highly industrialized
locations (acid rain) and increased nitrate levels under conditions of local
lightning, rainwater displays much lower turbidity, hardness and mineral
contents compared to surface or ground water. In fact, it is the odorless and
tasteless nature of harvested rainwater that is discouraging the use of it for
drinking purposes. Rainwater gains most of its contamination at the point of
contact and the quality of harvested rainwater, therefore, is largely
determined by the condition of the collector surface. It is reported that
rainfall intensity and the number of dry days preceding a rainfall event
significantly affects the quality of harvested rainfall. This could be due to
higher energy levels in rain drops removing more pollutants off the pores on
the catchment surface.

Therefore, even though RWH systems are attractive from an ecological point
of view, potential health risks from ingesting of harvested rain water related
to microbiological and chemical contaminants should be taken into account
[236].Usually, contamination is either by biological pathogens or by
dissolved chemicals. Chemical contamination of the rainwater can occur due
to traffic emissions and industrial pollution in urban areas or due to
agricultural usage of fertilizers and pesticides in rural areas. Earlier studies
have reported that the rainwater stored in tanks has been of acceptable
quality [67], but in more recent ones, either chemical or microbiological
contaminants have been found in the collected rainwater, often in levels
exceeding the international or national guidelines set for safe drinking water
[43], [252], [309]. It is seen that the quality of the harvested and stored
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rainwater depends on the characteristics of the location, weather conditions
and proximity to sources of pollution, the type of catchment area [43], the
type of water tank [67] and the handling and management of the collected
water [213].

Therefore, Participants involved in rainwater harvesting schemes must be
made fully aware of the health consequences and risks of the
microbiological, organic and mineral contamination in the runoff water
which they are collecting and to take appropriate measures to avoid such
contaminated water in their systems [304]. The high level of atmospheric
pollution in and around large cities, particularly those with heavy industrial
and coal-fired power stations often make harvested rain water unsuitable for
personal uses such as drinking or cooking [95]. Since water quality
requirements for non-potable uses are lower than those for drinking water
one option is to decrease any potential risks from tanked rainwater is to
minimize oral exposure by limiting the use of collected water to hot water
services, laundry, bathing, toilets or gardening [50].

In a research carried out in a built-up urban area in the Greek island of
Ketalonia [236], harvested rainwater was tested for common anions and
major cations as well as metals Fe, Mn, Cd, Pb, Cu, Cr, Ni, and Zn. In
addition, the presence of three major groups of organic compounds
Polycyclic Aromatic Hydrocarbons (PAHSs), Organo-Chloride Pesticides
(OCPs) and volatile organic compounds (VOCs) screened by analytical
techniques. High lead concentrations are found in harvested rainwater
samples collected in urban locations close to highways [304], indicating a
direct impact of vehicle emissions on rainwater. It could be attributed to a
washout effect of particulate lead in the atmosphere.

In most studies, the lack of fluoride in harvested rainwater is evident while
containing concentrations of Ca and Mg. Therefore, in cases of utilization of
rainwater as the only source of drinking water, consumers should be advised
to take fluoride supplementation in order to prevent dental decay [175].
There is evidence to show that rainwater harvested in coastal areas has
relatively high concentrations of chlorine and display a higher electrical
conductivity. While the chemical compositions are in the acceptable range of
WHO standards, in most areas, the three widely used bacterial indicators,
total Coli forms, E-coli and Euler-ococci have been detected.
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In many industrialized areas, the rain is acidic with reported pH values
starting at 4.17 [43]. In this pH range, the leeching of various metals is
promoted and this deteriorates the quality of harvested rainwater. Increased
concentration of metals has also been attributed to particulate matter in the
atmospheric air [304] while petrochemical and plastic-chemical industries
can contaminate the collected rainwater [309]. However, the presence of
microbial indicators and pathogens are found to be varying greatly
depending on the geographic location [252]. It is important to note that in
industrialized areas, rain water with low pH values could contain high
concentrations of Zn if harvested off Gl-sheet-covered roofs. The WHO limit
for zinc concentrations in drinking water is 5000 mg/litre.

