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ABSTRACT

Abstract

The potential of four pilot-scale biological wastewater treatment processes for in-
building greywater recycling has been assessed. The evaluation of three membrane
bioreactors (MBRs) and a biological aerated filter (BAF) was principally with
reference to the non-potable water reuse quality standards.

In the steady-state trials the feedwater quality was changed from synthetic greywater
to blackwater (primary sewage influent) simulating the variability of domestic
wastewater. The submerged MBR met both the chemical and microbiological water
reuse quality standards independent of the feedwater strength. The BAF mostly
achieved a significant reduction in organic pollutants but failed to meet the
microbiological water quality criteria. Greywater treatment by the side-stream MBR
resulted in a very good effluent quality whilst the membrane aeration bioreactor

(MABR) had the most limited capacity to remove the pollutants measured.

The unsteady-state trials were carried out on the submerged MBR and the BAF. The
performance of the former remained relatively unchanged in the feedwater transitions
and the intermittent operation of feed and/or air with synthetic greywater. These tests
on the BAF resulted in a loss of performance such that in some cases the recovery

took several days.

In the supplementary experiments nutrient deficiency, variability in strength and
degradation during storage were found typical of both real and synthetic greywater,
hence potentially affecting the treatability of greywater.

A survey on behavioural patterns in households indicated that perceived harmfulness
of a substance did not necessarily affect the frequency with which it was discharged.
Laboratory experiments suggested that some substances discharged with the

greywater may increase the risk of failure of the biological treatment process.
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CHAPTER 1 INTRODUCTION

Chapter 1 Introduction

1.1 Background to water recycling and reuse

A 70% increase in fresh water demand has been experienced in the last 30 years
(DETR, 1999) due to a rapid population growth, socio-economic factors and
industrial activity. The situation has been highlighted by periodic regional droughts,
such that the public have become increasingly aware of the insufficient water
resources (Sayers, 1998; Surendran and Wheatley, 1998). Such events have
emphasised the importance of sustainability, which can be achieved with water reuse
in combination with other conservation measures. Water reuse is most readily
employed for non-potable applications where the relatively high quality water is not a
necessity. The estimated proportion of the water required for drinking and cooking is
3-5% (Okun, 1982; Sayers, 1998). Hence a large proportion of water can be reused for

non-potable purposes, and these uses are divided into four categories:

e irrigation,

industrial,

groundwater recharge, and

domestic.

Irrigation is the most widely employed water recycling and reuse application world-
wide. The level of technology depends on the general level of both the development
and the climatic conditions of the country concerned. For example in the
Mediterranean countries the demand is over 70% of the total water use such that
water withdrawal as a percentage of the total actual renewable water resources often

exceeds 100% (FAO, 1997).

About 25% of global water demand is related to industrial applications (Asano and

Levine, 1995) where a high level of technology is used to refine often onerous
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effluents for reuse purposes. Increased pressure on industry to limit both the use of
fresh water and the discharge of wastewaters will almost certainly lead to a higher

number of industrial reuse applications world-wide.

Reclaimed water can also be recharged to aquifers either by infiltration through the
soil or by direct injection into the aquifer, such that declining levels resulting from
excessive extraction can be reduced, stopped or reversed. Coastal aquifers can be
protected from intrusion of salt water and additional treatment for future reuse and

storage of reclaimed water can be provided (Judd et al., 1997).

This work focuses on domestic water reuse and particularly in the recycling of
domestic wastewater within buildings. This is practised both in the industrial and
developing countries driven by reasons such as dry climate, environmental protection
and an aim to reduce overall costs. In addition to domestic wastewater, rainwater is

commonly used as a supplementary source.

1.2 Research objectives

The research aims of this work are:

* to characterise greywater quality and dynamic behaviour,

* to investigate the feasibility of advanced biological wastewater treatment processes
for in-building domestic wastewater recycling with reference to the existing non-
potable water reuse quality standards,

¢ to assess the process recovery after intermittent operation of feed and/or air

resulting from a system malfunction or a temporary power failure, and

to identify components either occasionally or commonly present in greywater that

could lead to an impaired performance of a biological treatment process.
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Chapter 2 Literature review

2.1 Background to domestic water reuse

Domestic water reuse involves the purification and reuse or recycling of greywater,
rainwater or blackwater, or a combination of these wastewaters, within or outside a
building (Figure 2.1). Greywater originates from all the in the household other than
the toilet, urinal and bidet, and hence does not usually contain faecal matter (Section
2.2). Blackwater, or foul water, includes all household wastewater that enters a sewer
system (Section 2.2). Water reclamation in buildings can include the recycling of
greywater and the use of reclaimed water supplied through a dual or separate
distribution system. Another common application is the use of rainwater for either

toilet flushing or garden irngation during dry periods.

LOFT
Storage tank for
treated greywater
Shower '
O™ i1 Rainwater
aA i\ collection tank for
Hand- /@5 i % garden irrigation
basin * ;: i
WC .
7 [\
e —rm———
BASEMENT
-Storage
: hnkfor ) Mainstorage.
. uutheated Greywater ' tt:;r |
. greywater trea
from bath, treatment - greywater for
showerand - [ U WC flushing
-handbasin ~ - :

Figure 2.1. Schematic of domestic wastewater recycling showing common applications of internal use

of greywater and external use of rainwater.
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Domestic water recycling is an attractive option in the UK due to a relatively high
domestic water consumption coupled with an intensive population: water use for
&omestic purposes constitutes 40% of the total demand, and over half of the
population lives in towns of 100 000 or greater (Boschet ef al., 1998). In the near
future there will be more pressure on the natural water resources due to the water use
increase by 1.5-2% per annum (Butler, 1998b; Smith ez al., 1999) and the current plan
to build about 4.4 million new households in 1991-2016 (DoE, 1996). However, there
are several barriers to the uptake of greywater recycling systems (Mustow, 1998):

e environmental issues (Section 2.1),

e public health concerns (Section 2.3),

e lack of design structure (Section 2.3),
¢ technological limitations (Section 2.4),
¢ public perception (Section 2.6), and

e cost (Section 2.5.4).

Variation in climate provides an environmental barrier to greywater reuse, since
supply and demand vary from one region to another. This may be the case, for
example, in some areas in Europe where the abundant natural water resources
exceeds the water demand. High annual rainfall does not necessarily preclude the
implementation of water reuse. An example of this is Japan where the rainfall is
highly seasonal and there is limited scope to store surface water. The majority of the
population live in urban areas, which correspond to 3% of the geographical area
(Takahashi, 1991). In many of these districts the groundwater resources have been
overexploited, which has lead to the development of domestic and industrial water

reuse schemes.

Another environmental barrier is the possibility of contamination of the natural water
resources due to inadequately performing recycling systems or by-products in
greywater (Section 2.4.3). This highlights the importance of selecting the most
appropriate treatment process (Section 2.4) as well as the use of appropriate backup
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and alarm systems. Environmental concemns may, however, promote the
implementation of small-scale processes. This is the case in Japan, where greywater is
the major pollutant in small rivers in cities, closed water basins and areas without
public sewerage systems (Imura et al., 1995). A number of conservation measures
have resulted, including a rapid promotion of household wastewater treatment plants

to reduce the organic and nitrogen load entering natural waters.

Political and social issues play an important role in water reuse, and ultimately may
impede the process of introducing conservation methods: In the Middle Eastern
countries water recycling is unacceptable on fundamental religious grounds. In
contrast, the extensive water recycling is in place in the arid and semi-arid areas of
the United States and Australia, where the climate has been the driving force towards
extensive water recycling. In these areas the public generally view water recycling as

an essential environmental protection measure.

