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Abstract
South Africa is a water scarce country, struggling with post-apartheid inequalities, and sociopolitical issues relating to limited space availability coupled with large unemployment, rapid
population growth and urban sprawl. Two Rivers Urban Park (TRUP) is a greenfield site in
Cape Town that is situated adjacent to the confluence of the Liesbeek and Black Rivers.
The TRUP development is one of three projects forming part of the Density Syndicate
initiative, which is a “joint research-by-design project”. The syndicate’s vision for the site was
for 5200 residential units (comprising 50% social housing), commercial and light-industrial
areas and a 17-hectare recreational park. TRUP is currently in the planning phase of
development and needs to be a high density development which incorporates proper water
management practices.
This research project aimed to provide a conceptual design of a sustainable water
management system for a specific site, for a precinct of the TRUP development abutting the
confluence. The design for this site incorporated Water Sensitive Urban Design (WSUD)
principles. The aims were to minimise the demand for potable water supplied by the
municipality, and to improve the quality of the water retuning to the rivers and aquifers.
In order to model the forecast water demands for the site, a conceptual development was
designed. The design incorporated the Density Syndicate’s vision for the TRUP project, and
embraced assumptions and deductions about the income profiles, the residential unit
dimensions, the building heights, the land-use allocation and the configuration of the site.
The conceptual design of the site was used for developing demand management systems.
An end-use demand model was used to investigate water efficient devices and utilisation of
alternative water sources in order to reduce the potable water demand. The provision of water
quality management systems on the site included the conceptual design of Sustainable
Drainage Systems (SuDS) which were selected and assessed for their pollutant removal
abilities.
The efficacy of the potable water saving potential of the proposed design reduced the
demand for potable water by 44% (as compared to conventional water management practises).
The final demand for potable water was reduced from 38ℓ/s to 22ℓ/s, within the supply
constraint of the municipality. The quality of the water leaving the site was evaluated according
to the proposed treatment mechanisms designed. Results from an impact assessment displayed
that the water flowing out of the site would have ‘high biological diversity’ and ‘very good’
ecological potential. A total water balance was developed for the site.
The proposed integrated water management system investigated in this research project
significantly reduced the potable water demand on the site, and implemented appropriate water
quality management measures to improve the quality of water exiting the site.
In conclusion, the integrated water management system would be a viable proposition to
implement at the TRUP site.
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Glossary
Annum

a year

Artificial recharge the process of increasing the ground water by artificial means
Blackwater

effluent from toilets

Capita

person

Dark greywater

effluent from dishwashers and kitchen sinks

Diurnal

during the day

Effluent

liquid discharged as waste

End-use

the application for which a product has been designed

Evapotranspiration the sum of the evaporation and plant transpiration from the Earth’s land
and ocean surface to the atmosphere
Faucets

taps

Flowrate

amount of fluid that flows in a given time

Greenfield

undeveloped land in a city

Income bracket

a category based on the amount of income that is earned

Income profile

categorising a person according to the amount of income they earn

Influent

an inflow of a liquid

ℓ/c.d

litres per capita a day

ℓ/d

litres per day

ℓ/s

litres per second

Light greywater

effluent from end-uses that include showers baths taps washing machines

m3/a

cubic metres per annum

m3/d

cubic metres per day

mS/m

unit of electrical conductivity of a solution

Perimeter block

an apartment block designed around an internal court or garden

Precinct

a space enclosed by walls or other boundaries or an imaginary line

‘The site’

the selected precinct that this research project is investigating

Water cycle

the cycle of evaporation and condensation that controls the distribution of
the earth's water as it evaporates from bodies of water, condenses,
precipitates, and returns to those bodies of water (also known as
hydrological water cycle)
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1. Introduction
1.1 Background information
Water scarcity, urbanisation and global warming are phenomena which have resulted in excess
water demand. South Africa is experiencing water supply shortages, leading to insufficient
amounts of good quality water being provided by the municipalities, predominantly to the
economically undeveloped (Dungumaro, 2007; StatsSA, 2010). This is exacerbated by current
human population growth rates which are rapidly increasing, and inefficient use of space in an
urban environment. These factors have has led to a degradation of the water cycle. (Density
Syndicate, 2014a; Marten, 2001).
Sustainability is defined as the maintenance of social, economic and environmental
resources (Goodland & Daly, 1996). A sustainable development refers to one that meets the
present demand of the population and environment, without comprising the future demands
(US EPA, 2013). The City of Cape Town (2013b) has expressed that “there is an urgent need
to protect and rehabilitate ecological systems and to encourage mutually beneficial
relationships between people and the natural environment” within the city.
Conventional urban water management practises and urbanisation have led to the
degradation of the natural hydrological cycle (Armitage et al., 2012b). This has increased the
need for alternative water management strategies. These strategies have led to the
implementation of sustainable and innovative practises which promote the natural hydrological
cycle. Integrated urban water management systems aim to adopt a holistic approach to water
handling, aiming to minimise the impact on rural water resources (with regards to quantity and
quality), and aim to maximise its value within the city (Armitage, 2013). This has progressed
into a set of principles, which have been termed Water Sensitive Urban Design (WSUD), that
inform planning and design approaches to urban development and aim to integrate the
management of urban water (Armitage et al., 2014a).
This research project investigated various WSUD measures to be implemented in the
proposed development of the Two Rivers Urban Park (TRUP), in Cape Town. TRUP has been
a progressive development that was initiated in July 1998 (then called Black River Urban Park)
(CoCT, 2002). The proposed development of TRUP began as an investigation into the
feasibility of an upgrade of the surrounding areas including the Oude Molen Village and
Valkenberg, but later evolved into a more extensive development framework. The TRUP
project aimed to create a densely populated development, in order to address urban sprawl, and
post-apartheid inequalities (CoCT, 2013; City Think Space, 2012). The development of TRUP
is currently in the planning phase as part of a “think-tank initiative” by the African Centre for
Cities (ACC) and International New Town Institute (INTI).
TRUP is located at the confluence of the Liesbeek and Black Rivers, and is surrounded
by a variety of land-users including the Oude Molen Village; the Maitland Garden Village; the
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Mowbray Golf Course; the South African Astronomical Observatory and Valkenberg East. The
TRUP site is located nearby to a variety of transport linkages, and is surrounded by suburbs of
varying economic and social classes, thus increasing the potential for future development (City
Think Space, 2012).

1.2 Problem statement
RSA is a water scarce country (DWA, 2013), with a population growth rate that is rapidly
increasing (StatsSA, 2011). RSA cities still remain segregated after two decades of democracy,
largely due to the legacy of spatial planning during Apartheid. This has led to urban sprawl,
gated communities and impoverished townships (Density Syndicate, 2014a). The Density
Syndicate is using densification as a tool to integrate fragmented societies, whilst
simultaneously implementing environmentally conscious urban designs. These promote the use
of natural resources which allow social and environment integration to facilitate sustainability
(Provoost, 2014).
An investigation was carried out to in order to determine the viability of implementing an
integrated water management system within a WSUD framework for the proposed TRUP
development. This study focussed on one precinct on the TRUP site (later referred to as ‘the
site’), that comprises one quarter of the site area. The goal was to produce a conceptual
framework for the management of water on the site.

1.3 Research aims and objectives
The primary aims of this research project are:


To minimise the demand for potable water within the site; and



To improve the quality of water leaving the site to receiving waters.

In order to achieve the two aims, the following objectives were necessary:


To propose a reasonable building design for the site in line with the Density Syndicate’s
vision for it;



To implement water efficient devices to manage the water demand;



To make use of alternative water sources to satisfy demands;



To develop a conceptual model for the projected water flows on the site, which consisted
of water demands, water supplies and effluents;



To provide a conceptual design for a water quality management system, making use of
Sustainable Drainage Systems (SuDS);



To develop a total water balance for the site.

Caitlin Wale: Research project
Chapter 1: Introduction

1-3

1.4 Scope and limitations
This research project is based upon a proposed development of the TRUP project by
Density Syndicate, which is in its preliminary design phase. Assumptions regarding
proposed development were required in order to develop a conceptual model quantifying
water demand, water supply, stormwater flow values and effluents for the site. Therefore,
results were conceptual and would require further detailing during final design stages.

the
the
the
the

There were time constraints for the research project, which was investigated and written
in the second semester. This entailed four months, of which five weeks of the semester was
dedicated to completing a design project.
The design of the SuDS was not detailed, due to the the nature of the TRUP development
which is currently conceptual. The design for stormwater systems was limited to the site, which
comprises one precinct of the proposed TRUP development.

1.5 Plan of development
The plan of development for this thesis begins with an introduction to the background
information and the research aims and objectives for this research project (Chapter 1), followed
by a literature review providing data to supplement the research (Chapter 2). Chapter 3 explains
the Density Syndicate’s vision for the site, and Chapter 4 identifies the research methodology
that was adopted. The evaluation of the site is discussed in Chapter 5, followed by the results
of the proposed integrated water management design (Chapter 6). Chapter 7 contains a
conclusion that assesses the outcomes to the research objectives, followed by recommendations
for future research in a similar field.

Caitlin Wale: Research project
Chapter 1: Introduction

2-1

2. Literature review
2.1 Introduction
A literature review was compiled in order to highlight the need for reconceptualising urban
planning in South Africa, relating specifically to the water service provision that could be
adjusted to incorporate sustainable methods in view of the pressing scarcities that the country is
experiencing.

2.2 Urban water infrastructure in South Africa
The current urban infrastructure in South Africa is not geared to promote efficiency and
sustainability with regard to water services (Armitage et al., 2014), nor is it aimed at promoting
densification within the urban landscapes, or social integration between the differing social
groups within it (Provoost, 2014). This section will highlight the need for an integration of
WSUD principles within cities (focusing on Cape Town), as well as how the city would benefit
from creating densely populated and socially integrated developments.

2.2.1 Water scarcity in RSA
RSA has a mean annual precipitation of approximately 500mm, which is less than two thirds of
the global average rainfall (RSA, 1999). RSA is categorised as a water scarce country by the
Department of Water Affairs (DWA, 2013). It is thus pertinent that water use is minimised in
RSA through the appropriate usage of legislation, engineering and research in the
implementation of urban design, planning and management with water as a primary concern.
The mean annual precipitation for the site is 618mm, measured from a station in
Observatory with daily readings over ten years. This is roughly 100mm more than the RSA
mean annual precipitation, but is still a low intensity, and thus the site would benefit greatly
with the implementation of water mechanisms that maximise the available water sources and
replenish the available sources (surface waters, groundwater and river water) with water that is
of required quality.
Conventional methods of urban water management are based on a linear model, whereby
the water is collected from the source, delivered to users, consumed and then disposed of
through various treatment processes. The City of Cape Town currently sources approximately
98% of its potable water from locations outside of the city, yet the city contains multiple
aquifers that are being underutilised or not utilised at all (Armitage, 2011); one of many
examples of inefficient and unsustainable water service delivery mechanisms.
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The conventional methods of water handling entails different municipal departments
treating water sources (namely stormwater management; water supply; and sewage collection,
treatment and disposal) as separate entities. This conventional linear method of urban water
management leads to unnecessary water wastage that could be avoided through the
implementation of WSUD philosophy that adopts a holistic approach (e.g. greywater reuse,
stormwater harvesting) (Armitage et al., 2014).
Citizens in RSA are not receiving adequate amounts of potable water (StatsSA, 2010).
Implementing WSUD where possible in RSA would result in more water being available for
secondary uses (toilet flushing, irrigation systems and washing machines/dishwashers) (FisherJeffes et al., 2014). The WSUD philosophy differs from those of the conventional model in that
it adopts a cyclical pattern. The water that has fulfilled its purpose and would otherwise be
disposed of, is recycled and/or reused as an input to another end use, and so the cycle
continues. This method of water usage is conservative and reduces water wastage. The different
water handling methods for conventional versus sustainable approaches are displayed in Figure
2-1.

Figure 2-1: Conventional versus sustainable water handling approaches (Howe et al.,
2011)
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2.2.2 Post-apartheid inequalities
The current architecture of neighbourhoods in South Africa is based on Western European
principles from the 20th Century and reflects the political regime of the Apartheid Era
(Provoost, 2014). During this time of Apartheid and racial segregation, large communities were
relocated to areas that had people of their same racial classes, and there were legal constraints
against the integration between people of different racial communities, thus creating ‘closedcommunities’. After more than 20 years of South Africa being a democracy, supposedly
allowing for equal human rights and thereby access to services, there are still large inequalities
amongst differing social groups with varying wealth disparities that are being exacerbated by
the urban infrastructure that surrounds them (Dungumaro, 2007; Provoost, 2014).
The fact that many people are not receiving the basic services of potable water and access
to sanitation, conflicts with the need for innovative and sustainable water management in RSA
(StatsSA, 2010). This lack of service provision and unfair wealth and resource distribution is
largely as a result of the nature of urban planning during the Apartheid regime.
The Density Syndicate (2014) describes this inequality as ‘neo-apartheid separation’,
where there are large disparities in the levels of service between the affluent high-income
groups and the impoverished people that make up a large proportion of the country’s
population. It is therefore in the government’s interest to first deliver basic water services,
before stressing the importance of upgrading urban water systems to fall under the ‘green’
classification that comes with a city governed by WSUD principles.

2.2.3 Hydrological effects of urbanisation
Population growth and urbanisation are putting increasing demands on cities’ services and
infrastructure. Cape Town alone has a population of over 3,75 million people, with an
increasing growth rate (StatsSA, 2011).
Urbanisation is the movement of people from the rural to urban areas, in search of work,
resources and services (Population Issues, 1999). One of the driving factors of urbanisation is
the differing levels of service delivery across the country. Population Issues (1999) states that
rapid urbanisation strains “the capacity of local and national governments to provide even the
most basic of services such as water, electricity and sewerage”. The efficiency of existing
infrastructure can become redundant after unpredicted urbanisation, and requires adjustments
and meticulous urban planning in order to accommodate for the increased demands on services.
Not only does urbanisation have an effect on the density of people in the urban areas, it
also has severe impacts on the natural hydrological cycle of the city. The increasing space that
is occupied by people settling in urban areas creates an increase in the amount of impervious
surfaces that cover it. This prevents the natural infiltration of stormwater and other surface
waters, which may lead to an increase in the peak flow rates of floodwaters, coupled with a rise
in the total flow resulting in extreme flooding events during the wet seasons, and a decrease
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infiltration which can result in drought during the dry seasons, and therefore the amplification
of hydrological events in general (Armitage, 2013a).
Flood risks are dramatically increased with rapid urbanisation, and appropriate drainage
systems must be implemented to cater for increased volumes of water. Figure 2-2 displays the
change in the water’s flow rate with time as a result of urbanisation.

After

Before

Figure 2-2: Urbanisation effect on flow hydrograph (US EPA, 2014a)

2.3 Importance of WSUD
WSUD principles guide water management in a sustainable direction, and improve water
quality in built-up areas, add aesthetic value to the space and enrich the liveability of a city
(Healthy Waterways, 2014). Armitage et al. (2014a) describe WSUD as a “planning / design
approach that aims to integrate water cycle management with the built environment”. WSUD
principles aim to minimise the effect of urban development by integrating water management
systems with a site’s natural features (Healthy Waterways, 2014). WSUD principles adopt a
holistic approach of handling water, integrating stormwater, water supply and sewage
management in ways that minimise the effects on waterways, are cost-effective, make sites
cooler and greener and build healthy communities (Healthy Waterways, 2014).
The negative effects that hardened urban surfaces have on the natural water cycle; are
largely recovered through the implementation of WSUD, as seen in Figure 2-3.
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Natural water cycle

Conventional water management

Sustainable water management

Figure 2-3: Effect of development and WSUD on hydrological cycle (Hoban & Wong,
2006)
In order for the effective implementation of WSUD principles, it is pertinent that the
infrastructure and systems that are incorporating them do so in a holistic manner. This research
project aims to develop a conceptual design for the TRUP project that deals with all water
consumption and handling in a holistic manner.