Generally, in many studies on harvested rainwater quality, parameters such
as pH, total Chlorine concentration, electric conductivity, total dissolved
solids, Oxygen saturation present and total hardness are found to be within
WHO standards, except the total coli form count which usually is moderate
to high based on maintenance of the collector surface.

In a study in Jordan it is found that harvested rainwater from residential roofs
indicating that the measured inorganic compounds generally matching the
WHO standards for drinking water, while the fecal coli forms, which are an
important bacteriological parameter, exceeding the limits for drinking water
[82].

Analysis of stored rainwater samples in Anuradhapura district in the dry
zone of Sri Lanka, has revealed that most of the water quality parameters
such as Colour, Turbidity, Electrical Conductivity, total alkalinity, Nitrates,
Nitrites, Chlorides, Suphates, Phosphates, total Iron BOD and Fluorides are
well within the acceptable potable water quality standards in Sri Lanka (Sri
Lanka Standards; 614, 1983). The presence of fluorides in the study,
however, is contradictory to other findings and should be investigated
further, taking into consideration the high levels of fluorides in ground water
in the Anuradhapura region. Analysis of samples of harvested rainwater in
the wet region of Sri Lanka has revealed that the values of turbidity, pH, total
hardness are well within the acceptable drinking quality standards.

Chlorination seems to be a viable option in making harvested rainwater safe
from bacteria. However, during this process, organic matter that may be
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dispersed into the water body due to sediment disturbance can react with
chlorine and found undesirable by-products [100].

Rainfall intensity and the number of dry days preceding a rainfall event
significantly affect the quality of harvested rainfall.

Taste plays a major role in drinking water. As rainwater does not contain any
minerals and does not carry any taste, it is not widely accepted in urban areas
as drinking water.

7.1 Energy Efficiency of RWH Systems

If RWH is to proliferate in urban areas, collected rainwater has to be fed to
taps and other water using appliances in par with the centralized reticulated
supply. For this, integration of a pumping unit to the system is essential. It is
seen that the pumping energy requirement is reduced in CMTRWH systems
() but still requiring appropriate pump selection for the maximum efficiency.
Even though in the typical grid-based power supply scenarios, centrifugal
submerged pumps are widely used for the purpose, it is useful as well as
keeping to the sustainable principles if the pumps can be operated using an
appropriate energy source. In this sense, pumps more adaptable to the
particular renewable energy source have to be selected.

7.2 Integration of renewable energy with RWH systems

No system is viable and sustainable if it is not energy efficient in the context
of the global energy crisis.

Out of the alternative energy sources, such as solar power, wind power and
bio gas, solar power seems the most suitable for tropical climates, given the
abundance of sun throughout the year as well as the relative low cost of
components compared to wind turbines, apart from the durability and the
viability in domestic usage compared to other sources. Hence, for RWH
systems to be of self-sustaining and eco-friendly nature, solar pumping of
harvested water is important and development of viable, low cost solar
pumping devices are vital.

In the following sections, attention is focused on energy consumption in
pumping water from RTRWH systems, various pumping methods, associated
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costs and the contribution to Green House Gas (GHG) emissions as a result
of burning fossil fuel. Alternative energy sources, primarily solar power, are
looked at in detail in running pumps so that it can be an integral part of RWH
systems.

7.3 Requirements for pumping in RWH systems
Draw-off from the storage facility requires a pumping mechanism when:

a) The draw-off point of the tank at a lower elevation than the
end use point

b) The system supplements water to the mains/municipal supply
requiring pressure matching between the two systems.

C) A specific pressure is required at the end user point. Certain
appliances such as shower heads and dish washers are
calibrated to function at specific water pressures.

d) In centralized rainwater storage situations, such as apartment
blocks, supermarkets, schools etc. when multiple end user
points are to be serviced.