A reduction in water use is an important element in progress towards sustainability
and may require statutory means. The Netherlands have agreed a national target to cut
potable water consumption by 10% to maintain a sustainable water supply, whereas
no such targets exist in the UK (Environment Agency, 1998). One method employed
to reduce demand is metering, which has been estimated to result in around 10-15%
reduction in potable water consumption in households (Butler, 1998b; Edwards and
Martin, 1995). This, however, may not be sufficient, and further action has been taken
in many arid regions of the world. In Australia, for example, where many
communities have achieved a 10-30% reduction on water use: the potential is
estimated to be in the region of 25-30% if water efficient fittings and appliances are
used (Williams, 1998), and as high as 30-50% if all greywater is reused (Jeppesen,
1996a). Also in Copenhagen, Denmark, the water use has dropped, as a result of the
promotion of water saving appliances, by as much as 36% since the mid-1990's

(Mikkelsen ef al., 1999; Stanner and Bordeau, 1995).
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2.2 Water flows and strengths

2.1 Domestic water demand

Water consumption depends on regional, demographic and cultural conditions and is
“: measured as per capita consumption (pcc in | person” d). It is also recognised that
_‘ water use has a tendency to increase with increasing income and decreasing
' household occupancy (Edwards and Martin, 1995). In the UK a range from 101 to 212
1 person'1 d™! has been reported (Butler, 1991, 1993 and 1998a; Edwards and Martin,
- 1995; Hall ef al., 1988; Surendran and Wheatley, 1998). This compares well with
115-260 1 person™ d” (Griggs et al., 1997) presented for the rest of Europe and is low
in comparison with 450 1 person™ d”' in Zurich, Switzerland (Stanner and Bordeau,
1995). Water consumption at 133-223 1 person™ d”! (Laak, 1974; Ligman et al., 1974;
Rose ef al., 1991; Siegrist, 1976) in some areas of the United States appears to be
similar to that in the UK. Recently a figure as high as 1136 1 person™ d”' has been
reported (York and Burg, 1998), which is likely to include g_arden irrigation, in arid

areas in the US.

Breakdown of typical domestic water usage in various countries (Table 2.1)
demonstrates that the daily water volumes used for different purposes in households
are similar. Toilet water usage is typically a third of the total domestic water
consumption. It is higher in cases where high flush toilets are used, as could be
assumed from two of the US examples (references 6 and 7, Table 2.1). Bath, shower
and washbasin water comprises 25-30% of the total wastewater volume. Some 7-14%
of the water is used in the kitchen and a further 11-31% for laundering operations.
Most variation (7-41%) is found in the other uses that may or may not include water
use in kitchen depending on the literature source. It can be seen from Table 2.1 that
greywater from the bath, shower and washbasin roughly meets the toilet water
demand. However, as greywater is produced at a time slightly offset from toilet

flushing and generated over short time periods, whilst toilet flushing takes place more
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consistently throughout the day, storage of both untreated and treated greywater is

pecessary.

Table 2.1. Breakdown of typical domestic water usage (1 person™ d™).

“Reference 1 2 3. 4 5 6 7 8

Country UK UK UK  Denmark The USA USA USA
Netherlands

Toilet 31 37 61.2 40 30.5 75 76 36
Kitchen sink 13 - 29.7 20 10.5 14 13 18
Wash basin 13 - 255 - 54 8 - -
Bath and shower 28 19 34.4 45° 59.7 32 47 38
Washing machine 17 13 256 10 23.1 28 38 4l
Other - 48 359 45° 15.4° - 6 -

“Total 101 117 2123 160 144.6 156 180 133

1 Butler (1991, 1993) 2 Hall et al. (1988) 3 Surendran and Wheatley (1998)

4 Mikkelsen ef al. (1999) 5 Van der Hoek et al. (1999) 6 Laak (1974)

7 Ligman et al. (1974) 8 Siegrist et al. (1976)
* dishwasher 6.8 1, outside tap 29.11
® includes handbasin
o dish washing and cleaning 25 |, other including leakage 201
¢ dishwasher 1 1, handwashing clothes 4.8 1, other 9.61

Information on the discharge volumes and patterns from households can be used to
understand the rate and distribution of wastewater discharges into drains and sewers
where characteristic patterns on annual, seasonal, daily, hourly and sub-hourly time
scales can be observed. This variability is a useful tool in the design of both
centralised sewage treatment works (STW) and localised greywater recycling
systems. The water usage pattern from the different appliances is distinct, particularly
mn individual households, but it can also be observed in larger multi-occupancy

buildings, though the variation in flows tend to be smaller (Webster, 1972).

Research on domestic wastewater inflows (Butler, 1991; Butler et al., 1995; Edwards
and Martin, 1995; Surendran and Wheatley, 1998) has shown that a moming peak

discharge is followed by two major discharge peaks, one in the afternoon and the
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other in the late evening. A minimum flow period of 4 h occurs late at night,
corresponding to the occupants' sleeping hours (Butler ez al., 1995). The distribution
of the appliance discharges shows that the smallest contribution comes from the
washbasin (Butler ef al., 1995). A small-scale diary on domestic sanitary appliance
usage in the south east of England (Butler, 1993) revealed that the appliance usage
pattern is influenced both by the dwelling occupancy and the day of the week. It is
more frequent in households with more occupants than in those with a smaller
 number of residents. At weekends the morning usage peak is more extended and

smaller than during the week, appearing after a delay of 1-2 h.

According to Santala er al. (1998) water consumption peaks of 5-15 min long can
contribute as much as 30-60% of the total measured daily consumption for washing
purposes, depending on the demographic structure and life-style of the occupants.
Butler ef al. (1995) noted that the discharge from the bath and shower constitutes up
to 66% of the total instantaneous discharge in the early moming (4-8 am) and evening
periods (6-10 pm). Although the timescale in the latter study was longer than in the
former, the findings regarding the ratio of shower and bath usage to total water use

and discharge are in good agreement.

The most significant single wastewater-generating appliance, irrespective of the day
of the week, is the toilet (Butler er al., 1995). It contributes about 40% of the total
instantaneous flow during the day and up to 90% at nights.

The discharges from greywater-generating appliances and the toilet have an impact on
the overall wastewater quality. Biochemical oxygen demand (BOD) is largely variable
throughout the day in comparison to orthophosphates, which provide a smaller
concentration range, and to nitrate, which remains fairly constant (Butler er al., 1995).
Ammonia load in domestic wastewater is most changeable as it is affected by the
toilet discharges. A one week survey on toilet usage (Friedler ef al., 1996) in southern
England showed that the quantities of solid matter generated by the toilet were

significant. All types of solid generation (faecal related flushes, toilet paper, and
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sanitary refuse) showed distinctive morning peaks, and differences were noted
petween weekday and weekend usage, giving variable solids quality and loading

which then had an impact on overall domestic wastewater quality.

2.2.2 Domestic wastewater strengths

Greywater
Greywater quality varies from one appliance to another, since wastewater is generated

from washing machines, dishwashers and kitchen sinks. It is often alkaline and
contains detergents, oil, grease and other organic matter (Table 2.2). These materials
significantly impair conventional biological wastewater treatment, such that in most
greywater reuse schemes only discharges from less polluted sources, i.e. baths,
showers and handbasins, is recycled. Though this may exclude the treatment of some
of the problematic substances, the heterogeneity of greywater composition
nevertheless complicates both the treatment and risk assessment of reuse (Rose et al.,
1991). Pollutants such as grease may be substantially removed by appropriate
pretreatment. An example of this is the use of grease traps for kitchen discharges,
consequently improving BOD removal by a biological process (Adachi and Fuchu,
1991; Nakajima et al., 1999).