2.3.1 WSUD in South Africa
Although RSA has many aspects of its economy that seem to have evolved to a state that can
be compared to that of a developed country, its wealth is not equally distributed. The country
will face challenges with adjusting its economy from being resource-intensive to one that is
sustainable (Armitage et al., 2014). However, in order to accommodate the influx of people to
urban areas, and the resultant pressure on infrastructure and services, it is vital that the trends in
water consumption change.
The World Health Organization (WHO) states that a person could survive on less than 50
litres of water per day (as a minimum guideline) (WHO, 2006). The current average daily water
usage per capita in Cape Town is over 200 litres of water per day, more than quadruple
minimum guideline amount (Fisher-Jeffes et al., 2014; WHO, 2006). A transition to the likes of
what is known as a Water Sensitive City (WSC) would reduce the water consumption in RSA
and help alleviate the consequences associated with a water scarce city. A WSC is described by
Brown et al. (2008) as one which makes use of urban layout designs that make water its main
priority.
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It is from the WSC paradigm that WSUD has evolved (Engineers Australia, 2006). The
principles on which WSUD are based result in a greater quantity of water, of better quality than
with conventional water management systems (Armitage et al., 2014). WSUD is defined by
Engineers Australia (2006) as “an approach to urban planning and design that integrates land
and water planning and management into urban design. WSUD is based on the premise that
urban development and redevelopment must address the sustainability of water”.
From the above mentioned information regarding the water scarcity experienced in RSA,
the ‘neo-apartheid segregation’, the lack of basic water services not being met and the
comparison of the conventional versus the WSUD water management systems, it is evident that
the TRUP project would benefit from the implementation of WSUD philosophy. In order for
this project to be successful, it is pertinent that the systems are designed to be self-sustaining
with minimal waste and efficient recycling (Armitage, 2014b).
An investigation to the systems that adopt a more sustainable and holistic approach to
water management systems was undertaken to ascertain the feasibility of implementing them
on the site. This includes water demand management through water efficient settings, the use of
Sustainable Drainage Systems (SuDS) to manage surface water quality and flow; the use of
alternative water sources and the practise of artificial recharge.

2.4 Water demand management
The daily water demand per household can be separated into its end-uses based on international
studies. Figure 2-4 shows a typical breakdown for domestic indoor water demands end-uses
based on literature and derived by Fisher-Jeffes et al (2014).

2%

17%

2%

26%

Toilets
Showers/baths
Washing machines
Faucets
Dishwasher

24%
29%

Other

Figure 2-4: Typical end-use water demand breakdown for urban areas in South Africa
(Fisher-Jeffes et al., 2014)
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2.4.1 Water end-use demand
Jacobs & Haarhoff’s (2004) study on the comparison of standard and water efficient devices
list values of water demand per individual device per event, as well as the average amount of
daily events per person. Table 2-1 gives a summary of the results found in the investigation.
Examples of water efficient devices are illustrated in Table 2-2a and Table 2-2b.
Table 2-1: Summary of water usage per end-use type (Jacobs and Haarhoff, 2004)

End Use

Unit of
Measurement

Low

Medium

Low

Medium

Values

Values

ℓ/c.d

ℓ/c.d

litres/event

39,00

80,00

events/person/day

0,22

0,24

litres/event

7,60

59,10

events/person/day

0,19

0,31

litres/event

0,30

3,80

events/person/day

3,40

3,60

litres/event

4,00

6,00

events/person/day

0,90

1,90

litres/event

2,00

3,00

events/person/day

0,90

1,90

litres/event

15,10

24,00

events/person/day

0,18

0,25

litres/event

0,60

6,70

events/person/day

2,00

2,00

litres/event

0,56

2,49

events/person/day

1,00

1,00

litres/event

60,00

113,60

events/person/day

0,12

0,30

Bath

Shower

Bathroom Basin
Toilet1

Toilet2

Dishwasher

Kitchen Sink

Miscellaneous

Washing Machine
Total (ℓ/c.d)
1

Indicates the small flush of a dual flush toilet system

2

Indicates the large flush of a dual flush toilet system
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8,58

19,20

1,44

18,32

1,02

13,68

3,60

11,40

1,80

5,70

2,72

6,00

1,20

13,40

0,56

2,49

7,20

34,08

28,12

151,67
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Table 2-2a: Examples of water efficient devices
Device

Figure

Water saved

Multi-purpose bath
60%

40%

Purpose
Bath that can adjust the
quantity of water required
filling the desired level by
adjusting the tilt of the base,
concentrating
the
water
stream to a section of the
bath.

20%

Figure 2-5: Multi-purpose bath
(Spicytec, 2014)

Aerated
showerheads
60%

Functions by restricting water
flow and aerating the
particles, whilst maintaining
a high pressure.

Figure 2-6: Aerated shower-head
(Room H2O, 2013)

Dual-flush toilets

45%

Figure 2-7: Dual flush toilet
(Fluidmaster Pro, 2011)
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System functions on twodifferent volumes depending
on the purpose of the flush.
For
liquid
waste,
a
significantly smaller amount
of water is required to
remove
the
unwanted
material.
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Table 2-2b: Examples of water efficient devices
Device

Figure

Timed flow aerated
tap

Water saved

80%

Purpose
Low flow aerated tap that
operates on a spring basis
that stops flowing once fully
extended.

Figure 2-8: Timed flow tap
(Britex, 2014)

Eco-conscious
dishwashers
50%

Dishwashers
that
are
designed
to
be
environmentally conscious
with regards to energy and
water, by using stainless steel
finishes to retain heat as
opposed to plastic finishes
and designed to utilise less
water whilst cleaning.

Figure 2-9: Eco-conscious dishwasher
(Inhabitat, 2007)
Ozone and water
reclamation
washing machine
40%

Washing machine that reuses
the water through out the
washing
processes
and
requires minimal heating to
clean.

Figure 2-10: Water and energy saving
washing machine
(Cherry Tree Machines Ltd., 2011).

Note: values and data regarding devices are based on individual products, accessed on the link in the references
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2.5 Water quality and quantity management
The idea of handling stormwater from an environmentally aware perspective can be referred to
as Sustainable Drainage Systems (SuDS). SuDS are incorporated when considering the use of
WSUD in the planning process of new developments, or the upgrading of existing ones
(Armitage et al., 2014a). SuDS are implemented in urban areas to manage the stormwater
runoff by attenuating water quantities and amending water qualities through adopting drainage
systems holistically (Armitage et al., 2013).
SuDS make use of permeable surfaces, filters and infiltration devices. The combination
of these leads to secondary water sources (through, for example stormwater runoff,
groundwater recharge) that are of higher quality, and more quantity of water feeding back into
the system (Armitage et al., 2014a). The use of a series of SuDS results in an increase in
infiltration and subsequent decrease in runoff, allowing a slow runoff path to develop for
evaporation and infiltration to occur naturally. This prevents the downgrading of the
downstream habitat and watercourses that a conventional drainage system would otherwise
destroy (Armitage, 2013). SuDS essentially aim to reproduce the natural hydrograph (as shown
in Figure 2-2), whilst adding to the aesthetics of the area.
There are a variety of SuDS that can be used collectively to make up a ‘treatment train’
(Armitage et al., 2012a). The concept of the treatment train is based on the position of the
treatment process, within the natural water flow path. The train is separated into three
categories: source controls, local controls and regional controls.


Source controls: manage stormwater at the earliest possible stage of its hydrological
cycle. These are usually located close to their source.



Local controls: handle stormwater in a local area, and often are dealt with using the road
reserves.



Regional controls: are systems that handle stormwater from multiple developments.

These different controls collectively make up twelve SuDS systems, as listed in Table 2-3. An
explanation of each system is provided later in this section.

Table 2-3: Twelve SuDS systems (Armitage et al., 2012a)
Source Controls

Local Controls

Regional Controls

Green roofs

Bio-retention areas

Retention ponds

Rainwater harvesting

Filter strips

Detention ponds

Permeable pavements

Infiltration trenches

Constructed wetlands

Soakaways

Swales
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Figure 2-11: SuDS Treatment Train (Armitage et al., 2012b)

Figure 2-11 illustrates the relationship between each of these controls, and displays the
combination of each making up the treatment train.

2.5.1 Green roofs
Green roofs are vegetative layers on a building rooftop, and are aesthetically pleasing in built
up areas as seen in Figure 2-12.

Figure 2-12: Example of a green roof in an urban setting (Hein, 2014)
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Green roofs reduce air pollution in surrounding areas and create habitats for a variety of species
(US EPA, 2014b). Green roofs are beneficial for insulation purposes in buildings, therefore
reducing the demand on energy for temperature regulation (Armitage et al., 2012a).
Green roofs can play an important role in the treatment of stormwater quality, by filtering
out pollutants from rainfall and decreasing the runoff rate of the stormwater (US EPA, 2014b).

2.5.2 Rainwater harvesting
Rainwater harvesting is the practice of collecting stormwater (usually from the roofs of
buildings) to use as an alternative source to potable water. Kahinda et al (2010) explains that
rainwater is a viable alternative water source in urban areas in response to “the high demand for
water due to urban growth and would help mitigate the effects of climate change”.
The process of rainwater harvesting is relatively simple; the water from rain falls on an
impervious surface, such as a roof, where it is directed down the sloped surface and into a
drain. The rainwater is then diverted to a storage device, such as a tank (Woodward, 2013).
This water would require further treatment in order to maintain the stipulated quality standards
for potable water, but is able to serve as a safe secondary source for non-potable uses without
treatment. Studies have shown that the use of rainwater for washing machines is the most
financial viable option (Morales-Pinzón et al., 2013).

2.5.3 Permeable pavements
Permeable pavements are surfaces that promote the infiltration of stormwater runoff to layers
lying beneath porous paving blocks (Armitage et al., 2012a). Through allowing the passing of
stormwater, permeable pavements can help to alleviate some of the negative hydrological
effects conventionally created in urban built-up areas.
The use of permeable paving aids with groundwater recharge, and can be underlain by
various layers of subgrade (including sand filters) to assist in the removal of unwanted waste
that gets collected in surface waters. The stormwater runoff goes through a series of sub layers
that filter the pollutants out, and allow for the through-passage of water to aquifers or a
perforated underdrain that conveys the water to other drainage systems (to soakaways, for
example) (Armitage et al., 2012a).
Typical materials that are used for permeable pavements include brick pavers, concrete
pavers, stone chip, gravel and even grass when the loading does not exceed the reinforcement
of the paving (Armitage et al., 2012a). Figure 2-13 displays a cross-section of a typical
permeable pavement.
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Figure 2-13: Cross-section of a typical permeable pavement (CST, 2011)

2.5.4 Soakaways
Soakaways are relatively large pits that are excavated from the ground, and filled with various
layers of coarse, porous aggregate (Armitage et al., 2012a). Soakaways actively act to remove
suspended particles in stormwater runoff, whilst simultaneously decreasing the volume and
flowrate of the runoff. Whilst soakaways can potentially handle relatively large volumes of
groundwater recharge, they do not operate effectively in areas with shallow groundwater tables
(Armitage et al., 2012a).
Soakaways can serve large areas of land (between 1000 and 100,000m2), and are only
suitable to areas with fast draining soils and groundwater tables of at least 1.5m below the
surface (Wordwood, 2013). The determination of the required soakaway volume is governed
by the rainfall in a given area (Cormaic, 2014). A cross-section of one type of soakaway, with a
geo-membrane separation layer, can be seen in Figure 2-14.

Figure 2-14: Cross-section of a soakaway (Cormaic, 2014)
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2.5.5 Bio-retention areas
Bio-retention areas, also known as ‘rain gardens’ are zones of depressed land that are
composed of a combination of natural filtration components that aid in managing stormwater
quality (Meliora Design, 2014). These components can be composed of grassessed strips, sand
beds, layers of mulch, temporary ponds and a wide variety of vegetation that collectively acts
as a filter to reduce pollutants from the runoff (LID Center Inc., 2014).
Bio-retention areas act most efficiently during periods of light rainfall over an extended
duration. They act to reduce flood peaks by reducing the stormwater runoff volumes and rates
(Armitage et al., 2012a). Bio-retention areas tend to be ineffective in areas of steep landscapes
where the runoff rate is too high for sufficient infiltration; and can be problematic in locations
with shallow groundwater tables, as clogging can occur (Armitage et al., 2012a).
In ideal landscapes, the implementation of bio-retention areas can effectively remove
heavy metals from the runoff. Studies of constructed bio-retention cells conducted by the LID
Center (Inc.) (2014) have shown instances of effective filtration of: 98% lead, 99% zinc and
90% copper from waters with high heavy metal content. Figure 2-15 shows an example of a
bio-retention area in Phoenixville, which proved to work effectively by temporarily storing
excess stormwater, filtering pollutants out the surface water and attenuating the runoff rate.

Figure 2-15: Bio-retention area in Phoenixville (Meliora Design, 2014)
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2.5.6 Filter strips
Filter strips, also refer to as vegetated, urban or overland filter strips, are vegetated areas that
are designed to take sheet flow from adjacent impervious areas (Chesapeake, 2014). Filter
strips function by trapping sediment and allowing the through-flow of soluble nutrients in
runoff in the form of infiltration.
Filter strips promote sedimentation in surface waters, and function well as a pre-treatment
to stormwater before it enters the receiving waters (Armitage et al., 2012a). Filter strips have
limited storage capacities and therefore do not reduce the stormwater flowrate drastically, and
are not suited to steep areas or waters moving with high velocities (Susdrain, 2014). Figure
2-16 displays a filter strip abutting a roadside that has filtered out sand sediment that is
deposited on the road.

Figure 2-16: Filter strip causing sedimentation on roadside (Chesapeake, 2014)

2.5.7 Infiltration trenches
Infiltration trenches are excavations filled with material that have large void spaces (for
example rubble or stone) with the ability to temporarily store stormwater runoff, where it is
given the opportunity and time to infiltrate into the groundwater (Susdrain, 2014). Infiltration
trenches effectively remove suspended particles from stormwater, and are ideal in urban
settings due to their relatively narrow cross-sectional area and can be retrofitted where
necessary (Armitage et al., 2012a). They are best suited to areas with even landscapes, located
adjacent to impermeable transportation links (such as roads and footpaths).
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Figure 2-17: Infiltration trench abutting parking lot (Susdrain, 2014)
Infiltration trenches can significantly reduce both the runoff rate and volumes of stormwater
flow, thereby decreasing the frequency and extent of flooding (Susdrain, 2014). The trenches
are not suited to locations with coarse soil strata, where contamination of groundwater is
probable, and the backfill of sediment could cause clogging (Armitage et al., 2012a). Figure
2-17 displays an ideal location for a filtration trench, with lateral inflow of stormwater from the
adjacent asphalt parking lot.

2.5.8 Swales
Swales are constructed drainage channels that are vegetated, and convey stormwater runoff in
the direction of receiving waters.

Figure 2-18: Swale in an urban setting (Gloriana, 2010)
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Swales are often used as an alternative to traditional storm sewer pipes (Gloriana, 2010).
Swales promote infiltration of the stormwater through a series of vegetated filters and
underlying strata, whilst not allowing for ponding of water for long periods of time.
Swales require large amounts of land, and are not suitable for steep landscapes, but are
economical and aesthetically pleasing alternatives to storm sewers and kerbs (Armitage et al.,
2014a). Figure 2-18 displays a swale in an urban setting, providing functional and aesthetic
value to the surroundings.