7.4 Pumping options

There are various pumping options available in the market. The most
commonly used pumps are:

a) Hand pumps
b) Centrifugal pumps
c) Positive Displacement pumps

a) Hand pumps:
Hand pumps are the most widely used in rural Sri Lanka, as well as
in most developing countries where RWH systems are primarily used
as the only potable water resource. Hand pumps can also be
classified as positive displacement pumps, working on the same
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principle, but are operated manually thereby limited to small scale
draw-offs.

b) Centrifugal pumps:
Centrifugal pumps, working on the principle of creating a vacuum for
suction by rotating an impeller at high speed, are the most widely
used pumping option. However, the high starting torques required,
low pumping heads and low pump efficiencies are the main draw
backs of centrifugal pumps thereby needing higher energy input.

c) Positive displacement pumps:
There are different types of positive displacement pumps, namely the
diaphragm, rotary and vane types. These are generally higher
efficiency pumps at 60% to 70% efficiency and are capable of
pumping to high heads. The advanced positive displacement pumps
display low starting torques hence operating at low energy inputs
[241].

7.4.1 Energy consumption of electric pumps in RTRWH situations

It is found that the average Sri Lankan urban household uses 30% of service
water for WC flushing, garden watering and car washing. Assuming that
80% of the above requirement is met by a conventional RTRWH system
with a header tank, the energy consumed in pumping such water to end user
points is calculated as follows:

If the total annual service water demand = X Litres
Quantity of non-drinking quality water required to be

pumped up from RTRWHS =0.3*0.8X
If collected rainwater is to be pumped from

ground level up to a maximum head of 10m (header tank)

in a typical household, for a P (kW) pump at a

discharge rate of D (L/min) consumes (kWh) = 0.3*0.8XP/60DN
(Where, N is the pump efficiency) (40)
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7.5 Energy required pumping rain water& Green House Gas emissions

It is observed that a sizable energy component, though small compared to the
total energy consumed, is required to pump collected rain water from the
storage tanks of RTRWH systems to either a header tank or end user points.
Therefore if RWH is to be adopted on a mass scale, though the individual
household energy usage on water pumping may not be significant, the
cumulative energy usage on water pumping on a national scale could be
significant and would stretch the annual power demand [248].

In the light of electricity generation depending more and more on fossil fuel
based power plants, as against renewable energy sources such as hydro, the
possible impact of the resultant GHG emissions should be looked at, if RWH
is to be considered as a true component of sustainable development.

There are 3 major gaseous emissions released as a result of fossil fuel
burning, viz. carbon dioxide (CO,), sulphur dioxide (SO,), and oxides of
nitrogen (NOy). It is mainly the CO, emissions that have drawn special
attention of the scientists’ world over in recent times, since it poses a major
threat to the global environment in the form of the green house effect
(atmospheric warming resulting in climate change) and acid rain.

Carbon dioxide and other emissions per unit of electricity generation are
dependent on the characteristics of the fuel and power plant. Characteristics
of a fuel include its energy contents, and contents of carbon, sulphur,
nitrogen or their compounds. The power plant characteristic includes the
fuels heat rate, i.e., the amount of heat required to produce one unit of
electricity.

The emission factors of different kinds of fuel used in power plants is given
in Table 3. The emission factor indicates the mass of a particular gas emitted
in producing one unit (1 kwh) of energy.
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Table 3: Emission factors for different types of fuels

Emission factor (kg/kWh)
Fuels

CO, SO, Noy CO

Coal 1.18 | 0.0139 | 0.0052 | 0.0002

Petroleum | 0.85 | 0.0164 | 0.0025 | 0.0002

Gas 0.53 | 0.0005 | 0.0009 | 0.0005

Hydro 0.00 0.000 | 0.0000 | 0.0000

“For simplicity, generating 1000 kWh of energy using petroleum fuel is
taken as emitting 1 Ton of GHG”.

The worldwide residential energy consumption, it is found varies from 16% -
50%, depending to what extent the country is industrialized. For Sri Lanka,
the world average of 31% can be assumed to be valid [57].