Due to its composition greywater is prone to offensive odours and growth of micro-
organisms during storage unless adequately treated (Jeppesen, 1996a; Section 4.2.3).
Microbiological quality has been shown to deteriorate in distribution networks even
within drinking water systems such that bacterial densities may increase 2-3-fold due

to residence time, materials, flow conditions and temperature (Prévost et al., 1997).

More than 95% of the pollution within greywater may consist of detergents (Santala
et al., 1998). Soaps contain surface active agents, 1.e. surfactants, that have different
properties of solubility, biodegradability and foam formation. Anionic detergents are
known to produce an odour in water at concentrations of 0.4-3 mg I’ (Chapman,

1992) and some combinations of surfactants may nullify disinfectants (Christova-Boal
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et al., 1996), complicating the selection of the disinfectant. Soaps with reduced
foaming properties can be used in greywater recycling schemes to prevent excessive
foaming that can lead to operational problems (Section 5.4). It is important to limit

the concentration of detergents to prevent foaming of the treated greywater in the

toilet during flushing (Naisby, 1997).

Table 2.2. Characteristics of greywater (adapted from Hodges, 1998).

Greywater source  Characteristics

Washing machine  Bleach, foam, high pH, high temperature, nitrates, oil and grease, oxygen
" demand, phosphates, salinity, soaps, sodium, suspended solids and turbidity.

Dishwasher Bacteria, foam, food particles, high pH, high temperature, odour, oil and
grease, organic matter, oxygen demand, soaps, sodium, suspended solids and
turbidity.

Bath, washbasin Bacteria, hair, high temperature, odour, oil and grease, oxygen demand,

and shower soaps, suspended solids and turbidity.

Sinks including Bacteria, food particles, high temperature, odour, oil and grease, organic

kitchen matter, oxygen demand, soaps, suspended solids and turbidity.

Greywater has a similar organic strength to aggregated domestic sewage but has a
different chemical nature (Table 2.3). Low turbidity and suspended solids indicate
that a great proportion of the contaminants in greywater are dissolved. An example of
this is the share of the soluble BODs (sBODs) at 60% (Laak, 1986). A further
complication arises from the solids that are less settleable than in' toilet wastewater
(Laak, 1986) such that significant removal of solids by conventional sedimentation
may be difficult. The ratio of chemical to biochemical oxygen demand (COD:BOD) is
variable, and a value as high as 4:1 has been reported (Holden et al., 1998). This is
nearly double in comparison to the COD:BOD ratio of 2.2-2.5:1 typical of sewage
(Metcalf and Eddy, 1991). Although greywater contains relatively little biodegradable
matter, its BOD degrades faster than that of toilet wastewater (Laak er al., 1981;
Olsson et al., 1968). Compared to sewage, greywater is often deficient in phosphorus
(P) and nitrogen (N).

10
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A high count of coliforms in greywater (Brandes, 1978; Olsson et al., 1968,
Surendran and Wheatley, 1998) relative to sewage arises from the fact that organic
matter from kitchen wastewater undergoes little breakdown, whereas all material in
toilet wastewater undergoes considerable microbial and enzymatic breakdown during
its passage through the human digestive tract (Brandes, 1978). Generally more faccal
coliforms are present in shower and bath water than in laundry water (Christova-Boal
et al., 1996; Rose et al., 1991). Total and faecal coliform count in greywater from
families with young children can be up to 5 orders of magnitude higher than that from
families without children (Rose et al., 1991). Viruses may be present if the
individuals are infected (Rose et al., 1991; Yates and Gerba, 1998). For example, the
concentration of Totaviruses can be as high as 10" particles per gram faeces (Flewett,
1982). Due to the existing pathogens garden irrigation with untreated greywater is
often not recommended particularly if the crops are to be eaten uncooked (EPA,

1992; Mustow et al., 1997).

Personal hygiene products and pipework materials contribute sodium, sulphate,
phosphorus, zinc, aluminium, copper and carbonate to greywater, and may sometimes
arise in high concentrations in bathroom and laundry waters (Christova-Boal et al.,
1996; Hypes, 1974; Jeppesen, 1996b). Some of the nutrients and metals may be

detrimental to soil condition if greywater is continuously used for irrigation.

Blackwater

Decentralised systems in rural areas often separate greywater and blackwater, or
liquid and solid waste (Fittschen and Niemczynowicz, 1997; Skjelhaugen, 1999;
Zeeman and Lettinga, 1999; Otterpohl et al., 1999). There are several reasons for this:
by separating the wastewater streams they can be treated accordingly for different
I€use purposes; diluting blackwater with greywater increases the cost of treatment and

reduces its agronomic value (Skjelhaugen, 1999).

Variations in blackwater quality (Table 2.4) depend upon the same factors that affect
greywater quality. Blackwater contributes 80-91% of the total nitrogen (TN) and

12
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phosphorus (Jenssen and Skjelhaugen, 1994; Laak er al., 1981; Olsson et al., 1968) as
well as 50-75% of the organic matter (Jenssen and Skjelhaugen, 1994) to domestic

wastewater.

Table 2.4. Examples of blackwater quality. Mean (range)

Reference
Parameter 1 2 3
The Netherlands USA USA
cOoD 1720, 1200* 258 (175-490) . n/a
BOD n/a 90 (38-160) 280
SS n/a 77 (37-261) 450
Total solids n/a 621 (521-745) n/a
N n/a 153 (140-170) 145
P n/a 18.6 (16-22) 20
1 Zeeman and Lettinga (1999) 2 Brandes (1978) 3 Laak (1981)
* suspended _ n/a not available

Importance of nutrients

One of the key issues in biological wastewater treatment is the type and amount of
nutrients. These have an important role in biological systems as cells require
macronutrients for metabolic processes, the primary nutrients being nitrogen,
phosphorus and carbon (C) (Beardsley and Coffey, 1985). The trace element, or
micronutrient, requirements of bacterial cells can be determined from the
composition of the cells (Metcalf and Eddy, 1991). However, as excess
micronutrients can be adsorbed onto cell walls, the concentrations in biomass ash
may exceed the actual amount required (Nicholas, 1963; Wood and Tchobanoglous,
1975). Actual requirements are influenced strongly by the organic and hydraulic
loading rates, the cell growth rate (Speitel and Segar, 1995), the nature of the waste,
and the mean cell residence time (Wood and Tchobanoglous, 1975). The retention
time necessary for wastewater treatment decreases as environmental conditions and
nutrient supply approach optimum levels (Benefield et al., 1979; Speitel and Digiano,
1988). Several COD:N:P ratios at which nutrients should be supplied have been

13
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presented: 100:10:1 and trace sulphur (Beardsley and Coffey, 1985), 250:7:1 (Franta
et al., 1994), 100:20:1 (Metcalf and Eddy, 1991) and 100:5:1 (Droste, 1997).