2.5.9 Detention ponds
Detention ponds (or basins) are usually flat areas of grass that are dry except after major storm
events. During heavy rainfall events, excess stormwater can be stored in detention basins,
where space is provided for the water to infiltrate and evaporate with time (Susdrain, 2014).
Detention ponds are generally designed to contain runoff for a period of 24 to 72 hours, thereby
reducing the flood peaks (Armitage et al., 2012a).
Detention ponds can be multifunctional, providing recreational space during the
predominant dry times (for example sports fields, childrens’ play area). In order to serve
multiple functions, operational sediment removal upstream should be ensured (Susdrain, 2014).

2.5.10 Retention ponds
Retention ponds are open areas of shallow water that allow for the storage of excess rainfall.
Retention ponds differ from detention ponds, in that there is permanently a body of water being
retained in the pond that temporarily increases when it rains (Susdrain, 2014).
Retention ponds have similarities to wetlands, but differ in the size of the permanent pool
and the vegetation cover, which are both smaller in a retention pond (Armitage et al., 2012a).
Retention ponds may also be used as a water source for secondary uses such as landscape
irrigation.

2.5.11 Constructed wetlands
Constructed wetlands are a series of systems (vegetation, soils and their microbial components)
designed by engineers and scientists to replicate the functions of a natural wetland, to improve
the quality of stormwater runoff (EPA, 2004). Figure 2-19 displays a constructed wetland in an
urban landscape in Northern China, providing a recreational area and adding aesthetic value to
the surrounding urban landscape (Turenscape, 2011).
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Figure 2-19: Constructed wetland in an urban landscape (Turenscape, 2011)
Constructed wetlands have multiple benefits, including: the effective removal of pollutants
from stormwater runoff; the provision of habitat for land and aquatic species; and they have
attractive aesthetic benefits for nearby land users (Armitage et al., 2014a). The use of wetlands
for greywater cleaning and reuse is described in the next section

2.5.12 SuDS efficiency
The selection of SuDS types is largely dependent on the characteristics of the site where the
systems would be implemented. In addition to the suitability of each drainage system type,
consideration of the relative efficacy with regards to their pollutant removal ability must be
taken into consideration. The combination of a series of SuDS mechanisms synergise to
remove the pollutants that are generally found in stormwater. These pollutants include:


Total Settleable Solids (TSS)



Hydrocarbons



Total Phosporus (TP)



Total Nitrogen (TN)



Faecal Coli forms



Heavy metals

A summary of the efficiency of the respective pollutant removals for each SuDS type is
indicated in Table 2-4.
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Table 2-4: Summary of SuDS pollutant removal ability (adapted from Armitage et al.,
2012a)

2.6 Designating water sources to end-uses
In order to quantify and assess the feasibility of using secondary water sources (to minimise the
demand on potable water), an analysis of individual end-uses is required. Once the required
quantities and qualities of each end-use is known, appropriate SuDS and other water and
energy efficient systems can be integrated to supply and dispose of the water sources in a
sustainable manner.
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2.6.1 Quantifying qualities and quantities of end-uses
In order to select an appropriate source of water, the required qualities for the end-uses were
investigated. Based on the water characteristics required for each end-use and water source
allocations, the total water balance could be calculated. This entailed the selection of primary
(potable) water sources, and/or secondary (rainwater, greywater, and groundwater) water
sources for different end-uses. The water quality required for end-use is ranked from highest to
lowest:
i)

Faucets (taps), showers/baths, dishwasher, other

ii)

Washing machine (Morales-Pinzón et al., 2013)

iii)

Toilets (Armitage et al., 2011; Ushijima et al., 2012)

iv)

Irrigation (Armitage et al., 2011)

These end-use water quality rankings were converted into percentages by equating the relative
quality required for their function (for example, irrigation was assigned the lowest ranking, and
therefore was assigned a ‘1’ whereas Taps were assigned a ‘4’; then the percentage of each was
calculated by their ranking out of the total sum of all the rankings). The percentages were used
to compare typical end-use figures of water demand for a typical household (Fisher-Jeffes et
al., 2014; CSIR, 2000). Figure 2-20 displays the percentage composition of water quantities
and qualities on a bar chart.

35
Percentage (%)

30
25
20
15
10
Quantity

5

Quality

0

End-use

Figure 2-20: Bar chart displaying quality and quantity requirements for end-uses
(adapted from: Armitage et al., 2011; CSIR, 2000; Fisher-Jeffes et al., 2014; Morales-Pinzón
et al., 2013; Ushijima et al., 2012)
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2.6.2 Alternative water sources
Studies regarding the use of secondary water sources to satisfy water demands were conducted
by Adams (2011); Carden et al. (2007); Deyi (2012); DWAF (2011); Fisher-Jeffes (2014b);
Friedler & Gilboa (2010); Friedler & Hadari (2005); Hijikata et al. (2011); Jokerst et al.
(2012); Maclear (1995); Morales-Pinzón et al. (2013); Paula et al. (2012); Singh et al. (2009);
Ushijima et al. (2012).

2.6.2.1 Greywater reuse
Greywater is a form of domestic wastewater, originating from indoor water end-uses such as
bathroom Taps (taps), showers, baths and laundry activities (Paula et al., 2012). The quality of
greywater is highly variable, and can pose potential risks to health from pathogens (Jokerst et
al., 2012). With sufficient filtration and treatment, however the risks associated with greywater
quality can be minimised. Treated greywater could be used as a water source to alternative uses
(such as toilets and irrigation) and become a valuable recourse (Armitage, 2011). An example
of greywater treatment is the process of Ultra-Violet (UV).
UV disinfection is a viable treatment process that reduces the pollutant concentration to
allowable levels, but requires pre-treatment (filtration) in order to remove the suspended
particles (Friedler & Gilboa, 2010). Friedler & Gilboa (2010) conducted a study to determine
the performance of UV disinfection and the microbial quality of greywater, in order to use the
treated greywater for toilet flushing.
The study shows that greywater may contain pollutants in the form of organic material,
microbial agents and high turbidity (suspended materials). Two different tests were conducted
to ascertain the effectiveness of UV disinfection on greywater; one had been pre-treated in a
Rotating Biological Contactor (RBC) and the other in a Membrane Bio-Reactor (MBR). A
schematic layout of the treatment process leading to the toilets is displayed in Figure 2-21.
The results of the effluent quality of both processes indicated in Figure 2-21 yielded
acceptable concentrations of organic matter and turbidity, and a microbial quality greater than
that of potable water (Friedler & Gilboa, 2010).
The economic feasibility of on-site UV disinfection of greywater raises concerns for
small-scale developments. An investigation into the implementation of onsite greywater
treatment yielded that MBR treatment is expensive and unrealistic; however the RBC system
becomes an economically viable option for multi-storey, high-density housing (Friedler &
Hadari, 2005). The feasibility study showed that RBC treatment is ideal for developments with
four or more buildings averaging 10 storeys high, and estimated that UV disinfection would be
a cheaper option for the treatment of greywater for toilet use (Friedler & Hadari, 2005).
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Figure 2-21: Schematic layout of greywater treatment process (Friedler, Gilboa, 2010)

There are risk management guidelines regarding the reuse of greywater. These rules have been
adapted from Carden et al. (2007) and include that:


Greywater cannot be stored for more than 24 hours (and preferably used within a few
hours) (Carden et al., 2007; State of Victoria, 2003)



Kitchen wash water and water that has been used in contact with faecal and or urinal
content cannot be reused (Carden et al., 2007; State of Victoria, 2003).



Greywater must not get in contact with drinking water sources (State of Victoria, 2003)

2.6.2.2 Greywater recycling
Jokerst et al. (2012) analysed the treatment efficiency of a constructed wetland, based on the
removal of pollutants from greywater. The study was aimed at assessing the plausibility of
greywater recycling for irrigation. A constructed wetland scheme was built and tested,
consisting of a free water surface (FWS) bed followed by a series of subsurface flow (SF) beds.
Figure 2-22 is a schematic layout of the constructed wetland layout.
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Figure 2-22: Schematic layout of constructed wetland (Jokerst et al., 2012)

The effluent qualities were tested for the FWS and SF beds in order to analyse the filtration
efficiency of each component individually. The results showed that the systems collectively
reduced the amount of pollutants (organics, surfactants and pathogens) significantly. The
majority of the pollutants were removed by the FWS, but the water body contained severe
algae growth. The SF acted complimentarily to the FWS by removing the turbidity from the
greywater effluent.
Studies on the use of natural systems for greywater treatment for reuse for irrigation
purposes were investigated. A treatment process by means of a grease trap, sedimentation tank
and two constructed wetlands resulted in effluent of acceptable standards (Paulo et al., 2012).
Results showed that the configuration of a horizontal-flow constructed wetland (HF-CW)
followed by a vertical-flow constructed wetland (VF-CW) would be best suited to on-site
greywater treatment, as the VF-CW contains fine particles that were susceptible to clogging,
and subsequently produced foul odours. A small-scale model of the constructed wetlands is
displayed in Figure 2-23, with ‘A’ representing the VF-CW and ‘B’ representing the HF-CW.

Figure 2-23: Cross-section of the small scale constructed wetland (Paulo et al., 2012)
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Ushijima et al (2012) conducted a study investigating the efficiency of greywater treatment by
a slanted soil system. The investigation made use of a scaled model through which greywater
effluent flowed in order to measure the pollutant removal capacity of the system.
The results of different soil particle compositions highlighted the fact that a combination
of coarse and fine materials (optimised to prolong clogging in the system) removed organics,
pathogens and suspended solids to values lower than required for irrigation purposes (Hijikata
et al., 2011).
There are risk management guidelines regarding the disposal of greywater. These rules
have been adapted from Carden et al. (2007) as follows:


Greywater cannot be disposed of directly to surface water, stormwater or groundwater
systems (State of Victoria, 2003)



Greywater should not cross the boundaries of the property on which it is generated (State
of Victoria, 2003)

Water Rhapsody (2014) has developed a variety of water conservation systems in RSA that can
be implemented at a household level. One of the systems developed by Water Rhapsody
includes a greywater system that reuse water from baths, basins, showers and washing
machines for irrigation (displayed schematically in Figure 2-24). The system operates by
directing greywater through a filter and then a pump chamber that distributes the water to an
on-site sprinkler for garden irrigation.

Figure 2-24: Water Rhapsody greywater system layout (Water Rhapsody, 2014)
The Water Rhapsody (2014) stipulates rules for the storage and distribution of greywater. The
rules include that:
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Greywater cannot be stored; as it has the optimal temperature and potential organic
content (from substances such as food) for anaerobic bacteria growth, that produce
methane and hydrogen sulphide which cause foul odours



Greywater cannot be pooled; therefore irrigation is prohibited when the soil is saturated,
as the bacteria can clog the soil therefore preventing the infiltration of water into the soil



Greywater must be sprayed under low pressure (that does not exceed 6 meters head at the
sprinkler); therefore reducing the possibility of groundwater contamination



Washing powders must be phosphate-free; as soils that are irrigated by greywater can be
poisoned by phosphates

2.6.2.3 Rainwater and stormwater harvesting
Rainwater harvesting (as explained in Section 2.5.2) is the collection of precipitation to utilise
for uses in place of drinking water. Due to the potential contaminants in and unreliability (with
regards to quantities) of rainwater, it cannot be a substitute for end-uses such as showers/baths
and Taps that require high quality water.
Morales-Pinzón et al. (2013) investigated the financial implications of rainwater
utilisation for washing machines. The results display that rainwater is a plausible alternative to
potable water for the use of washing machines (Morales-Pinzón et al., 2013).

Figure 2-25: Rainwater harvesting schematic diagram
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The results also prove that rainwater harvesting operates as a reasonable alternative source of
water for a cluster of high-density buildings. Figure 2-25 is a schematic and simplified view of
the rainwater harvesting system drawn on the principles investigated by Morales-Pinzón et al.
(2013).
Stormwater harvesting involves the collection of runoff from impermeable surfaces that
would otherwise drain to a water body (Fisher-Jeffes, 2014b). The difference between
rainwater harvesting and stormwater harvesting is a result of the size of the area that the runoff
is collected from, and the level of pollutants in the runoff. Rainwater harvesting generally
involves the collection of precipitation runoff directly from building roofs, whilst stormwater
harvesting involves the collection of runoff from large impermeable surfaces (such as asphalt
roads) and contains considerably more contaminants than harvested rainwater (Coulson, 2014).
Rainwater harvesting is usually applicable at a site scale, whilst stormwater harvesting can
range from neighbourhood to catchment scale (Fisher-Jeffes, 2014b).
The purpose of stormwater drainage is to reduce the risks of flooding, especially in urban
areas that are increasingly being covered by surfaces that prevent infiltration. Stormwater is
also a potential reliable source of water, but would require adequate filtration and treatment
processes to ensure that harmful bacteria and pathogens are removed before use. The
implementation of a combination of SuDS (refer to Section 2.5) would manage the quality of
stormwater, and help to alleviate the negative hydrological effects of urbanisation has
(Armitage et al., 2014).
Fisher-Jeffes (2014b) developed an Urban Rainwater and Stormwater Harvesting Model
(URSHM) in order to assess the viability of harvesting rainwater and stormwater to use as an
alternative water source and attenuate flooding in RSA. The URSHM was relevant to this
research project for the calculation of rainwater harvesting potential and optimal storage
capacity for the site.

2.6.2.4 Groundwater abstraction and artificial recharge
Artificial recharge is the process of relocating surface waters to underground aquifers that store
water, prevent evaporation losses and decrease the exposure to contaminants (DWAF, 2011).
The most common methods of artificial recharge involve pouring water directly into boreholes,
and by transferring water into flat basins, thus allowing the water to spread and infiltrate
naturally (Adams, 2011).
Groundwater is currently an important source of water in South Africa, with the potential
of supplying two thirds of the population with water to satisfy a portion of domestic water
demand (Adams, 2011). The possibility of utilising groundwater in South Africa (specifically
the Cape Flats Aquifer Unit) was realised over 20 years ago, due to the recognition of the
potential groundwater had as an alternative domestic water source (Maclear, 1995).
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Aquifers act as storage mechanisms that can aid in the reuse of recycled wastewater
(DWAF, 2011). Groundwater recharge is possible by recycling on-site greywater, through the
implementation of appropriate SuDS (refer to section 2.5 regarding water quality and quantity
management) with natural filtration devices that remove pollutants and promote infiltration
(Armitage et al., 2012a; LID Center Inc., 2014; Susdrain, 2014).

Figure 2-26: Atlantis main artificial recharge basin (DWAF, 2011)

Atlantis, a town located in the Western Cape with a population of over 60,000 has a Water
Management Scheme that has recycled and recharged water for over 30 years (DWAF, 2011).
On average, the town recharges 7500m3/d of stormwater and wastewater, thereby supplying
more than 2.7million m3/a to the town for domestic use (DWAF, 2011). Figure 2-26 displays
the main artificial recharge basin in Atlantis.