7.6 Pumping harvested rainwater using solar power

Sustainable, low carbon, energy scenarios for the new century, emphasizes
the untapped potential of renewable resources. Solar radiation arriving on
earth is the most fundamental renewable energy source in nature. On a clear
day, the solar radiation incident on the earth’s surface can reach 1000 W/m?.
Photovoltaic (PV) is a technology in which the radiant energy from the sun is
converted to direct current.

A PV cell consists of two or more thin layers of semi-conducting material,
most commonly Silicon. When the Silicon is exposed to light, electrical
charges are generated and this can be conducted away by metal contacts as
Direct Current (DC). The electrical output from a single cell is small, so
multiple cells are connected together and encapsulated, usually behind glass,
to form a module (sometimes referred to as a “panel”). The PV module is
the principal building block of a PV system and any number of modules can
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be connected together to give the desired electrical output. The photovoltaic
process produces power silently and is completely self-contained, as there
are no moving parts. These systems can also withstand severe weather
conditions. PV systems are so reliable that most manufacturers give a 10-
year warranty, and a life expectancy beyond 20 years. The PV array consists
of a number of individual photovoltaic modules connected together to give
the required power with a suitable current and voltage output. Typical
modules have a rated power output of around 75-120 Watts peak (Wp) each.
A system with a PV array tilted towards south would generate approximately
750 kWh/year per kW, installed [248].

In the following section, the possibility of employing Photo Voltaic (PV)
Panels to power pumps to deliver water from RTRWHS storage facilities to
end use points is discussed in detail and the viability of integrating solar
power with RTRWH systems explored to focus on an eco-friendly,
sustainable water supply system [249].

Normally, the solar water pumping system consists of three components: The
PV array, the direct current (DC) motor and the pump. Each component has
its own operating characteristics, which are: The I-V characteristics for the
PV array and the DC motor, and the torque-speed characteristics for the
motor and pump. The DC motor drives the pump whose torque requirements
vary with the speed at which it is driven. The DC motor is operated by the
power generated from the PV array whose 1-V characteristics depend non-
linearly on the solar radiation variations and on the current drawn by the DC
motor. For the efficient operation of the system, the two sets of PV output
and DC motor input characteristics should be matched. Electronic matching
devices known as Maximum Power Point Trackers (MPPT) allow solar
pumps to start and run under low-light conditions. This permits direct use of
sun’s power without bothersome storage batteries.
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Figure 37: Schematic drawing of solar pumping [248]

Many researchers have studied the performance of photovoltaic powered
water pumping systems (PVPS). The results of several experimental studies
and theoretical analyses of PVPS have been published. Bany and Appelbaum
(1979) [22] analyzed a direct coupled PV pumping system under steady state
conditions. The starting characteristics of a DC motor and pump powered by
a PV array without maximum power point tracker (MPPT) have been
examined. The solar cell modules can only provide maximum power at
specific voltage and current levels. So, for the PV array, there is a unique
point on its I-V curve at which the power is at its maximum value, and for
optimum utilization, the equilibrium operating point of the PV array should
coincide with this point.

However, since the maximum power point varies with radiation and
temperature, it is difficult to maintain optimum matching at all radiation
levels, except for a specially designed DC motor. In order to improve the
performance of a PV pumping system, a DC-DC converter known as a
maximum power point tracker (MPPT) is used to match continuously the
output characteristics of a PV array to the input characteristics of a DC
motor. The MPPT normally consists of a power electronic circuit controlled
by a signal circuit, which drives the power electronic circuit to force the PV
array to operate at its maximum power point. Under such conditions, the
MPPT will improve the efficiency of a PVPS.

Any off-the-shelf water pump allows itself to be powered by Photo Voltaic
panels in some way or other and turned into a solar water pumping system.
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The most common pumps used for this purpose are centrifugal, positive
displacement and Helical Rotor pumps. Some are matched with AC, others
with DC motors. If a pump has an alternating current (AC) motor, an
inverter would be required to convert the DC electricity produced by the
solar panels to AC electricity. Due to the increased complexity and cost, and
the reduced efficiency of an AC system, most solar-powered pumps have DC
motors.
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Figure 38: Direct and In-direct solar pumping

Solar modules, usually the greatest expense item in any solar design convert
sunlight into electricity quite inefficiently by 14% on average. A highly
productive, cost effective solar water pumping system therefore, will require
careful matching of all component parts.