Nutrient addition is a useful tool in treatment of wastewaters which are deficient in
one or several components required for effective performance by a biological process.
This is often the case in industrial wastewaters. Nitrogen and/or phosphorus addition
is often necessary for effluents from pulp and paper industry (Saunaméki, 1994;
Section 5.3), food industry (Prend] and Nikolavcic, 2000) and chemical industry (Van
Kempen et al., 1997). Supplementary carbon can be added to wastewaters for
enhanced denitrification and/or nitrification (Tam et al., 1992; Watanabe et al., 1995)
or phosphorus removal (Jeon and Park, 2000; Tam er al., 1992). Ghyoot et al. (1999)
investigated the removal of a high nitrogen load in sludge reject water by a
membrane-assisted bioreactor. In the first test the influent had a nitrogen
concentration of 500-1000 mg 1"'. Methanol addition to the sludge at a COD:N ratio
of 2.3 g g increased the denitrification efficiency from 10% to 86% over a 7-day
period. The mean COD removal was 87%. In the second test, where acetic acid was
used as an additional carbon source, the influent nitrogen level fluctuated between
300 and 1200 mg 1"'. Acetic acid dose at a COD:N ratio of 4.0 g g immediately
increased denitrification to over 90%. During the 30 days of the trial a mean COD
removal of 94% was measured. The difference in denitrification efficiencies relate to
acetic acid being a readily available carbon source by many denitrifying bacteria

whereas methanol needs a special bacterial population (Hallin ef a/., 1996).
2.2.3 Impact of greywater recycling

The impact of greywater recycling are not restricted to local and immediate issues
such as onsite storage and the selection of a technology. Domestic water reuse can
result in a 35% reduction in discharged wastewater, leading to major impacts on small
STWs (Butler, 1998b; Mustow et al., 1997; Sayers, 1998). Though greywater reuse
would decrease the overall pollutant load in the wastewater, it would increase

pollutant concentration by up to 50% due to the decreased volume, potentially

14
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encouraging septicity and consequently making the water less treatable (Butler,
1998b). On the other hand, reduced flow could have a positive impact on the
downstream systems in terms of fewer capacity problems, leading to a design of a
system with reduced capacity and lower pumping costs. Positive effects leading to
improved quality discharges are likely, since storm events often lead to pollution

peaks due to the flushing out of drains and sewers (Mustow ef al., 1997).

2.3 Legislation and water quality criteria

Legislation for water reuse is based on the necessity to protect human health and the
environment. In the case of non-potable urban water reuse the public is exposed to
reclaimed water via inhalation, direct skin contact or accidental ingestion. In addition
to water quality standards, several of which are in place or under development abroad,
adequate safety measures for non-potable reuse applications should include (Asano,

1994):

e separate storage and distribution systems,

* colour-coded labels to distinguish potable and non-potable systems,

¢ back-flow prevention devices,

¢ periodic tracer studies to detect cross-connections between potable and non-
potable systems,

¢ off-hours usage to further minimise potential human contact, and

* information signs at sites using reclaimed water.

A lack of design guidance can cause confusion and impose a significant barrier to the

use of greywater recycling systems.

Legislation and standards relating to domestic water reuse vary from country to the

country. These are briefly appraised in the following section.
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S federal laws on water reuse are broad and general in nature allowing the

dual states to decide upon implementation. In general, federal laws apply to

e water only, whereas in the individual states the range is expanded to include
water. The Bureau of Reclamation conducts appraisal and feasibility studies
ported by a government grant program and can participate in the design and
E‘;ruction of water reclamation projects (Cologne and MacLaggan, 1998). Loan
pgrams are carried out by the individual states under the general US Environmental
protection Agency (US EPA) guidance and regulations. The US EPA guidelines
(EPA, 1992; Table 2.5), which have been widely adopted within and outside of the
US; list detailed information not only on water quality criteria but also the minimum
le{iel of treatment and the frequency of monitoring. They are thus one of the most
stringent in the world. In comparison to the federal laws, the state laws are detailed
and restrictive in prohibiting unreasonable use and control of water quality. For
example, a state ordinance in California requires all large buildings to include dual
plumbing (Crook, 1998). In contrast to California state, many less arid US states still

have no legislation at all.

The World Health Organisation (WHO) has published guidelines (WHO, 1989) for
wastewater use in agriculture and aquaculture, and some of these guidelines have

been suggested as being suitable for domestic water recycling (Table 2.5).

Australia

In Australia public health regulations prohibit the use of greywater without specific
prior approval (Stone, 1996). In general no regulations on acceptable reuse practices
exist leaving the authorities to consider proposal water reuse schemes on a case-by-
case basis. In 1993 the New South Wales (NSW) government published guidelines for
urban and residential use of reclaimed water (NSW Recycled Water Coordination
Committee, 1993; Table 2.5). These guidelines are applied in particular to new
hOUSing developments such as Rouse Hill, where a program was initiated in the early

- 1990°’s (Neal, 1996). The dual wafer supply on this site has been estimated to reduce
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ewage flow by up to 40% (Williams, 1998). Since 1993 the regulations in Perth,

Western Australia, have required the use of a dual flush toilet in all new installations

Stone, 1996). In such toilets a low (3 1) or a high flush (6 1) can be chosen. Promotion
of retrofitting of existing toilets, shower heads and other water saving appliances and
~;éfﬁcient irrigation are a part of the water efficiency program, which has potential to

. réduce the need for additional water supplies by about 23% (Stone, 1996).

General guidelines for domestic greywater reuse for Australia (Jeppesen, 1996b),
which include requirements for design and installation of greywater systems, were
published by the Urban Water Research Association of Australia (UWRAA) in 1996
(Mustow et al., 1997). The performance and health and safety issues are also listed in

detail. The functional requirements are described as follows:

¢ safe design and practice such that there is no human contact with greywater,
o the use of pressurised systems to avoid blockages in pipework,
¢ greywater reuse for lawn and ormamental garden irrigation only, and

¢ disposal of by-products in a hygienic manner.

The UWRAA guidelines define two treatment technologies suitable for domestic
greywater treatment. The primary greywater reuse system comprises a coarse screen.
Other treatment or storage of greywater is not permitted. This system may be used by
permit for direct reuse of untreated bathroom and laundry greywater from a single-
family home for sub-surface lawn and ornamental garden irrigation. The secondary
greywater reuse system consists of an automatic filtration system followed by a
membrane or sand filter. The system can be used by licence only in multi-occupancy
buildings. Short-term storage is allowed if the greywater has BODs <20 mg I’ sS <
30 mg I'' and emits no odours. The treated greywater may be used for the same

purposes as above.
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Table 2.5. Summary of water quality standards and criteria suitable for domestic water recycling
(adapted from Surendran and Wheatley, 1998).

Standard Total coliforms  Faecal coliforms BOD; Turbidity Cl, residual  pH

(cfa100"ml")  (cfu100"m?)  (mgl?) (NTU) mgl) (O
UK bathing 10000 (m) 2000 (m) - 2m(g) - 6-9
water 500 (g) 100 (g) 1 m (m)
standard’
“EC®bathing 10000 (m) 2000 (m) X 2m(g) - 69
water 500 (g) 100 (g) 1 m (m)
standard
“US NSF° - 240 45 90 ; :
“"USEPA(g) Non-detectable 14 for any sample 10 <2 1 6-9
0 for 90% samples
" Australia 1 4 20 2 : -
NS
“Japan (m) - 10 10 for any sample 10 5 - 6-9
Germany 100 (g) 500 (g) 20 (g) 12 (m) - 6-9
8 20
WHO" lawn oo 1000 (m) - - - -
irrigation 200 (g)
UK - 14 for any sample - - - -
(BSRIA)f 0 for 90% samples
()

* Bathing water standards suggested as appropriate for domestic water recycling
® EC = European Community

° NSF = National Sanitation Foundation

4 NSW = New South Wales; also maximum of 2 viruses in 50 litres

¢ WHO = World Health Organisation

ftoilet flushing

(8) = guideline
(m) = mandatory

Japan

The Japanese local and national government agencies have initiated numerous
municipal and industrial wastewater reclamation and reuse and industrial water
recycling facilities since 1970. Estimates of the share of urban water reused for toilet
flushing range from 33% (Renaud et al, 1997) to 37% (Murakami, 1989). Until
recently laws and regulations governing reclaimed water were complex due to the
established laws in potable water supply, sewerage and industrial water that were
applied to water reuse (Asano ef al., 1981). An increasing need to incorporate water
Teuse into the traditional water. supply lead to the revision of some of the procedures

in the 1990°s. For example, in Tokyo greywater recycling is mandatory for buildings
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with a floor area >30 000 m? or potential water reuse of >100 m® d"' (Rowden, 1996).
Other Japanese cities also require smaller buildings to recycle greywater (EPA, 1992,
Rowden, 1996). The Japanese domestic water reuse quality criteria are similar to
many other standards in terms of BOD and physical parameters (Table 2.5), but do

not require non-detectable bacteria in the reuse water.