2.6.2.5 Riverbank filtration
Riverbank filtration (RBF) functions by extracting water from wells (boreholes) located near to
rivers, whereby the sediments in the riverbank act as filtration devices and remove some
pollutants from the river water (TERI, 2014). The water undergoes natural biological, physical
and chemical processes as it is drawn through the sediment in between the river and the well
(Singh et al., 2009; TERI, 2014). RBF is a natural water treatment process used to attenuate
pollutants, organics and microbial particles in river water (Singh et al., 2009). RBF is a form of
water treatment used as an alternative to processes such as ultraviolet (UV) irradiation and
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ozonation, and utilises alluvial aquifers and the through flow of surface waters to function
(Singh et al., 2009).
Deyi (2012) constructed a study analysing the treatment potential that RBF has on the
removal of unwanted particles in water. The findings from the studies on RBF prove that the
greater the distance between the river and well, the lower the concentration of unwanted
particles from the river remain (Deyi, 2012; Singh et al., 2009). Table 2-5 gives a summary of
the removal efficiencies of the sediment material, at varying distance from the river.
Table 2-5: Pollutant removal efficiency of riverbank at varying distances (Deyi, 2012)

R.E is the Removal Efficiency as a percentage

2.6.3 Wastewater harvesting
Sewerage design is based on the necessity for wastewater drainage. Blackwater (also known as
sewage) is wastewater from toilets that contains human faecal matter and/or urine. In order to
achieve wastewater effluent quality of allowable standards, treatment works are required.
The treatment works are to ensure effluent compliance with microbiological (faecal
coliforms), chemical (ammonia, chemical oxygen demand (COD), nitrate, ortho-phosphates)
and physical (pH, electrical conductivity, suspended solids) standards (DWAF, 1984). Table
2-6 specifies the limits for the required characteristics for effluent General Standard in
accordance with the Department of Water Affairs and Forestry (DWAF) (1984).
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Table 2-6: Limits to water effluent characteristics (DWAF, 1984)
Characteristic

Limit

Colour, odour, taste

None

pH

Between 5.5 and 7.5

Dissolved oxygen

At least 75% saturation

Typical (faecal) coli

None per 100mm

Temperature

Maximum 25°C

Chemical oxygen demand

Maximum 30mg/l

Oxygen absorbed

Maximum 5mg/l*

Conductivity

Maximum 15% above receiving waters

Suspended solids

Maximum 10mg/l

Sodium content

Maximum 50mg/l above receiving waters

Soap, oil, grease

None

Other constituents

See footnote**

* Oxygen absorbed from acid N/80 potassium permanganate in 4 hours at 27°C
** Details on limits for other constituents can be found in DWAF guidelines

2.6.3.1 Wastewater harvesting for biofuel
In order to achieve effluent water qualities in accordance with the limits in Table 2-6, valuable
biosolids would have to be removed from the biomass in the wastewater. Biosolids are the
remaining organic matter after sewage has been treated. Research into methods that investigate
the efficiency of harnessing energy from biomass (biofuel) are concerned with the recycling of
wastewater.
An approach to biofuel harvesting from the biosolids originates in what is known as a
microbial fuel cell (MFC). Du et al. (2007) describes a MFC to be “a bioreactor that converts
chemical energy in the chemical bonds in organic compounds to electrical energy through
catalytic reactions of microorganisms under anaerobic conditions”.
Anaerobic digestors are often used for their cheap processes, but their outputs still
contain residual organic matter, therefore hindering the breakdown procedure. In order to
remove the organic remainders, conventionally an energy-intensive aerobic digestor would be
used to do so, but an MFC could be used to remove the organic matter, whilst restoring energy
at the same time (Oh et al., 2010)
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2.6.3.2 Wastewater harvesting for nutrients
Biosolids can be used as a resource as an agricultural fertiliser, but can raise concerns with the
associated potential health hazards and unpleasant odours (Cartmell et al., 2006). Studies
regarding the use of wastewater effluent show that nutrients can be recovered through
wastewater treatment works designed to harness the nutrients from the effluent, (Ikumi, 2014)
and that the recovered nutrients can be used as fertiliser (Ryu et al., 2012).
Sewage has high levels of organics (COD), and nutrients (nitrates (N) and phosphates
(P)). In order to comply with effluent regulations (as seen in Table 2-6), the sewage requires
treatment through a variety of systems. Fertiliser can be yielded from wastewater if the
treatment works is configured in the appropriate way.
Yielding nutrients from wastewater can be done by first combining the primary settlables
from the primary treatment, with the material from an activated sludge (AS) system, known as
waste activated sludge (WAS). The type of AS system required would be a nitrificationdenitrification biological excess phospurus removal AS system (Ikumi, 2014). This AS system
operates most efficiently (for the production of fertiliser) with a short sludge age, thereby
preventing the destruction of polyphosphates (which make up a large percentage of the
nutrients) (Ikumi, 2014).
The combined primary settlables and WAS gets fed into an anaerobic digestor (AD),
where the influent gets separated into methane (CH4) and stable sludge (Ikumi, 2014). This
stable sludge makes up the recovered nutrients, and is known as struvite (MgKCaNH4PO4).
The struvite makes up the fertiliser. The remaining effluent from the AS system would have
low organic and nutrient concentrations. The methane produced by the AD could be bound to
create energy that could be used to power the treatment works (Ikumi, 2014). An example of a
village that makes use of a similar concept is Longju village in China (ICSD, 2002). Longju is
village with rice farming based economy that makes use of animal manure to supply energy
and compost to the sustainable village (ICSD, 2002). A schematic layout of the wastewater
treatment works in Longju is presented in Figure 2-27.

Figure 2-27: Schematic layout of WWTW in Longju village (ICSD, 2002)
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Ryu et al. (2012) performed an evaluation on the effectiveness of struvite as a fertiliser, testing
the recovered nutrients by comparing results of different fertilisers for cultivating cabbages.
Struvite was compared to complex, organic and compost fertilisers; based on the quantities of
nutrients (preferably high) and heavy metals (optimally low) in the cabbage after a period of
time. The results show that struvite yielded high results for nutrients (phosphates (P), potassium
(K), magnesium (Mg), calcium (Ca)), and low values of heavy metals (Ryu et al., 2012). These
results prove that the use of struvite as a fertiliser is not only suitable, but also preferable.

2.6.3.3 Inclusion of biofuel generation
An investigation was made into the feasibility of biofuel generation for the site, as it forms part
of the holistic approach which sustainable water management systems aim to adopt. Figure
2-28 gives a flow diagram comparing the conventional linear wastewater treatment approach
versus the more sustainable cyclical approach. The modelling of WWTW for biofuel harvesting
and fertiliser generation falls out of the scope of this research project, as it does not concern the
water systems directly.

Figure 2-28: Linear versus cyclical wastewater treatment approaches (SWITCH, 2011)
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2.7 Summary
Research into the current state of RSA displayed that the country would benefit greatly if
WSUD principles were incorporated in the urban infrastructure and developments in the future.
The rationale for a shift from conventional water management systems to water sensitive
management was explored. They include, the water scarcities that RSA is experiencing; the
hydrological effects that rapid urbanisation is having on the natural stormwater runoff patterns;
and post-apartheid inequalities that are causing an uneven distribution of goods and services
and denying disadvantaged individuals their right to water
The investigation into water demand management through the use of water efficient
devices demonstrated that water could be saved through mapping out the water demand to each
end-use.
Water quality and quantity management was researched to find natural ways of
minimising potable water consumption and attenuate the effects that urbanisation and the
associated increase in impermeable surfaces has on the flow patterns of stormwater runoff.
Exploration into various SuDS, proved that natural drainage systems could aid in improving
water quality and control the water quantities.
The SuDS that were explored include:


Source controls: green roofs, rainwater harvesting, permeable paving and soakaways



Local controls: bio-retention areas, filter strips, infiltration trenches and swales



Regional controls: retention ponds, detention ponds and constructed wetlands

The use of alternative water sources was investigated, specifically seeking SuDS that aided in
the process where possible. The use of alternative water sources supplying specific end-uses
was considered as a way to minimise the demand on potable water. The specific alternative
water source systems included:


Greywater treatment through UV disinfection for the use of toilet cisterns



Greywater recycling through a series of SuDS



Rainwater and stormwater harvesting, for the use of domestic washing machines



Artificial recharge through stormwater and greywater recycling through SuDS



Riverbank filtration as a way of ridding polluted river water of its contaminants



Wastewater harvesting for the harnessing of biofuels, water reuse for irrigation and using
nutrients from biomass as a fertiliser

The findings from the literature review were used to guide the research project, and were
implemented in the methodology of the water modelling for the chosen precinct on the TRUP
site.
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3. Density Syndicate vision
This research project investigated a precinct of the TRUP site. The TRUP development is one
of three projects forming part of the Density Syndicate initiative, which is a “joint research-bydesign project”.

3.1.1 Background
The Density Syndicate is made up of the ACC and the INTI, and is supported by the CoCT, the
Dutch Creative Industries Fund, the Ministry of Foreign Affairs of the Netherlands, the
Netherlands Consulate General and the Goethe-Institut (African Centre for Cities, 2014).
Together, the parties in the Density Syndicate, aim to provide knowledge, practical experience
and designs with the common goal of addressing issues in RSA (Provoost, 2014).
The Density Syndicate has developed a design concept for the proposed TRUP
development, that aims to address issues of urbanisation and social segregation by using
densification as a tool to integrate people and to create a sustainable relationship with the
environment (CoCT, 2014; Provoost, 2014).
The TRUP site is located at the confluence of the Liesbeek and Black Rivers (displayed
in Figure 3-1). The Black River has a history of poor water quality, due to being downstream of
wastewater treatment works (WWTW), which have experienced blockages in the past and
subsequently spilled over into the river (Gosling, 2007). The Black River also contains
pollutants that have drained into the river from excess stormwater runoff coming from
Pinelands and informal settlements upstream (H+N+S Landschapsarchitecten, 2014).
The vision of the TRUP project (H+N+S Landschapsarchitecten, 2014) is to create a
continuous urban landscape that addresses some of the issues of the surrounding area by:


Improving the water quality of the rivers



Forming a recreational area



Generating job opportunities



Creating access and connection between functions and places



Addressing issues of density in Cape Town

The quality of a large portion of the river water, surface water and groundwater in the TRUP
site is currently poor, due to an excess of surrounding impermeable surfaces preventing
infiltration, creating short runoffs periods and being surrounded by riverbeds that are nonconducive to overflow (H+N+S Landschapsarchitecten, 2014).
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Figure 3-1: TRUP site map (CoCT, 2013)

The Density Syndicate aims to make provision for a developed park area with a series of
constructed wetlands that will aid with stormwater infiltration, provide river overflow space,
and create an aesthetically pleasing recreational area that will attract the people from the
surrounding neighbourhoods (Provoost, 2014).
The development of mixed-use areas will be predominantly for residential land-use, with
a combination of commercial and light-industrial uses aimed at creating job opportunities and
attracting a market comprising a variety of people from differing social and economic classes.
The nature of the residential units will be high density, thus addressing issues of urbanisation
and urban sprawl.
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A development of the intended size of the TRUP project, will have large technical
constraints and economic implications with regards to service provision and funding. In order
for this project to be accepted and encouraged by the CoCT, it would need to be a selfsustaining development. This means that once established, the dependency on the supply of
municipal services (including water) must be minimised.
This research project investigated the feasibility of implementing WSUD principles with
regards to the water supply, consumption, drainage and disposal for the TRUP project. It
focused specifically on one precinct of the proposed development, highlighted in Figure 3-2.
The site has been designed to comprise 5200 residential units, the inclusion of commercial and
light-industrial areas, an on-site WWTW and constructed wetlands.

3.1.2 Design concept
The nature of the sustainable water model for the selected site was based on concepts
developed by the Density Syndicate.
Figure 3-2 displays the spatial plan proposed for the TRUP development by H+N+S
Landschapsarchitecten (2014). The selected precinct (‘the site’) is circled in Figure 3-2.
The Density Syndicate, comprising a variety of urban planners, architects and civil
engineers, met on the 16th September 2014 to discuss the visions for the TRUP project. The
meeting revolved around the data that would be presented in the City Hall, as a mechanism to
depict the aims of the proposed TRUP development to the public.
Key points that were drawn from the meeting included:


The light grey zones in Figure 3-2 represent buildings that are to be between five and
seven storeys tall



The dark grey zones in Figure 3-2 represent buildings that are to be twelve storeys tall



All buildings are to be multi-functional, composing of residential units (predominantly),
commercial areas and light-industrial zone



Developed areas and parks are placed above the 100 year water mark



The average density of the area is to be 200 people per hectare



An average of 3.8 people per unit



50% of residential units will comprise social housing (low income residents)



A combination of middle to high income apartments will comprise the other 50% of the
residential units



The municipality will only provide 100 ℓ/s of potable water to the TRUP project
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The aims of the Density Syndicate vision for the development of the TRUP site were supplied
by Jacobs (2014).

Figure 3-2: Conceptual layout for the TRUP site (H+N+S Landschapsarchitecten, 2014)

3.1.3 Site selection
The selection of a precinct in the TRUP site was made for detailed research. This included the
precinct in the northwestern corner of the conceptual plan, indicated in Figure 3-2, circled in
red. Details regarding the governing assumptions and proposed layout are explained in
subsequent sections.
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4. Research methodology
The process involved with developing a conceptual design for this research project required a
series of iterations. The programs that were used to gather information and develop the water
management systems included Excel, ArcGIS and AutoCAD. It was necessary to incorporate
the vision of the Density Syndicate for the TRUP project. In order to implement WSUD
principles on the site, assumptions regarding the design criteria of the proposed TRUP
development on the TRUP site were required. Figure 4-1 is a flowchart representing the
process used for the research method.

Data
collection

• Literature review
• Site evaluation

Site Design

• Building height
• Income profile
• Site layout

Water
Modelling

• Demand modelling
• Water sources
• Water quality management
• Risk management

Total Water
Balance
Potable
Water
Savings

Figure 4-1: Flowchart of research procedure
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4.1 Data collection
4.1.1 Literature review
A literature review was undertaken to ascertain the feasibility for implementing a WSUD
framework on the TRUP site, given the water scarcities in South Africa and a requirement for a
change in urban water management systems.
The literature that was reviewed included a combination of articles, journal papers,
studies and websites that collectively expressed the need for Cape Town to adapt its water
management practises.

4.1.2 Site evaluation
Two visits to the site were undertaken, in order to gain familiarity with the area, and to identify
the existing infrastructure on the research area. The river quality was evaluated in order to
triangulate the supporting data which explained that it was polluted and had poor quality. The
results from the site visit are explained in Section 5.1.1.
Data on the site characteristics was obtained from the CoCT (2013) and Fisher-Jeffes
(2014b). A desktop study was conducted in order to evaluate the site’s characteristics. This
involved the use of ArcGIS and Google Earth and various supporting literature.
The characteristics that were evaluated included the site’s location and surrounding
suburbs and infrastructure; the site’s precipitation data; the nearby river features, including the
water quality and baseflow; the elevation and slope of the site; and the geology and
groundwater information for the site.

4.2 Site design

• Area interpolation
• Land-use
distribution

Income
profile

Step 3

Building
Height

Step 2

Step 1

A conceptual design was created for the site, in line with the Density Syndicate’s vision for the
TRUP development. The procedure involved with designing the site is depicted in Figure 4-2.

• Case studies
• Space per
individual
• Income profile

Figure 4-2: Site design procedure
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Site layout
• Quantity of units
required
• Number of buildings
required
• Orientation
• Additional features
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4.2.1 Building height
The area distribution of buildings with different heights was measured from the schematic
layout for the site proposed by the Density Syndicate. Figure 4-3 is an enlarged version of the
map displaying the proposed layout for the site (H+N+S Landschapsarchitecten, 2014). This
map was used to calculate the ratio of 5 to 7 storey buildings (depicted by light grey) to 12
storey buildings (depicted by black).

5 to 7 storeys
12 storeys

Figure 4-3: Proposed layout for chosen precinct (H+N+S Landschapsarchitecten, 2014)

Assumptions regarding the amount of commercial and light-industrial space provided for each
building were made in order to quantify the total water demand.

4.2.2 Income profile
The Density Syndicate (2014) envisioned the provision of 50% social housing in the TRUP
development. This constraint was used to develop an income profile for the site, making
provision for a combination of low, middle and high income residential units.
Case studies of apartments in Cape Town were investigated to ascertain the average
amount of residential space occupied by individuals from each income level (high- income,
medium- income and low-income individuals).
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The space required per individual was used to calculate unit dimensions (i.e. apartment
sizes). A size ratio was developed by dividing the chosen dimensions of a high-income unit; by
the size of a middle or low income unit. A size ratio was used to indicate the number of middleincome or low-income units that could fit into one high-income unit.