7.6.1 Design Requirements in Solar Pumping

Following are the fundamentally important design requirements of a solar
water pumping system to render it durable, cost effective and affordable.

105



7.6.1.1 Versatility when pumping low or high heads

Most solar powered water pumps have little difficulty pumping from shallow
depths of less than 30 m. Therefore, height of the head does not pose a
problem in almost all RRWH systems. However, linear output characteristics
of the pump are highly desired [240].

7.6.1.2 Low long term maintenance cost

When there is necessary maintenance, the costs should be reasonable, when
compared to the original capital investment. This important because high
incidence of frequent break downs may defeat the whole purpose of using
harvested rainwater, especially when installed in remote areas [240].

7.6.1.3 Running without batteries and inverters

Preference should be given to high tech, but elementary, DC to DC solar
water pumping technology, eliminating the power loss inherent in battery
storage and conversion necessary when using, among others, AC motors
with multi stage centrifugal pumps. (An inverter is used to convert the low
voltage DC to higher voltage AC). Power losses come close to 25% of total
solar array output, where batteries and conversion electronics (inverters) are
used [240].

There are several reasons to avoid batteries in a pumping system listed as
follows:

Using batteries in a solar pumping system lowers the efficiency as compared
to going solar direct since it usually lowers the operating voltage of the pump
which lowers the operating speed and flow rate of the pump [240].

Adding batteries to a pumping system, costs more money for the batteries

e Adding batteries to a pumping system, costs more money for the batteries
themselves plus a required charge controller, battery enclosure and
additional disconnects and wiring.

e Batteries performance level and expected life time are closely connected
with the temperatures that they are subjected to. If batteries are
overcharged and subjected to high temperatures their life time will be
shortened dramatically.  Batteries can be useful when weather is
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frequently cloudy; water is to be drawn on-demand and when the water
source available is low-producing and the need to pump as much water
out of it each day. The battery system can be compensated by installing a
larger volume storage tank which can be used as the buffer. Power
generated by the solar modules should flow from the modules through
the motor controller directly to the electric motor attached to the pump
unit with absolute minimal loss. Where available, the motor controller
should be primarily, digital. This will allow a controller design that is
both a linear current - booster, and a maximum power point tracker in a
single device. Such a device allows for real time compensation of
reduced voltage levels emanating from the solar array at high ambient
temperatures. This translates into greater water delivery (efficiency) in
very hot climates, marginal light conditions and both simultaneously.

7.6.1.4 High generic efficiency

Overall efficiency, when taking sunlight as 100% before it reaches the solar
modules, should be converted to water delivered at a ratio of at least 8% on
average. Taking into account that solar modules convert sunlight to
electricity at an average efficiency of only 14%, the pump/motor/electronics
combination of the solar water pumping system must achieve an average
mechanical efficiency of at least 57% to arrive at an overall efficiency of 8%.

Taking into account that about 50% — 80% of the cost of a solar pumping
system is taken up by the cost of the solar module; the impact of operational
efficiency is enormous on the cost effectiveness of the system [240].

7.6.1.5 A low starting torque requirement

Sufficient radiation must be available for a PV pumping system to start its
pumping operation. This radiation level is called the radiation threshold.
Most solar pumps have difficulty starting at first light, or at marginal light
conditions (heavy cloud). The problem of poor performance in marginal
conditions can be overcome in two ways:

i) By mechanical means, through the use of an application specific
solar water pump, with a generically low starting torque requirement.
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i) By electronic means. This deals with any residual inertia, through
the judicious choice of the motor controller specified. An electric
motor always requires much more power to start than, eventually, to
run. The motor controller needs to have an integrated auto-start
circuit that will start the pump motor early in the morning, when
enough sunlight is present to make the motor run at a given head.