European Union

The European Union (EU) is currently drafting a directive to assimilate all existing
European regulations on water (Bontoux, 1998). The major problem is to find a
uniform solution for all the member countries, which differ significantly
geographically and climatically as well as in availability of water sources. Although
greywater recycling for toilet flushing and fire fighting are emerging applications in
France and Spain (Renaud e al., 1997), these countries have worked towards a
regulatory framework mostly for agricultural reuse which remains the major reuse
application. Recently the Spanish government issued a draft of guidelines (Brissaud,
2000) which included non-potable urban reuse such as toilet flushing, with the water
quality criteria being: <1 nematode egg 17, 0 E.coli 100" ml?, SS <10 mg 1" and
turbidity <2 NTU.

In Germany greywater reuse is not widely applied due to risk to hygiene, although
research towards greywater treatment for in-building reuse has gained interest and
resulted in operating systems on various sites (Section 2.4.2). Guidelines for treated
greywater, or 'service water', were introduced on a local level in Berlin (Nolde, 1999),
with the key water quality parameters being: 7-day BOD (BOD-) < 5 mg 1", total
coliforms < 100 cfu ml”, faecal coliforms < 10 cfu mI”' and Pseudomonas aeruginosa
<1 cfuml”" (Nolde, 1999). Rainwater harvesting is recommended for toilet flushing
and garden irrigation (Mustow e? al., 1997), encouraged to some extent by the high
water charges (Grant, 1998). By 1998 there were around 600 000 rainwater systems in
Germany (Grant, 1998). The criteria shown in Table 2.5 limit rainwater recycling so

as not to apply to households with occupants with a limited immunity, such as elderly
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children. General conditions of the water supply legislation apply to rainwater

ms (Fitsch and Koenig, 2000).

In:the UK water reuse is not directly restricted by the legislation though the

ébvemment has three principle ways of intervening in the process (Dent, 1999).
Firstly, water reuse can be encouraged by financial incentives such as funding
research programs and favouring the use of water meters and monitoring water costs
(e.g. Water Charging Bill 1999). Secondly, the government can act as a building
regulator to protect public health. The third way is to raise public awareness by
introducing educational campaigns (e.g. ‘Are You Doing Your Bit’).

Recently the government has taken steps towards safe water reuse. In 1999 the water
byelaws were replaced by the new Water Supply (Water Fittings) Regulations
(WRAS, 1999a and b) which made the identification of pipework compulsory and
cross-connection with potable water illegal. Also greywater and rainwater are now
recognised in the new regulation where five fluid categories of risk are identified
(Hodges, 1998):

* Category 1 - Water of a quality that is not impaired by any change in taste, colour
or odour,

* Category 2 - Water not representing a health hazard but whose aesthetic quality is
impaired owing to a) change of temperature and/or b) presence of substance(s)
causing a change in taste, odour or appearance,

* Category 3 - Fluid representing a slight health hazard due to presence of substances
of low toxicity,

* Category 4 - Fluid representing a significant health hazard due to presence of toxic
substances, and

* Category 5 - Fluid representing a serious health hazard due to presence of
pathogenic organisms, radioactive or very toxic substances. E.g. greywater and

rainwater.
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At present water reuse quality standards do not exist in the UK. To meet the needs of
the increasing number of recycling systems available in the country, the Building
Services Research and Information Association (BSRIA) has proposed guidelines
(Mustow ef al., 1997) for greywater, stored rainwater, and combined greywater and
rainwater reuse systems. Based on the relevant guidelines, the proposed criteria are

divided into three categories depending on the degree of human exposure to untreated

reused water:

e Category A (high exposure) - drinking, cooking, bathing, irrigation of crops to be
eaten raw: UK Water Supply (Water Quality) Regulations apply,

e Category B (medium exposure) - toilet flushing, vehicle and clothes washing,
surface landscape irrigation, irrigation of crops to be eaten cooked, impoundments,
use in fire protection systems and commercial air conditioners: non-detectable
faecal coliforms in 100 ml, and

e Category C (low exposure) - sub-surface landscape irrigation, hand-basin toilets:

faecal coliform limit not applicable.

The BSRIA guidelines are currently being revised partly due to the experience gained
In water reuse systems and the need for amendments for the safety of plumbing

systems and environment.

In 1997-2000 a group of experts representing industry and academia in the UK
worked on risk and risk assessment issues related to greywater and rainwater
recycling technologies. The Water Recycling Opportunities for City Sustainability
(WROCS) project, sponsored by the Engineering and Physical Sciences Research
Council (EPSRC), focused on risk identification, process and risk modelling and
experimental testing. The team set out to investigate concerns with greywater and
rainwater recycling and thereby support the development of water reuse in the UK.
Using Salmonella as the indicative species, the probability of risk was defined in
Blywater reuse for toilet flushing or garden irrigation (WROCS, 2000). The

following stages of a greywater system were identified in the models: initial

21



LITERATURE REVIEW

ination, treatment, storage and regrowth, dose, infection and risk. It was

contam

concluded that there was 1no significant risk with reuse of treated greywater but that

k is slightly higher if a person (user) is infected. The risk is greater with the use

the 1is
of untreated greywater. These findings highlighted that design, installation and

maintenance of a treatment and storage system are critical factors in determining the

overall acceptability of risk.

Quality concerns

In the existing guidelines and standards bacteriological quality, biodegrability, clarity
and acidity are defined around the world but the actual permitted levels vary
considerably (Table 2.5), leading to two ideologies. The first of these is based on the
quality of greywater being comparable with its application. In such cases the
standards are similar to those for bathing water as the level of risk to user is about the
same. The alternative way is to consider greywater treatment in a similar manner to
that of municipal effluent. The difference in these ideologies lies in the standard for
coliform levels, which for the more pragmatic approach is in the range of few
thousand colony forming units per 100 ml whereas the more conservative approach
requires a very low or non-detectable level. In the UK concerns on the formation of
droplets on adjacent toilet bowl surfaces following flushing have been expressed,
such that a more suitable criteria for toilet flushing has been suggested as non-

detectable E.coli in 1 ml (Dixon et al., 1999a).

The focus on bacteriological quality reflects the potential for human exposure to
recovered greywater resulting in the public health protection being the major
criterion. Enteric viruses are known to be the most critical group of pathogens as they
can cause illness at low doses, cannot be detected by routine microbial analysis and
survive during storage. Therefore enteric viruses represent the component that is most
difficult to remove. Experiments on poliovirus type 1 seeded into greywater showed
that during a 6-day storage at 25°C and 17°C the counts declined by 99% and 90%,
respectively (Rose et al., 1991). The survival of enteric bacteria has also been studied.