4.2.3 Site layout
The site layout was guided by the Density Syndicate’s (2014) vision for the site. The final
proposed design for the site was used to forecast the total water demand.
The orientation of the buildings was done so as to mimic the conceptual layout proposed
by H+N+S Landschapsarchitecten (2014) (as displayed in Figure 4-3). The buildings were
designed to take on a perimeter block shape. A perimeter block is an apartment block designed
around an internal garden (Stevens Curl, 2000).
In order to calculate the dimensions and the required number of buildings for the site, a
number of factors were considered. These factors were either calculated or stipulated by the
Density Syndicate (2014), as follows:


The calculated space required per individual (according to their income level)



The desired income profile



The stipulated density of 3.8 people per unit on average for the site



The requirement for 5200 residential units

The gross area of each perimeter block was assumed to have the same size. This allowed for
the delineation of water storage capacities in each perimeter block.
Additional features on the site envisioned by the Density Syndicate, include a wastewater
treatment works (WWTW), a wetland area and 17 hectares of developed park.

4.3 Water modelling
In order to minimise the demand for potable water and improve the quality of water exiting the
site, an integrated water management system was developed. This was done by modelling the
water demand, implementing alternative water sources, implementing water quality
management systems and controlling risks. The procedure involved in the water modelling is
displayed in Figure 4-4.
.
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Water quality
management
• Stormwater
management
• Artificial
recharge
• Effluent
treatment

Step 4

Water Sources
• Potable water
• Rainwater
• River water
• Greywater

Step 3

Demand
Modelling
• Indoor
demand
• Outdoor
demand
• Demand
management

Step 2

Step 1
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Risk
Management
• Stormwater
failure
• Power failure
• Fire
• Water quality

Figure 4-4: Flowchart of water modelling procedure

4.3.1 Demand modelling
The water demand was computed for the projected domestic and non-domestic water uses.
Demand management was provided through the provision of appropriate water storage
mechanisms.

4.3.1.1 Domestic demand
The domestic indoor demand was calculated using end-use demand modelling. This entailed
modelling the water demand for an individual, based on average daily water consumption
practises (for example frequency of bathing or using the toilet), and the water demand for each
end-use.
Jacobs & Haarhof (2004) quantified the average water usage for different domestic
appliances, comparing high and medium water-efficient devices. The findings from this study
were out-dated, and adapted under the guidance of Fisher-Jeffes (2014a).

4.3.1.2 Non-domestic demand
The non-domestic demand on the site consisted of water demand for commercial, lightindustrial and outdoor areas.
The indoor water demand for non-domestic uses was modelled according to typical
demand values for commercial and light-industrial properties, according to Van Zyl et al.
(2014). These values did not take into account the use of water efficient devices, thus reduction
factors for the total water demand were applied based on studies conducted by Coulson (2014).
The outdoor water demand comprises irrigation of the internal gardens and the 17 hectare
developed park. The water demand for these areas was based on CSIR Guidelines (2000).
These guidelines took into account evapotranspiration losses and precipitation gains.
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4.3.1.3 Demand management
The proposed development on the site is densely populated with mixed-use buildings that have
high water demand during different times of the day. The probability of water being used
throughout a diurnal period is increased due to the size and diversity of the proposed
development on the site. This causes a demand pooling effect that reduces the intensity of
water demand peaks during certain periods of the day
Fisher-Jeffes (2014b) developed an Urban Rainwater and Stormwater Harvesting Model
(URSHM) (as described in Section 2.6.2.3) that projects domestic demands on water during
times of high water demands, using peak factors. This model was used to find the optimal
storage volume to cater for the water demands on the site. Due to the fact that the model was
developed for low-density domestic water demands, the peak factors required adjustments in
order to be applied to high-density mixed-use areas.
The peak factors used were adapted to model potable water demand by calculating
instantaneous volumes of water available in storage over 24 hours. The amount of available
water depended on a number of variables, including the inflow of water, the storage tank size,
the demand for water during that hour and the volume of water yield.

4.3.2 Water sources
A variety of secondary (rainwater, greywater and treated wastewater) sources were used to
reduce the demand for potable water, given the supply constraint by the municipality.

4.3.2.1 Potable water
There were some end-uses that required potable water supply. These end-uses included taps,
showers, baths and dishwashers.
The potable water flowrate was limited to 100ℓ/s for the entire TRUP development. The
research site area comprised approximately one quarter of the entire site, therefore the potable
water supply to the site was assumed to be 25ℓ/s.
Fisher-Jeffes’ (2014b) URSHM was used to calculate the optimal storage capacity for
potable water. The potable water was stored in tanks in the roof of the designed perimeter
blocks. Fisher-Jeffes’ model was dependent on a number of factors which affect the required
storage capacity. These factors included the peak demands periods and the required minimum
water volumes in the storage tanks.
The model was developed for residential land use types, and thus the peak demands
required adjustments to cater for residential, commercial and light-industrial areas throughout a
diurnal period.
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4.3.2.2 Rainwater
Rainwater harvesting was investigated in Sections 2.5.2. The use of rainwater for domestic
devices was explored in Section 2.6.2.3. Studies have shown that rainwater would not require
treatment for use in washing machines, and that washing machines are one of the most
economical end-use for rainwater (Morales-Pinzón et al., 2013).
Harvested rainwater was designed to be used as a water source for washing machines in
the residential units. The rainwater harvesting potential for this site was modelled using the
URSHM developed by Fisher-Jeffes (2014b). The model includes precipitation data from the
Observatory meteorological station, which was in close proximity to the site. Data was taken
over a ten year period (Fisher-Jeffes, 2014b). The rainwater yield data was therefore based on
values obtained from the Observatory meteorological station.
The Volumetric Reliability (VR) refers to the portion of the AADD that is satisfied by
rainwater on the site. Equation 6-1 was used to calculate the volumetric reliability for one
building in the site.

VR

Runoff

Equation 4-1

Demand

Where ‘runoff’ refers to the amount of rain in a day (mm/d) less the amount of rain not
harvested in the first flush (1mm/d). ‘Demand’ is the constant demand for rainwater to supply
washing machines.

The storage was calculated based on the assumption that the water was yielded after spillage,
thus taking incident rainfall and evaporation from the storage into consideration. The storage at
the end of each time step was calculated based on the continuity equation, and using Equation
3-1.

Vt

Vt-1

It

Pt

Et

St

Lt

t

Equation 4-2

Where Vt is the volume of water in storage at the end of the current time step; Vt-1 is the
volume of water in storage at the end of the previous time step; It is the inflow from the
catchment during the time step; Pt is the evaporation losses from the storage over the time step;
St is the spillage/overflow from the storage in the time step; Lt is the leakage/seepage losses
experienced in the time step and Yt is the yield or water demand during that time step.
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The main factors affecting the storage size and the volumetric reliability include the roof area,
the shape of the roof (sloped or flat) and the AADD for the end use.

4.3.2.3 River water
Riverbank Filtration (RBF) was investigated in Section 2.6.2.5, and proved that the use of river
water was a satisfactory secondary water source. This is due to the fact that the water would
have received partial treatment through the riverbank, before abstraction. Table 2-5 displays the
pollutant removal ability of the riverbanks at varying distances between the river and the well.
Water from the Liesbeek River was designed to supply all toilets on the site, as it has
relatively high quality water for an urban river (Armitage, 2014), and is in close proximity to
the site.
Due to the large base flow of the Liesbeek River, the water was designed to be supplied
directly from well located on the site, therefore no storage provision was necessary (FisherJeffes, 2014a).

4.3.2.4 Greywater
Light greywater from domestic end-uses (taps, showers/baths and washing machines) was used
to satisfy all outdoor demands. This included the irrigation of the internal gardens (in the
perimeter blocks) and the irrigation of the 17 hectare developed park.
The greywater was designed to be treated before being reused for irrigation. The
greywater treatment works are briefly described in Section 4.3.4.3.

4.3.3 Potable water savings
The efficacy of the proposed water savings mechanisms was found by comparing the different
water demand scenarios. These scenarios included: conventional water management systems
(implementing no WSUD principles); the use of water-efficient devices for end-uses; the use of
alternative water sources; and the combination of water-efficient devices and alternative water
sources.
The potable water savings scenarios were compared by calculating the projected water
demand for the using conventional water systems (i.e. all water demand being supplied by
potable water, and no provision for water-efficient devices made). The projected water demand
for other scenarios were calculated and compared to the conventional demand, comprising a
percentage reduction of demand through the implementation of each water demand
management strategy.
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4.3.4 Water quality management
A combination of water management systems was included in the design of the site, and
implemented to improve the quality of water exiting the site.

4.3.4.1 Stormwater management
Stormwater runoff on the site required management. This involved the implementation of a
series of SuDS devices, some of which formed a SuDS treatment train. The design of the SuDS
made use of a combination of articles reviewed in Chapter 2, and the South African Guidelines
for SuDS (Armitage et al., 2012b, 2013).
The selection of SuDS was made according to their suitability to the site with regards to
the slope, groundwater depth, soil materials and precipitation data. The proposed stormwater
systems in the site were designed to cater for stormwater runoff collected within the borders of
the site. The stormwater from the adjoining locations was not designed for, as the issues
regarding floods and excess stormwater runoff (as specified in the TRUP vision explanation by
H+N+S Landschapsarchitecten (2014)) was from the eastern boundary of the entire TRUP site
area (from Pinelands area predominantly).
The stormwater design included the implementation of SuDS for the internal gardens of
the perimeter blocks, the transport links between buildings, the wetland area, and the developed
park.

4.3.4.2 Artificial recharge
Artificial recharge and groundwater abstraction was explained in Section 2.6.2.4. Artificial
recharge was facilitated on the site through the use of SuDS. These systems promote infiltration
of water, therefore supplying the groundwater with treated water and replenishing the
underlying aquifers.The artificial recharge facilitated by the proposed SuDS was calculated
using the Rational Method.
The Rational Method quantifies the amount of runoff in a specific area, based on the
conservation of mass theory, and the assumption that flowrate is directly proportional to the
size of the contributing area and the rainfall intensity (SANRAL, 2006). The flow is calculated
using the relationship displayed in

CIA
.6

Equation 4-3

Where Q is the peak flow (m3/s); C is the run-off coefficient; I is the average rainfall intensity
for the area (mm/h); A is the effective area of the area; and 3.6 is the conversion factor.
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4.3.4.3 Effluent treatment
Treatment works were necessary for the design of the integrated water management systems.
Provision was made for on-site wastewater and greywater treatment works as it was pertinent
to treat effluents to the required standards for their reuse or disposal.
Greywater was designed to be reused for irrigation, and required pre-treatment. Sewage
(from toilets), dark greywater (from dishwashers and kitchen sinks) and light greywater (in
excess of outdoor demands) required treatment before being disposed of into the nearby rivers.

4.3.5 Water quality assessment
The quality of the water leaving the site was assessed according to the proposed treatment
mechanisms designed. The water quality assessment was informed by an impact study that is
explained.
An impact assessment was conducted by Revitt et al. (2014) to determine the treatment
potential of SuDS devices. This incorporated the application of different treatment scenarios to
polluted stormwater runoff from a carpark. The treatment devices were assessed according to
their ability to remove polluted materials that were measured before being treated.
The pollutant levels were derived from various quality standards, and represented in a
pollution index (PI) varying from 0 to 1 (with 1 indicating heavily polluted water). The
pollutants that were measured in the assessment involved typical values for total settleable
solids (TSS); total petroleum hydrocarbons (TPH), which is petrol typically from cars; and zinc
(Zn) representing heavy metals.
The proposed SuDS devices were assessed using their their pollution migration index
(PMI). The PMI indicates the extent of pollution migration enabled through the SuDS device
(therefore optimally being closer to 0). Scenarios where multiple SuDS are combined in a
treatment train are assigned a PMI by multiplying the PMI’s of the SuDS devices in the
combination. The PI was multiplied by the PMI to ascertain the Site Pollution Index.
Scholes et al. (2008) developed an additional pollutant removal potential assessment,
whereby the efficacy of the SuDS and combinations of them are assigned rankings. The
treatment performances were ranked according to effect that the treated water had on the
receiving waters. This was a River Ecosystem (R.E) classification, ranging from RE1 to RE5,
being optimally low.
The quality of the water exiting the site was assessed by comparing the SPI and RE
classification of the proposed treatment train designed for the stormwater management systems.
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4.3.6 Risk management
The risks associated with system failures (stormwater system, and power failures), fires and
water quality discrepancies required management for the site. Risks are classified according to
the probability of an incidence occurring and the associated consequences. Risks that involve
water flows on the site, which could either be probable or have high consequences, required a
management plan.

4.3.7 Total water balance
A total water balance refers to the principle regarding the conservation of mass. This can be
related to the conservation of water flows within a confined boundary, given a set time interval.
A total water balance was developed for the site over an annual time period. This was
done using the demand model, the different water sources and the water quality management
systems that were collectively used to forecast the water flows across the site.
The principle of a total water balance is based on the conservation of mass theory. The
water flows were modelled using the continuity equation, assuming that the flow throughout
the system remained constant. This was modelled by equating the flows, as displayed in
Equation 3-2.

in

around

out

Equation 4-4

Where Qin is the influent flow rate, Qaround is the water flows around the site (comprising
rainwater losses and volumes of water held in storage) and Qout is the effluent flowrate; all
calculated in ℓ/s and recorded in Mℓ/a.

The initial flow paths included a variety of possible combinations of water sources that were
abstracted, reused, managed and disposed of in differing ways. Error! Reference source not
found. lists the initial possible forms of flows of water in, around and out.
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5. Site evaluation
The site was analysed through site visits, data collection, a desktop analysis and using ArcGIS
and Google Earth. The characteristics that were evaluated included the site’s location and
surrounding suburbs and infrastructure; the site’s precipitation data; the nearby river features,
including the water quality and baseflow; the elevation and slope of the site; and the geology
and groundwater information for the site.

5.1.1 Data collection
Two site visits were made to the TRUP site. The first site visit took place on the 16th July 2014.
This site visit was made to create familiarity with the site and the surrounding areas. It entailed
a walk over the green belt directly below Vincent Pallotti Hospital and the Oude Molen
Village. A second site visit was made on the 6th October 2014. This included a visit to locations
downstream of the selected precinct on the TRUP site, and at the confluence of the Liesbeek
and Black Rivers. The aim of this site visit was to ascertain the current state of the rivers. There
were difficulties experienced when trying to access the most central location of the site, due to
the Metrorail authorities prohibiting visitors from entering. Photographs taken during the site
visits are displayed in Section 5.2.3.
Data on the site’s slope, elevation, geology, groundwater and aquifers was collected from
the CoCT. The precipitation data for the site was obtained from the Observatory meteorological
station. The site characteristics are explained in the following sections.