7.6.2 Solar powered pumping options

Many solar (Photo Voltaic) powered water pumping projects rely on the use
of large scale (> 1 kWp) Photo Voltaic (PV) arrays, coupled to multi stage
centrifugal pumping units. However, smaller pumping units are in demand,
which can be used in domestic services such as service water pumping.

Of the approximately 100 Photo Voltaic Pumps (PVP) installed in the
‘International Demonstration & Field Testing Program, for Photo Voltaic
Water Pumps (PVP Program)’, funded by the German Government and
implemented by GTZ, worldwide, 21% were rated at less than 1 kW.
Similarly, of the 626 PVPs installed under the ‘Programme Regional Solaire’
(PRS) in the Sahel region of Africa in 1998, over 20% were rated below 800
W. At these low values of input power, the choice of pump type, centrifugal
or positive displacement, is crucial as they demonstrate very different output
characteristics.

Fig.39 is adapted from results of research conducted by Riez and Hanel
(1995) [229] and demonstrate the difference in hydraulic energy output
(proportional to flow rate multiplied by total discharge head), exhibited by
the two types of pumping devices.
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Figure 39: Hydraulic energy output for water pumps

It is evident that, for identical constant input power, neither pump could be
considered ‘ideal’ across the entire range of heads. At lower heads
centrifugal pumps produce the greater hydraulic output per day and
therefore, the greater volume of water pumped per day, whilst at higher
heads, positive displacement pumps dominate.

7.6.3 Solar power with centrifugal pumps

Centrifugal pumps are conventional, faster and deliver higher quantities, but
needs to operate at higher speeds and at low Total Dynamic Heads (TDH).
Smaller, stand alone, PV pumping units of less than 500 W do not usually
employ centrifugal pumps, except for at the lowest heads. For any
significant lift, multi staging is required and even then the low specific speed
required and the size of impeller, inevitably lead to efficiencies of 25% —
30% (wire to water) compared with 65% — 70% for the best positive
displacement units.

Centrifugal pumps are of surface mounted and submersible types. Run at
variable speed from a permanent magnet DC motor, the centrifugal pump
does have one particular advantage, in that its power demand curve matches
well to the I-V characteristic of the PV array. With increasing power from
the array, current and voltage will increase until there is just enough voltage
(hence rotational speed) for the pump to overcome the static lift and start to
deliver water.
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It can be seen that the flow output is rapidly reduced, for a given voltage, as
head is applied [22].

One of the disadvantages of a centrifugal pump is that it has to operate at a
high enough rpm to push the water all the way out of the well/tank. If it is
cloudy and the solar array is not producing enough power, the pump/motor
may be turning but not fast enough to do this. Using a tracker is highly
recommended with a centrifugal pump since it increases the solar arrays
power output over a longer period of time which increases the daily volume
of water delivered. Centrifugal pumps do not work efficiently below 25
L/min, but their performance drops off disproportionately at reduced speeds
(under low light conditions). Also, conventional pumps use AC motors that
do not work at reduced voltage. One solution to these problems involves the
use of storage batteries and a conventional AC pump. Energy accumulates
over time in the batteries and is discharged quickly to run the pump for short
periods.

A battery system complicates the installation, operation and maintenance of
a system and loses 20% of the stored energy. Operation of the AC pumps
with DC power requires an inverter. The inverter adds cost and complexity
and increases energy requirements by an additional 10%.

The most efficient low volume, non-battery systems use positive
displacement DC Pumps.

7.6.4 Solar power with Positive Displacement pump

Unlike the centrifugal pump, the positive displacement pump will produce
discharge flow whenever it is rotating. Positive Displacement pumps are of
several different types, namely; Diaphragm, Rotary Vane Piston and Jack
pumps. They are available in a wide range of sizes from 1 HP down to an
incredible 0.1 HP. The low power pumps offer cost savings due to smaller
PV arrays and reduced pipe size (pipe size is minimized by low rate

pumping)

Positive displacement pumps however require higher starting torque
(current) and are usually coupled to the PV array through a MPPT. MPPT or
Linear Current Boosters (Solar pump controllers) deliver high current even
in low light conditions by increasing the current at the expense of lower
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voltage. This allows pump operation throughout the solar day, however
slowly, even in moderately cloudy conditions.