Rose et al. (1991) inc:ubated-greywater for 2 days at 25°C and observed a 1-2 log
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increase in total bacteria standard plate count and faecal coliforms. Similar regrowth
of Salmonella typhimurium and Shigella dysenteriae was not observed, but these
species persisted for several days after having been seeded into greywater. Nolde
(1999) reported that Salmonella seeded in greywater for 7 days and stored in dark at
room temperature declined from the initial 10’ cfu in 100 ml to below non-detectable
level in 3 weeks. After the seeding was ceased, faecal coliform counts persisted at
around 10° cfu in ml for a day before dropping by 4 log over the following 5 days.
The differences in survival and regrowth in greywater between pathogens depend on
the greywater quality and environmental conditions, as the examples above show. It is
usual, however, that a process effective in removing bacteria will be similarly

effective for other pathogens (Cooper and Olivieri, 1998).

It is normal to base standards on the more readily quantifiable indicator organisms of
faecal or total coliforms. These species demonstrate a potential for disease
transmission, rather than an actual risk of illness, but are more familiar
bacteriological quality determinants than viruses and are more easily measured. On
the other hand, no proven correlation exists between concentrations of indicator
species and actual pathogen levels (Cooper and Olivieri, 1998), and some pathogens
are known to be more resistant to treatment than the indicator species (Yates and
Gerba, 1998). This has resulted in the more conservative approach being adopted in
the USA, Japan and Australia where greywater recycling is an established operation.
In the USA, specifically in the US EPA guideline for water recycling (EPA, 1992) the
condition stipulated is non-detectable faecal coliforms for urban reuse combined with
a specification for minimum level of treatment required. The guideline has improved
the applicability of surrogate measures such as indicator organisms and is currently
being adopted in California and Florida. Currently Arizona is the only US state that
has numeric pathogen standards for reclaimed water and Florida has implemented
regular monitoring for Giardia lamblia and Cryptosporidium (York and Walker-

Coleman, 2000). The Australian guideline also includes a maximum limit for viruses
(Table 2.5).
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rther requirements for the level of treatment are set by BOD and
ns Failure to reduce the amount of thesé pollutants in greywater
ms associated with regrowth of organic matter and micro-
am such that subsequent treatment of the product water by, for
fnfection (Section 2.4.3) may be affected. Oxygen demand may cause
also has an impact on greywater biodegradability (Section 4.2.3).
_ y aesthetic parameter. This is recognised in several water quality
ﬁnnendations for turbidity in treated water are similar in most
in Table 2.5, with the exception of the US National Sanitation
¢ a significantly higher turbidity is accepted.

ocess technologies

24.15 ’trqduction

The p Ocess technologies for greywater reuse presented in Sections 2.4.2-2.4.6 can be
divided into five categories depending on the level and type of treatment (Table 2.6).
The differences in operational principles, cost and scale of use may in some cases

limit the implementation of such systems. Concerns of the technology used often

result from failed attempts to adequately treat greywater.
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2 4.2 Natural systems

Artificial or constructed wetlands (reed beds, lagoons, ponds) are increasingly popular
for treatment of secondary and tertiary domestic wastewater and stormwater.
Wastewater is treated in horizontal or vertical flow reed beds, where the water is
below the surface of a gravel bed to minimise undesired insect breeding and odour
formation. Some flora have bactericidal properties (Batchelor ef al., 1990) and have a
capacity to treat chemical pollutants. Common monoculture plants include
Phragmites, Baumea, water hyacinth (Eichhornia crassipes), Typha and
Schoenoplectus. A wider variety of organisms that recycle the nutrients and have a
high growth as well as a rapid response to shock loading can also be grown in ponds
(Mars et al., 1999). The natural water levels, which have an effect on flowering and
seed production, can be optimised to enhance treatment performance. Wastewater
nutrient levels, seasonal temperature variation and flora characteristics determine the
size of the pond and infiltration areas, with values of 0.7 m* (Green and Upton, 1995),
1 m? (Mars et al., 1999), 5 m’ (Cooper, 1990) and 5-8 m’ (Bucksteeg, 1990) per
person all quoted in literature for the latter depending on the wastewater
characteristics and the target effluent quality. Odour formation can result from poor
oxygenation, rather than organic overload, which then has an impact on ammonia
concentration (Bonvillain et al., 1998). Odour problems can generally be ameliorated

through improved aeration, light and temperature.

Greywater is commonly treated by natural systems in areas without a public sewer
system. Fittschen and Niemczynowicz (1997) reported a 100 population equivalent
(pe) greywater treatment scheme in Sweden, which included a sedimentation tank, a
reed bed and a sand filter followed by an artificial pond. Phragmites communis were
planted on an area of 600 m® with a depth of 0.6 m to give a residence time of 4 days.
This increased to 14 days in practice as only a quarter (10.7 + 1.2 m* d™") of the design
volume of the reed bed was used. BOD,;, COD, TN and total phosphorus (TP)
removals of 97%, 87%, 59% and 64%, respectively, were achieved by the reed bed

treatment, as well as a 2-4 log reduction in total coliforms. Further polishing by a sand
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filter decreased both TN and TP to below 0.5 mg 1", and coliforms to a maximum of

5 ot in 100 ml.

Lightly polluted handbasin and kitchen wastewater from a 500 pe college is currently
being treated in a 1200 m’ 'wetpark' in southern Sweden (Ginther, 2000). The a
turnover time for the water is one year due to low winter temperatures. A triplicate
shore-pond system comprises alternating shore purification zones and buffer ponds
where a number of flora species were planted. The insect larvae population and leaf
litter in the ponds is controlled by fish. After the third pond the water is filtered
through a sand filter prior to reuse for handwashing and toilet flushing. The annual
water use in the building is about 400 m’. Early results show that a 3-4 log removal of
faecal streptococci and thermostable coliforms is achieved, and the average BOD; of
47 mg 1" is reduced to around 1 mg I'". A 99.5% P removal is also achieved by this
pond treatment. Nitrogen removal (50%) is lower than the designed level possibly due

to a leakage from the plant soil on the shore zones.
2.4.3 Basic two-stage process

The most common technology used for small-scale domestic reuse in the UK is a two-
stage process based on coarse filtration followed by disinfection. This system forms
the basis of a number of commercially-available products for installation in new
buildings or retrofitting into existing ones. The residence time of the process is kept
short to avoid alteration in the chemical nature of greywater and so reduce the
complexity of treatment. The coarse filter usually comprises a foam blocker and a
metal strainer. Christova-Boal ez al. (1996) noted that filters require regular cleaning
at least once a week independent of the source of greywater. Solid matter such as hair,
lint and dirt captured by the filters may pose a risk to the person cleaning the filters
despite similar protective measures such as wearing gloves, suggesting that disposable
filters may be a preferable choice. Disinfection is achieved using chlorine (Cly),
bromine (Bry) or iodine (1) dispensed in slow release blocks or dosed as a liquid

solution. A case study of a basic two-stage system is presented in Section 2.5.2.
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The basic two-stage system is designed to meet the less stringent reuse standards
analogous to those for bathing water. As the treated water remains high in organic
load and turbidity, the effectiveness of the chemical disinfection stage is limited. This
is because organic matter in the water imparts a disinfection demand, raising the
amount of disinfectant required to give a free residue, which is required by some of
the water quality standards (Table 2.5). Chlorine by-products such as chloramines and
trihalomethanes are then generated which adversely affect human health (Olivieri et

al., 1998). They act as disinfectants themselves but are less active than chlorine.