5.2 Site characteristics
5.2.1 Location and surroundings
The location of the TRUP site with reference to the Cape Peninsula is displayed in Figure 5-1
and a smaller scale view of the site boundary can be seen in Figure 3-1.
The location of the TRUP site is surrounded by infrastructure supporting a variety of
transport modes, with a combination of freeways, primary and secondary arterial roads,
railways and other non-motorised and public transport mechanisms. Some of the transport
routes surrounding the TRUP site are displayed in Figure 5-2.
Neighbouring suburbs of varying income levels and social groups surround the larger
TRUP site. These suburbs include Pinelands and Rondebosch (middle to high income areas);
Observatory, Mowbray and Salt River (low to middle income areas); an industrial area in
Paarden Eiland; and Langa, Bridgetown and Athlone (low-income areas).
These suburbs and surrounding areas are displayed schematically in Figure 5-3.
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TRUP site boundary

Figure 5-1: Location of TRUP site with respect to the Cape Peninsula (ESRI, 2014)
Railway

Primary
Arterial

Secondary
Arterial

Freeway

Figure 5-2: Transport routes surrounding the TRUP site (City Think Space, 2012)
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Figure 5-3: Suburbs surrounding TRUP site area (CoCT, 2013)

5.2.2 Precipitation
The annual average precipitation for the site is approximately 600mm/a, which is a
considerably lower amount than in surrounding areas. The Liesbeek River catchment
(bordering the TRUP site) has locations with an average rainfall of 1500mm/a, which is more
than double the average precipitation on the precinct site.
The precipitation statistics were taken from data obtained by Fisher-Jeffes (2014b) from
the meteorological station in Observatory, which is in close proximity to the site. The
precipitation records are displayed graphically in Figure 5-4.
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Figure 5-4: Average monthly precipitation for the site (Fisher-Jeffes, 2014b)

5.2.3 River characteristics
The site is located at the confluence of the Liesbeek and Black Rivers (as displayed in Figure
3-1). The Liesbeek River is perennial and has a large baseflow (Chand, 2014). The Black River
is perennial and receives a daily inflow of approximately 105,000m3 of water from the Athlone
WWTW (Okedi, 2014).
The water qualities at the confluence and locations downstream of the confluence are
poor. Figure 5-5 displays two photographs taken at the confluence of the Liesbeek and Black
Rivers, and Figure 5-6 shows photographs that were taken a few kilometres downstream of the
confluence. It is evident from the photographs that the water quality at the site is unregulated,
containing suspended litter and excessive algae growth.
Figure 5-7 shows a photograph displaying a sign reading ‘Polluted Water’, and a pipe
that is draining what seems to be sewage (with suspended toilet paper) draining directly into the
river confluence. Figure 5-8 shows a close-up view of the pipe draining what seems to be
untreated effluent into the river.
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Figure 5-5: Photographs taken at the confluence of the Liesbeek and Black Rivers

Figure 5-6: Photographs taken downstream of the Liesbeek and Black Rivers’ confluence
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Figure 5-7: Pipe draining effluent into the Black and Liesbeek River confluence

Figure 5-8: Pipe draining potentially untreated water into the river confluence
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5.2.4 Slope
The chosen precinct on the TRUP site has a very flat gradient, with the majority of the site
lying between 2 and 4 meters above the chart datum, which is mean sea level (MSL). Figure
5-9 displays the elevations across the TRUP site area. The site is located in the north western
border of the TRUP site.

Legend
Slope

TRUP site boundary
Open water courses

Figure 5-9: Site elevations (CoCT, 2013)
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5.2.5 Geology and groundwater
The location of the site falls directly on the join of the Malmesbury and Quaternary Sands
geology types (CoCT, 2013). The majority of the TRUP site falls into the Quaternary Sands
geological category, as displayed in Figure 5-10. The Malmesbury aquifer type is fractured and
the Quaternary Sands aquifer has an intergranular type.

Figure 5-10: Quaternary catchments of TRUP site
The precinct lies above adjoining aquifers, classified as major (Quaternary Sands) and
minor and poor in places (Malmesbury). A major aquifer indicates an aquifer with a large
quantity of relatively good quality water, and a poor aquifer indicates the opposite. The major
aquifer on this site is classified as vulnerable, which indicates that the tendency and possibility
for contamination is high (CoCT, 2013).
The quality of groundwater in an aquifer is assessed in terms of its electrical
conductivity. The groundwater on the site has a conductivity of 70-150mS/m, indicating water
that would have a noticeable salty taste (DWAF, 2012).
The groundwater yield over the whole TRUP site is 0.1 to 0.5ℓ/s (CoCT, 2013). The
groundwater flow direction follows the topography of the surrounding area, i.e. flows in a
northerly direction.
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6. Results and discussions
The methodology described in Chapter 4 was used to develop a reasonable site design, develop
a water model and propose water quality management systems for the site. The total water
balance was computed for the proposed water flows on the site and the total amount of potable
water savings was quantified.

6.1 The site design
The site design was guided by the Density Syndicate’s vision for the TRUP development.
These parameters set out by the Density Syndicate included the proposed building heights, the
desired income profile and the quantity of units planned for the site. These constraints were
used to collectively dictate the unit dimensions, the number of buildings required and the
proposed site layout.

6.1.1 Building heights
The area distribution of 5 to 7 storey buildings and 12 storey buildings on the Density
Syndicate conceptual design was found to be 41% to 59% respectively
The assumptions regarding commercial and light-industrial areas for different building
heights are as follows:


12 storey buildings had 2 storeys designated for commercial use, and 1 storey for lightindustrial use



5 to 7 storey buildings were assumed to have 6-storeys, of which 1 storey was designated
for commercial use and 1 storey for light-industrial use

6.1.2 Income profile
The Density Syndicate stipulated that 5200 residential units were intended for the site, of which
50% would be provided for low-income residents. The vision for social housing in the TRUP
development was used as a constraint, and was used to inform the composition of an income
profile.
The average space occupied per resident of varying income levels was calculated, based
on developments in Cape Town. Table 6-1 displays the developments that were used to
calculate the average space required per individual for each income bracket.
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Table 6-1: Apartments used for income level case studies
Income bracket

Development used

High

The Orangerie, Wembley Square

Middle

Rondebosch Oaks, Albion Place

Low

N2 Gateway Project, Steenberg Social Housing

The Density Syndicate envisioned the provision of 5200 residential units for the site, with an
average amount of 3.8 people assigned to one unit. This led to a residential development for
approximately 20,000 people. Table 6-2 displays the average space calculated per individual of
each income bracket, and the chosen unit sizes.

Table 6-2: Chosen unit sizes based on income levels
Income
bracket

Calculated unit dimensions

Chosen unit dimensions

m2/person

m2/unit

Size Ratio*

m2/unit

Size Ratio*

High

71.00

269.80

1.00

285.00

1.00

Medium

30.71

116.71

2.31

125.00

2.28

Low

15.67

59.53

4.53

65.00

4.38

* Size ratio indicates how many units of that income bracket could fit into a unit designed for
high income individuals

The difference between the size ratios of different income levels was reduced for the chosen
unit dimensions in order to reduce the disparities between the income levels.
The percentage distribution of units provided for different income levels was designed to
be 20% high income, 30% middle income and 50% low income. This entails the provision of
residential units for 9880 low-income individuals, 5928 middle-income individuals and 3952
high-income individuals.

6.1.3 Layout
The assumptions, calculations and deductions made about the building heights, income profiles
and unit sizes were used to calculate the number of buildings required for the site design. The
dimensioning results are summarised in Table 6-3.
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Table 6-3: Number of buildings of varying heights required
Income
level

Unit size
m2/unit

Units
required
#

Units/Floor

Number of Floors

Buildings

#

#

#

High

285.00

1040

10

106

12*

Med

125.00

1560

22

71

6*
11**

Low

65.00

2600

43

60

15**

Total
5200
* Indicates dark grey zones pertaining to 12 storey buildings
** Indicates light grey zones pertaining to 5 to 7 storey buildings

44

Area
distribution
%
40.5*

59.5**
100.0

The results yielded that there were 12 buildings designated to high income residents, 17
buildings designated to middle income residents and 15 buildings assigned to low income
residents. Each perimeter block was designed to have the same gross building size of 3300m2.
The internal garden was designed to be 500m2, with a surrounding building of 2800m2. The
proposed arrangement of the buildings is presented in Figure 6-1.

Figure 6-1: Proposed layout for buildings in the site
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6.2 Water modelling
A water model was developed for the site with the intention of minimising the demand for
potable water. The model was built by developing a projected water demand, and providing
water management systems that incorporated demand management practises.

6.2.1 Demand modelling
The domestic water demand was developed using end-use water modelling. The non-domestic
water demand was quantified using the proposed areas from the site design. Potable water
demand was minimised through the implementation of water-efficient devices and designing
for the use of alternative water sources.

6.2.1.1 Domestic demand
The indoor domestic demand was modelled by quantifying the average water consumption per
person, based on end-use demands (displayed in Table 6-4).

Table 6-4: Daily end-use domestic demand per person (adapted from Jacobs & Haarhof,
2004; Fisher-Jeffes, 2014a)
End Use

Bath
Shower
Bathroom Basin
Toilet1
Toilet2
Dishwasher
Kitchen Sink
Miscellaneous

Unit of measurement
litres/event
events/person/day
litres/event
events/person/day
litres/event
events/person/day
litres/event
events/person/day
litres/event
events/person/day
litres/event
events/person/day
litres/event
events/person/day
litres/event
events/person/day
litres/event
events/person/day

Washing
Machine
Total
1
Small flush of dual-flush toilet system
2
Large flush of dual-flush toilet system

Water efficiency
High
39.00
0.12
24.00
0.60
1.60
2.50
6.00
1.50
3.50
4.00
24.00
0.20
3.00
1.00
1.25
1.00
52.00
0.14

Medium
75.00
0.25
38.00
1.00
3.80
3.40
8.00
2.50
5.50
5.25
35.00
0.35
6.70
1.50
3.20
1.00
112.00
0.30
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Water efficiency (ℓ/c.d)
High

Medium

4.68

18.75

14.40

38.00

4.00

12.92

9.00

20.00

14.00

28.88

4.80

12.25

3.00

10.05

1.25

3.20

7.28

33.60

62.41

177.65
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The final daily consumption per capita was taken as the average of the high and medium water
efficient devices, based on the assumption that water efficient devices would be installed on the
site, but that consumer patterns may not follow those of a water conscious consumer. The final
demand was calculated to be 120ℓ/c.d.
The domestic indoor demand was combined with a typical end-use percentage
breakdown for South Africa, displayed in Figure 2-4 (Fisher-Jeffes et al., 2014). The final enduse model designed for the domestic water demand is displayed in Table 6-5.

Table 6-5: Indoor domestic demand
End-use

Percentage

Demand
flow

%

ℓ/c.d

Flowrate
m3/d

ℓ/s

m3/a

Taps

17

20.40

4031.0

4.67

1468306

Shower/Baths

32

38.40

7587.8

8.78

2763871

Dishwasher

2

2.40

474.2

0.55

172742

Other

2

2.23

439.7

0.51

160146

Washing Machine

17

20.44

4038.9

4.67

1471185

Toilets

30

35.94

7101.3

8.22

2586630

Total

100

120

23673.0

27.44

8622881

6.2.1.2 Non-domestic demand
The non-domestic demand consisted of the total water demanded for commercial, lightindustrial and outdoor areas.
The indoor water demand was calculated for commercial and light-industrial land use
types. The non-domestic water demand was calculated per unit of space that each land-use
occupies. The commercial and light-industrial water demand was calculated using an average
daily consumption of water per square meter, using the proposed site design.
The total water demand for the site was calculated using the chosen building dimensions
for the perimeter blocks. A reduction of 15% of the Average Annual Daily Demand (AADD)
was applied to indoor non-domestic land-uses, to cater for the implementation of water
efficient devices (Van Zyl et al., 2014).
Outdoor water demand was calculated using the CSIR guidelines, based on the number of
hectares requiring daily irrigation. A summary of the AADD for each land use is provided in
Table 6-6.
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Table 6-6: Total water demand for the site
Land use

Parameter*

Parameter
quantity

Final
AADD**

Total AADD

AADD/Parameter
ℓ/d.parameter

ℓ/d

m3/d

ℓ/s

ℓ/s

Residential

Dwelling

5200

455.25

2367297.4

2367.3

27.4

27.4

Commercial

m2

172517

3.20

552053.3

552.1

6.4

5.4

Industrial

m2

122783

2.21

271351.2

271.4

3.1

2.6

Internal
garden

ha+

6.55

12500

81816.2

81.8

0.9

0.95

Developed
park

ha+

17.00

10000

170000.0

170.0

2.0

1.97

3442518.1

3442.5

39.8

38.32

Total (ℓ/s)

*Parameter indicates the unit that was used to calculated the AADD
**Final AADD indicates a water demand reduction of 15% in non-domestic indoor land-uses
+

ha indicates hectare, the unit used to calculate the AADD for irrigation

6.2.1.3 Demand management
The site was designed to have a combination of residential, commercial and light-industrial
land uses, and is densely populated with residential units, therefore reducing the peak demands
experienced on the site. The peak water demand periods for different land-uses are displayed in
Table 6-7.
Table 6-7: Peak demand periods for different land uses
Land use

Peak demand period

Residential

06h00-08h00 & 17h00-19h00

Commercial

09h00-16h00

Light-industrial

09h00-16h00

Developed park

00h00-04h00

The optimal storage capacity for potable water was modelled using the indoor demand factors
developed by Fisher-Jeffes (2014b), and the adjusted peak factors for the development,
modelled over a 24-hour period, as displayed in Table 6-8.
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Table 6-8: Hourly indoor AADD and peak factors (adapted from Fisher-Jeffes, 2014b)

Demand (AADD)
Hour

Indoor
demand

Peak factor

0

1.10

0.26

1

0.90

0.22

2

0.80

0.19

3

0.80

0.19

4

1.00

0.24

5

2.39

0.57

6

5.18

1.24

7

6.66

1.60

8

6.80

1.63

9

6.66

1.60

10

6.00

1.44

11

5.20

1.25

12

4.70

1.13

13

4.65

1.12

14

4.65

1.12

15

4.70

1.13

16

5.00

1.20

17

5.70

1.37

18

5.90

1.42

19

5.80

1.39

20

5.00

1.20

21

4.05

0.97

22

3.00

0.72

23

1.80

0.43

A graphical comparison of diurnal water demand patterns for low-density domestic areas and
high-density mixed-use areas is displayed in Table 6-1.
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Figure 6-2: Diurnal water demand pattern for domestic and mixed-use areas (adapted
from Fisher-Jeffes, 2014b)

The projected indoor domestic, commercial and light-industrial water demand was modelled
for the site. The proposed water demand model was used to allocate primary and secondary
water sources to their respective land-uses.

6.2.2 Water sources
Secondary water sources were used to reduce the demand on potable water below the constraint
of 25ℓ/s. This included the use of rainwater for washing machines, river water for toilets and
greywater for irrigation.
The final AADD for each water source was calculated according for the different landuse areas. The water demand and percentage compositions of each water source are presented
in Table 6-9.
The analysis of the different water sources and the required storage capacities/treatment
processes for each are explained in the following sections.
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Table 6-9: Total AADD per water source

Land-use

Potable

Rainwater

River water

Greywater

AADD

AADD

AADD

AADD

ℓ/s

%**

ℓ/s

%**

ℓ/s

%**

ℓ/s

%**

Residential

63.01

17.26

7.00

1.92

30.00

8.22

0.00

0.00

Commercial

63.00

3.38

0.00

0.00

37.00

1.99

0.00

0.00

Industrial

63.00

1.66

0.00

0.00

37.00

0.98

0.00

0.00

Internal
gardens

0.00

0.00

0.00

0.00

0.00

0.00

100.00

0.95

Developed
park

0.00

0.00

0.00

0.00

0.00

0.00

100.00

1.97

Total (ℓ/s)

22.31

1.92

11.18

2.91

Total (m3/d)

1927

166

966

252

Total (m3/a)

702027

60319

351903

91724

%*

58

5

29

8

* Percentage of total water demand supplied by water source
** Percentage of water demand for that land-use

6.2.2.1 Potable water
The total AADD for potable water was calculated to be 702027m3/a, or 22.3ℓ/s. The demand
for potable water was within the stipulated municipal supply limit. Potable water was used to
supply 58% of the total water demand on the site. The remainder of the 25ℓ/s potable water was
designed to be stored in the roofs of perimeter blocks.
The provision for elevated water storage was a method of managing water pressures
during peak demands. The required storage capacity for potable water was calculated per
building, using Fisher-Jeffes’s (2014b) URSHM.
The storage capacity was modelled to have a minimum volume of water remaining in the
storage tank of at least 1.5 times the total AADD for potable water (i.e. a minimum of 33.71
ℓ/s). The correct storage tank size was obtained for when the volume of water in the tank was
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always above this minimum value (of
Appendix C).