As long as sufficient current is available to overcome the torque required to
start the pump, water will be discharged even at very low irradiance such as
early in the morning or under cloud cover. However, it is worth noting that,
for a particular irradiance, increasing the head from Low Head (LH) to a
High Head (HH), leads to an increase in current being drawn, resulting in the
pump running at high voltage, with consequence danger of over speed,
particularly ay lower heads [240].

7.7 Features of solar pumping (PVPS)

Solar pumping also known as photo voltaic pumping display unique features
different to that of conventional pumping. Following are the important
features salient to solar pumping:

7.7.1 Mounting of solar array

The photovoltaic array (solar panels) can be mounted on a post, frame or on
the roof, but whatever the array mounted on, it should be stable enough to
withstand strong winds. The array should ideally be oriented toward true
south, but deviations of 15 degrees east or west should not significantly
affect performance [240].

It is found that tracking units that track the sun as it moves across the sky
significantly enhances the performance of the PV array (by as much as 50%),
though costly, is suitable for higher pumping outputs in direct drive systems.
The solar panels should be tilted at an angle to horizontal to maximize power
output. For year-round use, the tilt angle should equal the latitude of the site
plus or minus 10 degrees.

7.7.2 Battery use

For the battery powered systems, it is important to use good-quality deep-
cycle batteries and to incorporate electrical controls such as blocking diodes
and charge regulators to protect the batteries [240].
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7.7.3 Efficiency improvement of PVPS

Solar pumping technology continues to improve. In the early 1980s the
typical solar energy to hydraulic (pumped water) energy efficiency was
around 2% with the photovoltaic array being 6%-8% efficient and the motor
pump set typically 25% efficient. Today, an efficient solar pump has an
average daily solar energy to hydraulic efficiency of more than 4%.
Photovoltaic modules of the mono-crystalline type now have efficiencies in
excess of 12% and more efficient motor and pump sets are available. A
good sub-system (that is the motor, pump and any power conditioning)
should have an average daily energy throughput efficiency of 30-40%.

7.7.4 Maintenance of a PVPS

One of the main advantages of a solar powered pumping system is its
simplicity and durability. The pump is the only part of the system having
any moving parts, and it comprises a relatively small portion of the total
system cost. Unless the system is installed in an extremely dusty area,
occasional inspection of the wiring and the general appearance of the panels
will be all that is necessary. Panels can be cleaned with plain water and a
soft cloth. The frequency of inspection should match the amount of storage
available. For example, if the system incorporates a three day supply of
water and/or energy in storage, then it should be inspected at least every
three days [240].

7.7.5 Sizing solar pumps

The hydraulic energy required (kWh/day)

= volume required (m*/day) x head (m) x water density x gravity/ (3.6x10°)
=0.002725 x volume (m®day) x head (m) (41)

The solar array power required (KWp)

= Hydraulic energy required (kWh/day) (42)

Av. daily solar irradiation (kWh/m?/day x F x E)
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Where F = array mismatch factor = 0.85 on average and
E = daily subsystem efficiency = 0.25 — 0.40 typically
7.7.6 Solar powered pumping for typical RTRWH systems in Sri Lanka

For a typical domestic RTRWH system, the storage facility is placed at or
just below ground level, thus presenting a low pumping head, usually less
than 25 m for a single or two storey houses. In domestic situations, the
service water requirements are small (approximately 210 L per person, per
day), hence the average daily pumping demand is maintained below 1000 L
for a typical household of 4 occupants.