Other options to disinfect treated domestic wastewater are UV light and ozone (O3).
The former has proven to be effective in destroying bacteria and viruses in
wastewater, whilst forming no toxic by-products (Loge et al., 1998). Its efficiency is
influenced by turbidity and suspended solids in the water as well as the intensity and
the age of the UV lamp. A rapid kill of bacteria and improved biodegradability of the
water can be achieved by O; treatment, which also effectively reduces odour and
colour in the water. This technology is often used for potable water treatment though
examples also exist in large-scale domestic recycling schemes (Murakami, 1989).
Like UV, ozone treatment is affected by turbidity, though not to the same extent, and
presents problem in open systems due to its substantial toxicity (Loge et al., 1998).
Both disinfection methods have the disadvantage of leaving no residual in the treated

water.
2.4.4 Chemical processes

Recalcitrant compounds can be oxidised by hydrogen peroxide in the presence of
heterogeneous catalyst. Transition metal-based material, oxygen, air or ozone may act

as a catalyst in the oxidation reaction (Pak and Chang, 1998).

Recent research (Parsons er al, 2000) on photocatalytic oxidation using
titaniumoxide (TiO,) activated with UV light has shown potential of the process for
greywater treatment. In the study reported adsorption of organic carbon on to a TiO,
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10 mg 1) catalyst resulted in over 80% total organic carbon (TOC) removal and a

(
further 10% was removed by the combined TiO, and UV process. The TOC removal

and oxidation rate both appeared to improve at increased loading rates, suggesting an
improved capability for shock loads of organics compared to a biological process.
Though solids in the greywater were not removed, a 6 log total coliform reduction
was achieved by TiO,/UV process at a retention time below 30 minutes. The results

suggest that chemical processes may be more suited to small systems with a variable

organic loading than many biological processes.

2.4.5 Physical and physiochemical process

The treated water from physical and physiochemical processes is of a higher quality
(Table 2.7) than that from the previously described basic two-stage system (Section
2.4.3). These advanced processes comprise a sand filter and/or a membrane filtration,

usually combined with an appropriate pre-treatment.

Table 2.7. Performance of sand filter and membrane filtration proceés (tubular MF/UF*
operated at up to 2.0 bar) for greywater treatment (Holden ez al., 1998).

BOD;s COD Turbidity Total coliform
_ (mg 1) (mg 1) (NTU) (cfua 100! mI™)
Influent 333 143 44.5 -
Post sand filter 123 35.7 323 -

Post membrane 4.7 22.2 034 (0 E.coli)

* UF= ultrafiltration

Physical processes achieve a reasonable decrease in organic pollutant load and
turbidity of greywater. Thus, compared to the two-stage systems, the aesthetic quality -
of the treated water is improved and problems associated with subsequent
downstream disinfection, as encountered in the coarse filtration systems, substantially
reduced. However, simple filtration based on fibrous (cloth) or granular depth filters

presents no absolute barrier to suspended matter. This results in very substantial
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coliform breakthrough and a propensity for solids unloading whenever hydraulic

shocks occur.

Membrane systems offer a permanent barrier to suspended solids particles greater
than the size of the membrane material, which can range from 0.5 pum for
microfiltration membranes down to molecular dimensions for reverse osmosis (RO).
The treated water is thus generally very low in turbidity and below the limit of

detection for coliforms.

The key technical limitation of membrane systems is that imposed by fouling of the
membrane surface by pollutants. This increases the hydraulic resistance of the
membrane, commensurately increasing the energy required for membrane permeation
and/or decreasing the permeate flux. Membrane fouling can occur through several
physiochemical and biological mechanisms and is intensified in low-turbulence
systems by concentration polarisation, which increases the concentration of foulants
on the membrane surface (Wiesner and Aptel, 1996). Fouling by individual
components tends to be specific to the membrane material and application, but
organic fouling, unrelated to biological growth, can be attributed to proteins and
colloidal and particulate matter present in wastewater. Proteins occur both in the
dissolved and colloidal form and foul via several complex mechanisms. The main
foulants in membrane bioreactors (MBRs) are the extracellular polymer substances
(EPS) excreted from cells (Stephenson e al., 2000). At high concentrations EPS
substantially increase the hydraulic resistance of the fouling layer on the membrane

surface (Nagaoka et al., 1999), demanding a rigorous cleaning cycle.

Membrane fouling can be suppressed by operation at a lower membrane flux, but this
increases the membrane area requirement and adds substantially to capital cost as a
result. The foulant layer can be removed by vigorous cleaning, which then increases
the operational cost as well as imparting an undesirable chemical load on the waste

stream. Membrane fouling may also be suppressed by promoting turbulence to limit
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kness of the hydrodynamic boundary layer, but this exerts an energy demand

' increases operational costs.

Prdl;,iéms of both inadequate permeate water quality and ineffective membrane
cleaning have been reported (Holden et al., 1998; Le Clech er al, 2000) with
membrane systems treating greywater. The greywater hold-up time of the system has
been identified as the principal cause of these problems. Over extended time periods
the greywater can become anaerobic, resulting in the generation of organic
components which are less readily rejected by the membrane (Holden er al., 1998).
Membrane trials (Holden et al., 1998; Le Clech et al., 2000) have demonstrated that
purely physical systems fail to reject all coliforms from the waste stream. This has
been explained in terms of protein migration through the membrane pores which
appear to aid the transport of coliform species (Judd and Till, 2000). A case study of a

physical process is presented in Section 2.5.2.

Coagulation, an example of a physiochemical process, is widely used in water and
wastewater treatment wherein aluminium and iron salts are .used to improve the
removal of colloidal solids and organic carbon by promoting the aggregation of
suspended solids. It has recently been applied to greywater treatment. Parsons ef al.
{2000) achieved 97% and 88% removal of turbidity by aluminium sulphate and ferric
chloride coagulation at the respective optimum doses of 60 mg 1! and 100 mg 17 at
PH 7-10. TOC was significantly reduced by 70-85% over a coagulant dose range of up
to 100 mg 1. At these high concentrations, the coagulant precipitates to form a
voluminous solid which entraps particulate/colloidal solids and adsorbs dissolved

matter. Significant sludge production results, which limits the efficacy of this process.
2.4.6 Biological process

2.4.6.1 Introduction

Filtration jtself is not sufficient to guarantee an adequate reduction in organic

Contamination so as to prevent biological regrowth in distribution systems (Section
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2.3) Biological treatment is required to remove biodegradable material especially for

systems that incl
centralised recycling schemes. The benefits of biological and physical treatment are

ude large distribution networks such as hotels or community-based

combined in advanced processes such as membrane bioreactors and biological aerated
filters (BAFs), which are small footprint processes capable of producing high-quality
effluents. These processes are of a modular design such that scale-up of a treatment
plant is relatively easy. The suitability of a biological process for a greywater reuse

system is strongly influenced by its capability to remove both microbiological and

biological contaminants.

2.4.6.2 Sequencing batch reactors

Sequencing batch reactors (SBRs) can be used in series with reed beds or on their
own. An SBR is a suspended growth process with an anaerobic primary chamber
followed by an aerobic chamber. These systems are used in areas without sewer
network for primary or secondary treatment as small wastewater treatment plants, that
are generally less than 2000 pe though plants ten times the size exist (Helmreich er
al., 1998). In a recent work (Shin ef al., 1998) a pilot scale SBR was set up for the
removal of organic and nitrogen compounds from greywater collected from an office
building. An equalisation tank of 2.5 m’ buffered the incoming greywater such that
the influent flow to the SBR was 2 m’ d'. Effluent with 20 mg 1" sCOD, 5 mg 1"
sBOD and 0.5 mg I"! ammonia was produced during the cyclic mode operation. Prior

to reuse turbidity and coliforms were removed by microfiltration (0.2 um).