.71 ℓ/s) over a 24-hour pattern (values can be seen in

The optimal storage capacity for potable water on the site was calculated to be 362.5m3.
The required water storage facilities per building were calculated to be 8.24m3. The provision
was made for a 9 m3 storage tanks in each perimeter block.

6.2.2.2 Rainwater
The total AADD for rainwater was calculated to be 60319m3/a. Rainwater satisfied
approximately 5% of the total water demand, contributing to washing machines during the
months of high rainwater yield (generally March to October). During the dry months
(November to February), potable water could be used to supplement the rainwater for washing
machines.
Fisher-Jeffes’ (2014b) URSHM was used to calculate the most effective storage size for
the given demand, considering a variety of factors including the precipitation and evaporation
data for the site.
The results showed an optimal storage size of 882m3 with a VR of 0.41. Harvested
rainwater was used as a water source for washing machines for 41% of the year (based on the
VR), and potable water catered for washing machines for the remaining 59% of the year.
The available space in the roofs of each perimeter block was calculated to be 5600m3
(1400m3 per side). The available space in the roofs was calculated based on the assumption that
the roof height is 4m at the centre, sloping down to meet the top of the building along the
perimeter.
The rainwater source was compared to alternative water sources using flow measured in
litres per second. It is not possible to quantify rainwater supply in litres per second, as
precipitation is not constant throughout the year. A more indicative measurement for rainwater
demand flow is on an annual basis.

6.2.2.3 River water
River water was used to supply all the toilets on the site. The amount of river water supplied
comprised an annual average of 352000m3. River water satisfied approximately 29% of the
total water demand.
River water was a dependable secondary water source, owing to the pre-treatment of the
water facilitated by the riverbanks, and due to the proximity of the Liesbeek River to the site,
the quality of the river water and the constant base flows of the Liesbeek and Black River.
The water was designed to be extracted from well points located in close proximity to the
Liesbeek River. The proposed well points are displayed on Drawing 1. The layout and
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orientation of the site includes the placement wells relative to the Liesbeek River, at distances
ranging from approximately 120m to 450m. The Table 2-5 indicates that the percentage
pollutant Removal Efficiency at these distances will range from approximately 50 to 100%.

6.2.2.4 Greywater
Light greywater from certain end-uses was designed to be reused to satisfy the outdoor water
demand, comprising irrigation of the internal gardens of the perimeter blocks and irrigation of
the developed parks.
Greywater reuse was designed to supply irrigation demands amounting to 91724m3/a.
Greywater satisfied approximately 8% of the total water demand.

6.3 Potable water savings
The efficacy of different potable water saving strategies was compared for four different
scenarios. The total amount of potable water saved from each scenario is given in Table 6-10
and illustrated by a bar chart in Figure 6-3.

Table 6-10: Comparison of potable water demands and savings scenarios
Conventional

Efficient
devices

Alternative
sources

Combination*

Land use
ℓ/d

ℓ/d

ℓ/d

Residential

2371743

1602123

1494377

1491576

Commercial

552053

463725

347794

292147

Light-industrial

271351

227935

170951

143599

Outdoor

251816

251816

0

0

Total (ℓ/d)

3446964

2545599

2013122

1927321

Total (m3/a)

1255557

927235

733280

702027

Total saved (%)

0

26

42

44

*Combination of water-efficient devices and alternative water sources
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Figure 6-3: Bar chart comparing efficacy of different potable water saving scenarios
The results show that the implementation of both water-efficient devices and alternative water
sources reduces the demand for potable water by 44%. The annual potable water savings is
553530m3. The combination of water saving devices and alternative water sources reduced the
potable water demand from 38.82ℓ/s (which is the total water demand) to 22.31ℓ/s within the
required constraint.

6.4 Water quality management
A conceptual design of water management systems was provided and assessed for the site, in
order to improve the quality of water exiting the site to receiving rivers and aquifers.

6.4.1 Stormwater management systems
SuDS were included in the design of the integrated management system on the site, as they
improve the quality of surface waters and promote infiltration to aquifers. The configuration of
the proposed drainage systems are displayed in Drawing 1 on the following page.
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Drawing 1: SuDS design
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The SuDS that were implemented in stormwater management design involved permeable
paving, filter strips, bio-retention areas and constructed wetlands. SuDS are explained, with
regards to the different locations into which they are designed to be incorporated.
The internal gardens (with a gross area of 500m2) required drainage systems to remove
excess stormwater runoff. The garden is designed to have vegetation that is underlain by
granular subgrades that have high void ratios and promote the infiltration of water. The
perimeter of the internal garden is lined by permeable pavements which support rapid
infiltration of stormwater. The garden is sloped gradually to drain excess surface water towards
the permeable paving.
The transport linkages between buildings in the developed area on the site are comprised
of permeable paving and filter strips. The permeable paving is constructed with brick pavers,
with sufficient reinforcement to support vehicular loads. Filter strips would line the roads in
order to filter out major sediment from sheet flow in the event of extreme precipitation.
The site is sloped in a north-eastern direction (as displayed in Figure 5-9) and therefore
swales are placed along the northern and western outer edges of the transport links. Three
swales are implemented in the stormwater system, each of which are designed to have a
gradient of 2%, and drain to a large bio-retention area at a low point on the northern site border
(displayed in Figure 5-9).
The constructed wetlands comprised a series of cells that collectively remove pollutants
from the water, and promote infiltration. Some cells in the constructed wetland included
shallow Free Water Surfaces (FWS) that promoted the horizontal flow of entering waters.
Other cells include vegetative areas that temporarily hold runoff and promote the vertical flow
of water. The capacity of these constructed wetlands would need to be large enough to cater for
the light greywater (that is used for irrigation of the developed park) and the stormwater runoff
from the swales.
The developed park area is designed to be above the 100-year flood level (Density
Syndicate, 2014). The entire park is gradually sloped in a south easterly direction, leading
runoff to a designed bioretention area at the lower extremity of the park.
Infiltration trenches on the site were not a viable option, due to the underlying soil
structures, comprising coarse aggregates, and its proximity to a vulnerable aquifer. Soakaways
were not suitable to the site, as the groundwater table is relatively shallow, increasing its
vulnerability to contamination.
Stormwater was not harvested in the proposed water model. This was due to the fact that
the site was located on an undeveloped area, and the information on the proposed development
of the TRUP was largely conceptual and therefore difficult to gather or generate data.
Stormwater flows were not included in the total water balance model as there were no uses for
it in the development.
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6.4.2 Artificial recharge
Artificial recharge was facilitated through the proposed SuDS. The total artificial recharge flow
was calculated using the Rational Method, drawing from precipitation data, the site area and
the run-off coefficients for different land-uses. Table 6-11 displays the runoff coefficient
breakdown.
Table 6-11: Runoff coefficients (SANRAL, 2006)

The stormwater runoffs for different areas on the site are displayed in Table 6-12.
Table 6-12: Stormwater runoffs
Area
Site area

Runoff
coefficient

km2

Rainfall
intensity
mm/h

Flowrate
m3/s

m3/a

Permeable areas*

0.0872

0.075

0.0707

0.0001

4043

Roof area

0.1228

0.9

0.0707

0.0022

68303

Developed park

0.1700

0.075

0.0707

0.0009

28371

Constructed wetlands

0.2506

0.075

0.0707

0.0013

41820

0.0045

142537

Total
*Gardens & permeable pavements & filter strips
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The runoff coefficients for the proposed buildings in the developed area on the site were chosen
to have a factor of 0.9, to be conservative. This was due to the nature of the developed area
being high-rise and high0density mixed use buildings, and due to the fact that the roofs were
designed to harvest rainwater and internal perimeter block gardens were accounted for in the
‘permeable areas’.
The permeable areas, developed park and wetlands were taken to have an average runoff
coefficient for sandy and flat areas, due to the gentle slope on the site, and the intergranular soil
types.
A total of 143,000m3 of artificial recharge was facilitated through the proposed SuDS
design. This was an effective way of storing water in aquifers during months of surplus water,
which provided additional water sources during dry months.
The implementation of boreholes on the site was primarily for the abstraction of river
water, but provision for stormwater overflow into the boreholes was considered for the site
design.

6.4.3 Effluent treatment
Treatment works were incorporated in the design of the integrated water management systems,
as it was necessary to treat effluents to the required standards for their reuse or disposal. The
proposed treatment works included an on-site wastewater treatment plant and natural greywater
treatment works. The configuration of the treatment works is displayed in Drawing 1.
Greywater that was to be used for the irrigation of the internal gardens was designed to be
directed through a Water Rhapsody greywater system. The function of the Water Rhapsody
system is to convey, filtrate and temporarily hold light greywater before distributing it to a
sprinkler system (Water Rhapsody, 2014).
The greywater used to irrigate the developed park was to be filtered through a series of
cells in constructed wetlands. After this it was designed to flow through a UV disinfection
treatment works and then directed to irrigation systems on the developed park.
The on-site WWTW was utilised to treat all black, dark greywater and remaining light
greywater (that was not used for irrigation purposes). The WWTW was designed to treat the
effluent in accordance with the general standards for river disposal (see Table 2-6).
The WWTW was envisioned to harvest nutrients and by-products from the biomass, in
order to produce struvite fertiliser and biofuels. A detailed design of the WWTW was not
relevant to the water modelling for the site.
Table 6-13 displays the type of effluents produced from different domestic end-uses, and
the total flow calculated for each effluent type.
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Table 6-13: End-use effluent composition for domestic water demand
Water
Source

End-use

Flowrate

Light greywater

ℓ/s

%

Dark greywater

Blackwater

%

%

Taps

4.67

56

44

0

Shower/Baths

8.78

100

0

0

Dishwasher

0.55

0

100

0

Other

0.51

0

100

0

Washing Machine

2.76

100

0

0

Rainwater

Washing Machine

1.92

100

0

0

Greywater

Toilets

8.22

0

0

100

ℓ/s

27.44

16.09

3.09

8.22

m3/d

23673

1390

267

710

Potable

Total

The internal garden irrigation system includes the use of a Water Rhapsody greywater system.
The internal gardens make up a total of 6.55 hectare of land, which requires approximately
82m3 of greywater a day. Each perimeter block was designed to re-use 1.9 m3 greywater a day.
Irrigation of the 17 hectare developed park requires an average of 170 m3 of greywater a
day. Due to the hazards of the potential pollutants in the greywater, and the large volumes
requiring transportation from the buildings to the developed park, treatment of the greywater is
required. This treatment entails directing the greywater to flow through a series of cells in
constructed wetlands. These cells are designed as natural filters to remove a large portion of the
pollutants and suspended materials (as displayed in Table 2-4). The light greywater was
designed to flow (by gravity) from the constructed wetlands to a UV disinfection unit to receive
further treatment before being used for irrigation.
A total of 252m3 greywater was designed to be reused for irrigation daily, comprising
approximately 8% of the total water demand on the site. Light greywater in excess of the
outdoor demand was designed to flow to the WWTW.
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6.4.4 Water quality assessment
The quality of the projected water exiting the site was evaluated using an impact assessment
approach explained in Section 4.3.5. This process analysed the water quality according to the
SuDS that were designed to attenuate the stormwater flow. Table 6-14 lists the PI values for
measured pollutants, and the PMI values of SuDS treatment types and combinations of
treatment types. The different scenarios proposed in the SuDS layout included the combination
of filter strips and permeable pavements (Scenario A); the arrangement of filter strips,
permeable pavements and swales (Scenario B); and the grouping of permeable pavements and
swales (Scenario C).
Table 6-14: Pollutant Index and Pollutant migration index values
Pollutant

TSS

TPH

Zn

Pollution Index (PI) values

0.7

0.75

0.45

Treatment Type

Pollutant migration index (PMI) values

Permeable Pavement

0.2

0.3

0.3

Swale

0.7

0.4

0.4

Filter strip

0.1

0.8

0.7

Scenario A

0.02

0.24

0.21

Scenario B

0.014

0.096

0.084

Scenario C

0.14

0.12

0.12

The receiving water qualities of each treatment were ranked according to their R.E
classification. The impact level and biological quality of the varying SPI’s and R.E classes is
indicated in Table 6-15. The SPI and R.E classifications for the site is quantified in Table 6-16.
Table 6-15: Impact levels and biological qualities of treatment classes (Revitt et al., 2014)
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Table 6-16: Summary of site’s pollutant index and receiving water quality index
Site
Pollution
Index (SPI)

Receiving
water quality
(R.E)

Treatment
type

TSS

TPH

Zn

TSS

TPH

Zn

Permeable
Pavement

0.14

0.225

0.135

2

3

2

Swale

0.49

0.3

0.18

4

3

2

Filter strip

0.07

0.6

0.315

1

4

3

Scenario A

0.014

0.18

0.0945

1

2

1

Scenario B

0.0098

0.072

0.0378

1

1

1

Scenario C

0.098

0.09

0.054

1

1

1

The results of the different SuDS and treatment train scenarios are displayed graphically in
Figure 6-4.

TSS

TPH

Zn

0.7

Calculated SPI value

0.6
0.5
0.4
0.3
0.2
0.1
0
Permeable
Pavement

Swale

Filter strip

Scenario A

Scenario B

Scenario C

Treatment Type

Figure 6-4: Graph of the site’s pollutant index and receiving water quality index
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The proposed SuDS for the site include a combination of Scenario A, B and C. Scenario C was
selected as the most prominent treatment train in the composition of the site (displayed in
Drawing 1).
The proposed water quality management systems reduced the impact of exiting water to
receiving rivers and aquifers to a negligible amount. According to the impact assessment, the
water exiting the site has ‘high biological diversity’ and has a ‘very good’ ecological potential.

6.4.5 Risk management
A risk management plan was required for the proposed water management systems on the site.
The potential risks associated with the failure of the stormwater management systems, the loss
of power, the proposed control measures for fires and the management of the water quality of
secondary water sources.

6.4.5.1 Stormwater overflow
In the event of an extreme storm, blockage or unforeseen failure of the proposed SuDS,
alternative drainage systems were required. This entailed directing excess runoff to the
boreholes provided for river extraction, or the attachment to the municipal stormwater system.
This was required only in the case that the proposed SuDS had insufficient capacity to cater for
the unanticipated runoff. The likelihood of requiring municipal stormwater facilities for the
proposed stormwater design is improbable, but a detailed analysis of the systems’ behaviour in
different circumstances would be required.

6.4.5.2 Power failure
In order to negate the consequences associated with a power failure and the subsequent loss of
power to pumps delivering water to multiple-storey perimeter blocks, the potable and rainwater
tanks were designed to be stored in the roofs of buildings on the site. This maintains the water
supply network’s pressure head in the event of a power failure, therefore enabling the water to
meet the demands from the force of gravity.

6.4.5.3 Fire flow
The development on the site has a high fire risk category, due to the high density of people per
hectare, and the proposed building heights.
The CSIR guidelines stated that for an area of this nature, a minimum design flow
required to manage a fire was 200ℓ/s for a duration of 6 hours.
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The minimum flowrate required for fire hydrants was 25ℓ/s, with a maximum distance of
270m to all locations within the developed area on the site.
The water flow during the case of a fire could be sourced from:


The groundwater and river water supplies entirely



A combination of the water supply in storage and the extra volumes in each tank in the
roofs from surrounding perimeter blocks



A combination of the extra available potable water and the river water and groundwater

Any of the described scenarios would have sufficient quantities to satisfy the fire flow, but
would require further investigation into the legalities of abstracting river and/or groundwater at
the required rates for fire flow.