Sri Lanka, is a tropical country with a latitude (6°-9°%) above the equator in
the northern hemisphere, experiencing an abundant solar irradiation at 4.5 —
6 KWh/m?, ideally suitable for harnessing solar power for pumping water
throughout the year. However, as in most tropical countries, frequent cloud
cover block direct solar radiation varying the PV power output thus affecting
the smooth operation of the pump requiring a battery backup. Solar tracking
could improve performance but the high cost associated and the absence of
extreme weather conditions does not warrant such. Since most roofs are of
inclined type at 14° — 25°, solar panels could be easily mounted on the roof
without additional support structures.

Of the pumping types, centrifugal pumps are found to be not so suitable for
solar pumping in Sri Lanka due to the following reasons:

e Inherent low efficiency of centrifugal pumps (30% -35%) requiring
larger solar arrays increasing the total system cost.

e Requirement of inverters and battery systems further dropping the
system efficiency

e Auvailability of relatively high heads, in two story houses for example,
requiring multi-staging

e Low average daily service water demand not requiring a high speed,
high volume operation.

e Frequent non-operational time-outs as a result of power output
variations due to cloudy conditions inherent to climatic conditions of
Sri Lanka.
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Hence, a slow operating, low discharge DC positive displacement pump is
ideally suitable for RTRWH systems in Sri Lanka. Such a pump could
ideally be diaphragm type, surface mount and low discharge at a minimum 2
L/min, with the system being assisted by MPPT for smooth operation.
Further, positive displacement pumps usually operate at 60% - 70%
efficiency, lowering the power requirement thus dropping the cost of the
PVPS [241].

Using a battery backup is not desirable due to drop in overall efficiency, but
could be useful in monsoon periods when prolonged cloudy conditions
occur. However, a bigger water storage facility in the header tank can
eliminate the battery hence eliminating the maintenance cost though the
overall system cost could be the same. That is because the cost of a higher
capacity header tank with a support structure could be closer to the cost of a
battery.

It can be calculated that the availability of 8-9 hours of sun in the
intermediate climatic zone (ICZ) can be utilized to the maximum in
installing 2 L/min diaphragm type positive displacement pump for RTRWH
situations in Sri Lanka, pumping approximately 1000 L/day, fulfilling the
daily water requirement. A set of sensors installed at the OHT can be used to
cut-in and cut-off the pump according to the water level.

7.8 Economic and environmental impact of RWH systems

To assess the economic and environmental impact of RWH systems, life
cycle based computer models such as EEAST has been developed. (EEAST
stands for Economic and Environmental Analysis of Sanitary Technologies).
The criteria that EEAST calculates for decision making are; water savings,
Net Present Values (NPV) and payback periods (PP) for energy, GHG and
discounted cost. EEAST provides a foundation framework for LCA studies
on RWH systems. It is reported that the PP for cost is generally more than
the PP for energy, which in turn is greater than the PP for GHG primarily
due to energy and emission intensive nature of the centralized water and
waste water infrastructure.

Life cycle cost (LCC) of using rainwater systems can be estimated and
compared to the costs of alternative water sources for households over the
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same period of time and if LCC of RWH systems are greater than the cost of
alternative water sources, they are not financially considered viable from the
perspective of the households. In the models, building characteristics,
occupancy and precipitations are used for sizing and then life cycle costing
(LCC) and life cycle assessment (LCA) methods are used to estimate cost,
energy and GHG emission payback periods.

The application of environmental criteria to the study of RWH utilization is
so far underdeveloped and LCA is a useful tool to obtain quantitative data
for decision making. In the LCA of RWH systems in urban environments, a
more accurate and broader understanding can be achieved if analyses on
alternative water supply methods, alternative water infiltration systems,
distribution infrastructures, different methods of rainwater disinfection are
included in addition to environmental evaluation of different components of
the system and treatment processes. Research indicates that in terms of
energy and materials, RWH system manufacturing and operation have more
impacts on the environment than a reticulated water supply, especially when
a pump is needed [6].

The possibility of integrating a tank distributed over the roof in the design of
a building rather than constructing an underground tank generally reduces
the environmental impacts up to 4.7 times in the compact urban design, and
1.5 times in the diffuse [6].
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