6.4.5.4 Water quality
The consequences associated with health problems due to contact with poor quality water were
minimised by the use of natural filtration systems for the use of secondary water sources. This
includes the use of river water that is treated through RBF; and the filtration of pollutants from
greywater before irrigation. In some cases (as in the irrigation of the 17 hectare developed
park) the greywater was treated by a UV disinfection plant (after being filtered through the
constructed wetlands).
All wastewater, dark greywater and excess light greywater were designed to flow to a
WWTW. The treatment plant is designed to mitigate harmful bacteria and pollutants and meet
the required effluent standards.

6.4.6 Water flow paths
The water flow paths intended by the integrated water management systems are schematically
illustrated in Drawing 2 on the following page.
The drawing demonstrates the water model’s flow paths of different water sources, to
their respective end uses. It incorporates the water quality management systems through some
stormwater management systems and effluent treatment works that were designed to be
implemented.
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Drawing 2: Water flow paths
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6.5 Total water balance
A total water balance is developed on the principle of conservation of mass. It entails the
conservation of water flows in a confined boundary, over a stipulated time frame.
A total water balance was developed for the site, based on the theory that the water flows
entering the site are equal to the sum of the water flows in storage and the flows leaving the
site. This consisted of a model that quantified the water flow paths on the site.

6.5.1 Flow in
The flow into the site consisted of rainwater, river water and potable water sources. The use of
groundwater was excluded, due to the site being located over an aquifer that is vulnerable to
water contamination. Stormwater and treated effluent sources were not necessary to satisfy the
demands modelled for the site development.

6.5.2 Flow around
The flow around the site consisted of greywater reuse, water demand management and peak
flow management. Greywater was reused for irrigation, and was designed to satisfy all outdoor
demands for the site. Water demand management was incorporated through modelling end-uses
with water efficient devices, aiming for total water consumption of 120ℓ/c.d (for all water
sources). Management during the peak flow periods minimised the subsequent loss of pressure
through implementing water storage tanks in the roofs of the designed perimeter blocks.

6.5.3 Flow out
The flow out consisted of artificial recharge and effluent that was treated to the required quality
to flow into the river. No sewage exited the boundary of the site, as it was all treated in the
WWTW located within the site.

6.5.4 Closure
The total annual water balance was modelled using Excel. Table 6-17 displays the model for
the flow paths. The respective flow patterns of each water source illustrated in Table 6-17.
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Table 6-17: Total annual water balance for the research site
Flow in

First use

Second use

Flow out

m3/a

m3/a

m3/a

m3/a

Commercial

106414

Industrial

52306

Residential

543306

158720
Potable

786780

Dark
greywater

255944

WWTW

Water Rhapsody
Rainwater

389767

Residential

60319

Residential

258663

Commercial

62497

Industrial

30719

Potable Storage

84753

Artificial recharge

142537

Losses*

186911

862288

Light
greywater

506401

River Deposit

255944

29802

Indoor Gardens

29802

Developed Park

61923

Constructed
Wetlands

UV
disinfection

61923

Dark Grey

WWTW

414677
River Deposit

River water

351880

Blackwater

351880

766557

WWTW

93217

Flow around

Total

414201

1528427

* Losses are due to the evaporation of rainfall

414201

1528427

Flow around

414201

1528427

Storage

84753

Artificial recharge

142537

Losses

186911
1528427
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Figure 6-5: Total annual water balance for the selected precinct
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7. Conclusion and recommendations
The two primary aims of this research project were to minimise the demand for potable water
within the site, and to improve the quality of water leaving the site. These aims were achieved
through the development of an integrated water management system which is explained in the
methodology and results.
In order to realise these aims, a series of objectives were defined and conclusions were
drawn in accordance with these defined objectives.
A representative design in line with the vision for the TRUP development, intended by
the Density Syndicate, was developed for the site. This design incorporated buildings for
residential, commercial and light-industrial areas. The site design also provided recreational
areas within the perimeter blocks and a 17 hectare developed park.
In order to dimension the buildings, assumptions and deductions regarding the income
profile of the residents, and the required space per individual, were necessary. The designs of
typical perimeter block buildings were used to develop a water demand model.
The demand model for the site comprised domestic, mixed-use and irrigation
components. The domestic water requirement for the site was determined using end-use
demand modelling. This was done through projecting the average daily water consumption
practises. The average daily water consumption per individual was modelled to be 120ℓ/c.d.
The demand for potable water was reduced through implementing water-efficient devices
throughout the site and through using alternative water sources.
Alternative water sources were used to satisfy certain end-uses such as washing
machines, toilets and garden irrigation. Harvested rainwater was used to supply washing
machines with water for 41% of the annual demand. River water was treated through RBF and
used to satisfy toilet demands. Light greywater was partially treated and reused to satisfy all
outdoor irrigation demand. Excess light greywater (in surplus of the irrigation demand) was
sent to an on-site WWTW, along with the dark greywater and wastewater. The effluent was
treated to have characteristics in line with the general standards required for discharge into
rivers and receiving water bodies. The secondary water sources collectively satisfied 42% of
the total water demand, comprising 16ℓ/s.
SuDS were implemented on the site to manage the stormwater runoff, to promote
infiltration and to improve the quality of water leaving the site (to receiving aquifers and
rivers). A conceptual SuDS design was developed for the site. Factors affecting the selection
and placement of each drainage system included the gentle slope of the site (<5%), the shallow
groundwater table, the coarse soil aggregate and the proximity to a vulnerable aquifer. The
SuDS were aligned to form a treatment train making use of source, local and regional controls.
The overall artificial recharge supported through the implementation of SuDS on the site is
143,000m3.
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The efficacy of the proposed water savings mechanisms was found by comparing the
different water demand scenarios. The proposed water model for the site proved to save over
700,000 m3 of potable water a year, relating to a reduction in potable water demand of 44%.
The quality of the water leaving the site was evaluated according to the proposed
treatment mechanisms designed. The proposed water quality management systems were
assessed to reduce the impact of exiting water to receiving rivers and aquifers to a negligible
amount. Results from an impact assessment displayed that the water flowing out of the site
would have ‘high biological diversity’ and ‘very good’ ecological potential.
A total water balance was developed based on the theory of flow conservation. The flow
into the site comprised rainwater, water from the Liesbeek River and the restricted supply of
potable water from the municipality. The flow around consisted of demand management in the
form of water efficient devices, the reuse of greywater, and peak flow management through the
storage of excess potable water entering the system. The flow out consisted of treated effluent
as river flow and artificial recharge.
The proposed integrated water management system that was designed for in this research
project, significantly reduced the potable water demand within the envisioned development,
and was assessed to improve the quality of water leaving the site. In conclusion, the integrated
water management system that was designed for a precinct of the Two Rivers Urban Park
development is a viable proposition.

Recommendations for future research
The following recommendations were made in order to assess the viability of implementing an
integrated water management system within a WSUD framework for the proposed TRUP
development:


Compare more alternatives to UV disinfection for the treatment of greywater for
irrigation



Develop a WWTW design that quantifies the amount of struvite and biofuel that is
generated per unit weight of biomass



Perform a cost analysis on the water systems and supporting infrastructure to assess the
financial viability of the proposed development
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A Exit Level Outcomes
In order to become a Civil Engineering graduate, it is necessary to meet the Exit Level
Outcomes (ELOs) in compliance with ECSA. The individual research project (CIV4044S)
requires that eight out of ten ELOs are met through the process of the research project. The
neccessary ELOs are explained.

ELO 1: Problem solving
The main research objective and associated sub-objectives were defined in the initial stages of
the research project, which guided the process of problem solving. A systematic approach was
adopted in the research methodology (Section 3), in order to investigate the feasibility of
implementing water sensitive urban design (WSUD) principles the TRUP development. The
proposed configuration set out by the Density Syndicate was adapted and applied to the
greenfield site, in order to develop a framework onto which a sustainable water model could be
applied. The results were analysed in the scientific report of the conceptual framework (Section
4).

ELO 2: Application of scientific and engineering knowledge
Mathematical knowledge was used to calculate dimensions for an exemplary perimeter block
building and assign water demands to their end-uses. Scientific knowledge was used to
understand and analyse the chemistry behind the water quality requirements and the pollutant
removal abilities of different filtration and disinfection water treatment processes. A
combination of mathematical and scientific knowledge was required for the modelling of the
total water balance, based on the conservation of mass theory.
The nature of this research project required knowledge in the management of water
systems, acquired in Urban Water Management (CIV3047S) in order to apply the research to
the problem. The nature of this research project was in a specialist area of civil engineering.

ELO 4: Investigation, experiments and data analysis
An investigation into the various WSUD principles was planned, and research on literature
regarding water demand and supply management systems, as well as water quality and quantity
management systems was evaluated and utilised in the method.
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The use of programmes to obtain necessary site-specific data, and water modelling data
was used to model the water patterns on the site. The flow models developed using the
literature and programmes were analysed and presented in a series of tables, figures and flow
diagrams. Conclusions were drawn based on the evidence found through the research project.

ELO 5: Engineering methods, skills and tools (including
Information Technology)
The selection of appropriate methods, skills and tools for the investigation procedure were
applied in the modelling of the water supply, demand, storage and flow patterns. The use of
Excel was used to develop inter-relationships between various cells; the use of ArcGIS was
used to obtain geological, groundwater and topographic information; URSHM was used to
adjust the peak demands to a mixed land-use sector, and determine the optimum storage tank
sizes for potable water and rainwater; and AutoCAD was used to represent the layout and
orientation of the physical elements on the site, including SuDS, buildings, wastewater
treatment works (WWTW) and developed parks.
Each of these programmes aided in the critical assessment of the feasibility of
implementing WSUD to the TRUP project.

ELO 6: Professional and technical communication
This research project made use of the appropriate structure, style and language in order to
deliver the content to the reader efficiently. Graphic material was a tool utilised to convey
information effectively. The presentation of a technical document was an appropriate document
for the engineers, architects and urban planners in the Density Syndicate. A non-technical eportfolio is best suited to the public and interested and affected parties of the TRUP
development.

ELO 8: Individual, team and multidisciplinary working
The identification and focus on the research objectives allowed for the extraction of
information from literature that had aspects pertaining to the research. A systematic and
strategic work ethic was practised in order to solve the necessary problems, and ensure work
was complete in time.

ELO 9: Independent learning ability
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Independent learning ability was displayed through the strategy that was followed in the
investigation into WSUD principles, and the application of the theoretical data to practical
systems in civil engineering. These systems include the attenuation and management of
stormwater, water reticulation and storage and WWTW. It was necessary to extract information
from the internet, journals, discussions and observations, in order to apply it to an appropriate
site/model/conceptual framework.

ELO 10: Engineering professionalism
Engineering professionalism was practised in the meetings with the Density Syndicate, PhD
students, supervisor and co-supervisor meetings and site visits. It was necessary to display
judgement and decision-making during discussions, and understand ones’ personal capabilities.
It was necessary that the course documents were complied with, and meetings and hand-ins
were met timeously.
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B Ethics Forms
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C Potable water storage data
Table C-1: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/01 00:00

90.00

362.51074

362.51074

21.20

21.200535

68.80

2003/01/01 01:00

90.00

362.51074

362.51074

17.29

17.29401

72.71

2003/01/01 02:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/01 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/01 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/01 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/01 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/01 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/01 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/01 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/01 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/01 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/01 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/01 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/01 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/01 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/01 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/01 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/01 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/01 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/01 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/01 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/01 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/01 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-2

Table C-2: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/02 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/02 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/02 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/02 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/02 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/02 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/02 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/02 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/02 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/02 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/02 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/02 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/02 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/02 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/02 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/02 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/02 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/02 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/02 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/02 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/02 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/02 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/02 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/02 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-3

Table C-3: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/03 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/03 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/03 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/03 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/03 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/03 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/03 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/03 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/03 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/03 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/03 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/03 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/03 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/03 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/03 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/03 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/03 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/03 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/03 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/03 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/03 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/03 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/03 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/03 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-4

Table C-4: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/04 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/04 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/04 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/04 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/04 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/04 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/04 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/04 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/04 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/04 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/04 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/04 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/04 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/04 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/04 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/04 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/04 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/04 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/04 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/04 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/04 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/04 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/04 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/04 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-5

Table C-5: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/05 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/05 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/05 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/05 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/05 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/05 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/05 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/05 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/05 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/05 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/05 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/05 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/05 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/05 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/05 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/05 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/05 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/05 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/05 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/05 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/05 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/05 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/05 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/05 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-6

Table C-6: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/06 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/06 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/06 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/06 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/06 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/06 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/06 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/06 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/06 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/06 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/06 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/06 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/06 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/06 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/06 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/06 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/06 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/06 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/06 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/06 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/06 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/06 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/06 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/06 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-7

Table C-7: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/07 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/07 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/07 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/07 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/07 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/07 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/07 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/07 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/07 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/07 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/07 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/07 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/07 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/07 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/07 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/07 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/07 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/07 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/07 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/07 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/07 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/07 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/07 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/07 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-8

Table C-8: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/08 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/08 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/08 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/08 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/08 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/08 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/08 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/08 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/08 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/08 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/08 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/08 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/08 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/08 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/08 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/08 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/08 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/08 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/08 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/08 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/08 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/08 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/08 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/08 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-9

Table C-9: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/09 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/09 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/09 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/09 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/09 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/09 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/09 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/09 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/09 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/09 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/09 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/09 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/09 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/09 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/09 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/09 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/09 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/09 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/09 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/09 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/09 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/09 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/09 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/09 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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C-10

Table C-10: Potable water storage data (Fisher-Jeffes, 2014b)
Date

Inflow

Vt1

Vt2

Demand

Yield

Spillage

m3/h

m3

m3

m3/h

m3/h

m3/h

2003/01/10 00:00

90.00

219.88966

288.68912

21.20

21.200535

0.00

2003/01/10 01:00

90.00

288.68912

361.39511

17.29

17.29401

0.00

2003/01/10 02:00

90.00

361.39511

362.51074

15.37

15.372453

73.51

2003/01/10 03:00

90.00

362.51074

362.51074

15.37

15.372453

74.63

2003/01/10 04:00

90.00

362.51074

362.51074

19.22

19.215567

70.78

2003/01/10 05:00

90.00

362.51074

362.51074

46.12

46.11736

43.88

2003/01/10 06:00

90.00

362.51074

352.58979

99.92

99.920948

0.00

2003/01/10 07:00

90.00

352.58979

314.23019

128.36

128.3596

0.00

2003/01/10 08:00

90.00

314.23019

273.17234

131.06

131.05785

0.00

2003/01/10 09:00

90.00

273.17234

234.81274

128.36

128.3596

0.00

2003/01/10 10:00

90.00

234.81274

209.17346

115.64

115.63928

0.00

2003/01/10 11:00

90.00

209.17346

198.95275

100.22

100.22071

0.00

2003/01/10 12:00

90.00

198.95275

198.36864

90.58

90.584104

0.00

2003/01/10 13:00

90.00

198.36864

198.7482

89.62

89.620443

0.00

2003/01/10 14:00

90.00

198.7482

199.12776

89.62

89.620443

0.00

2003/01/10 15:00

90.00

199.12776

198.54365

90.58

90.584104

0.00

2003/01/10 16:00

90.00

198.54365

192.17758

96.37

96.366068

0.00

2003/01/10 17:00

90.00

192.17758

172.32027

109.86

109.85732

0.00

2003/01/10 18:00

90.00

172.32027

148.60831

113.71

113.71196

0.00

2003/01/10 19:00

90.00

148.60831

126.82367

111.78

111.78464

0.00

2003/01/10 20:00

90.00

126.82367

120.4576

96.37

96.366068

0.00

2003/01/10 21:00

90.00

120.4576

132.40109

78.06

78.056515

0.00

2003/01/10 22:00

90.00

132.40109

164.58144

57.82

57.819641

0.00

2003/01/10 23:00

90.00

164.58144

219.88966

34.69

34.691784

0.00
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