2.4.6.3 Rotating biological contactors

Rotating biological contactors (RBCs) are also commonly used as package plants in
Tural areas (Griffin and Findlay, 1998). The fixed-film process comprises an aerated
tank in which a partly immersed disk rotates, allowing biofilm formation on the
media. Although usually employed for sewage treatment, RBCs have also shown to be
effective for greywater purification. In Germany a greywater treatment plant of 70 pe
has been in operation for 10 years and has provided water for toilet flushing in a

multi-storey building (Nolde, 1999). The process, situated in a 15 m? basement,
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comprises a sedimentation tank followed by a four-stage RBC and final UV
disinfecﬁ‘on. The greywater BOD; of 50-250 mg I is reduced to below 5 mg I and
the bacteriological effluent quality mostly meets the 'service water' quality guidelines
(Section 2.3). A number of similar processes have been in operation for several years
in housing estates and hotels in Germany. One of them is a 400-bed hotel where a six-
stage RBC process has been operational since 1996 (Clarke, 1998). Located in the
basement, it comprises four parallel anaerobic primary tanks followed by two RBCs
and has a maximum output of 24 m® d. The first primary tank, which has a 7-hour
residence time, is desludged daily since most of the solids settle out in this stage. The
other anaerobic tanks are desludged 2-3 times a week. The greywater is passed
through lamella plate settling tanks and UV disinfection prior to entering service

water tank.

2.4.6.4 Membrane bioreactors

The first combination of membranes with biological wastewater treatment 30 years
ago (Smith et al., 1969) led to the development of three generic membrane processes
for biological treatment. The solid-liquid membrane separation bioreactors employ
either submerged (Figure 2.2 a) or side-stream (Figure 2.2 b) bioreactors with UF or
MF modules for the retention of biomass for recycle to the bioreactor. Gas permeable
membranes are used to provide bubbleless oxygen mass transfer to degradative
bacteria present in the bioreactor (Figure 2.2 ¢). An extractive membrane process has
been designed for the transfer of degradable organic pollutants from hostile industrial

Wwastewaters (Livingston, 1994). Here the first two MBR types are briefly discussed.

Solid-liquid membrane separation

In the solid-liquid membrane separation bioreactors a high biomass concentration and
retention of high molecular weight compounds is maintained resulting in complete
mineralisation of influent organic matter (Chiemchaisri and Yamamoto, 1993 and
1994). As a result of the membrane separation process solids retention time (SRT) is
independent of hydraulic retention time (HRT). MBRs of this type, by far the most

c . . . . . .
Ommon, are most attractive for situations where long solids retention times are
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ecessary to achieve the removal of pollutants (Knoblock ef al., 1994). Due to high
n

biomass concentrations, a hi
to energy for biosynthesis and cell growth. High oxygen concentrations are required in

gh minimum maintenance energy is needed, in addition

aerobic membrane systems to ensure continuous biosynthesis and cell growth.
Maintaining a low food to micro-organism (F:M) ratio in the reactor results in
minimum sludge wastage, reduced plant size, and the development and retention of
waste specific micro-organisms (Aya, 1994; Chiemchaisri ef al., 1992; Smith and
Scott, 1995). At steady state these systems can remove organic pollutants over a wide

range of conditions, producing a high-quality permeate at high organic loading rates.

8) b) Effluent ¢) Effluent

A
Air Air u
R —_— — Bioreactor
L~ |
1 [Permeate Permeate 1 =
—_— H— ——p Hollow fibre - Biofilm
Influent Influent membrane i
S ded //
uspen 3 Bubbleless -
solids . Suspende.d solids OXygen transfer Iy T
bioreactor with bioreactor with external O
immersed membrane and recycle Influent Influent
membrane of biomass to bioreactor ’

Figure 2.2. Membrane bioreactors: a) submerged MBR, b) side-stream MBR and c) membrane aeration

bioreactor.

Membrane flux is influenced by a number of factors: suspended solids, temperature,
cross-flow velocity, transmembrane pressure (TMP) drop, surface fouling and the
extent of concentration polarisation (Cadi ez al., 1994; Ishiguro et al., 1994; Sutton et
al., 1994). MBRs have been operated at a range of flux rates from around 10 to 250 1
m* b’ (Table 2.8), though both lower (5 1 m? h'; Gander et al., 2000) and higher
(3001 m™ h'; Krauth and Staab, 1993) values have been reported. Side-stream MBRs
are generally operated at higher flux rates than submerged systems due to operation at
higher pressures (Table 2.8). Due to this the specific flux rate, i.e. the flux per unit
Pressure, is often lower in side-stream systems than in submerged configurations.

Examples of solid-liquid separation MBRs are listed in Table 2.8.
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C'H,m'f:‘z
By the mid-1990's there were 51 plants treating up to 160 m’ d” of domestic
wastewater from large buildings in Japan (Aya, 1994). MBRs have been successfully
employed in Japan for greywater recycling in office blocks and residential buildings
(ishida e al., 1993). A case study of an MBR treating greywater is presented in

Section 2.5.2.

An example of an MBR process 1s the Kubota submerged membrane bioreactor,
which has been successfully used for several years at many sites in Japan to treat
domestic and industrial biodegradable wastewater (Ishida et al., 1993). The first pilot
plant became operational in 1989, and the first commercial operational plant was
installed in 1991 (Churchouse, 1997). By the late 90's there were over 40 Kubota
processes in Japan and two in the UK (Churchouse, 1997). The installations vary
widely in capacity from 16 to 110 m’ d"'. At the Higashi plant, Hiroshima, the
volumetric loading rate is 0.32-0.63 kgBOD m” d”".

Mixer Mixer Effluent
|
Raw v Membrane
influent "< )——" < €1 unit
‘_.—
Screen
00 09

— Air

Influent tank Denitrification  Nijtrification tank

tank with a recycle to
denitrification tank

Figure 2.3, Operating principles of Kubota submerged membrane bioreactor.

Screened, degritted wastewater is passed to an aerated equalisation tank followed by
4 optional denitrification tank and a fine screen (Figure 2.3). The membranes are
Stbmerged in the nitrification tank and a part of the mixed liquor is returned from the
titrification tank to the denitrification tank. The final effluent is collected by a
Pmeate suction pump. Excess sludge is removed through a valve, which is located
between denitrification and nitrification tanks. The polyolefine-based membranes
have an average pore size of 0.4 um and are of flat plate geometry. These are

$ . )
Wbmerged jn the bioreactor and the permeate is withdrawn under suction (-0.3 bar).
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ate membrane cartridges are stackéd in a box-like module. The number of
s in one module varies from 24 to 140. Solids and liquids are completely
by the submerged membrane, such that high mixed liquor strengths are
Eutrophic salts such as nitrogen and phosphorus, as well as organic

can be simultaneously effectively removed (Table 2.9).

9. Influent and effluent quality and operational parameters of the Kubota submerged
ne process at Higashi plant (Ishida ef al., 1993).

- quality parameter  Influent  Effluent ;| Operational parameters
;; D) 153 <1 Flux25-301m>h’
(mg1™) 176 1.5 ; MLSS 12 000-18 000 mg I
“ODjge (mg 1) 79 6 Volumetric BOD loading 0.32-0.63 kg m™ d*
1(§‘ng I8 29.6 54 i TN-MLSS loading 0.004-0.007 kg kg™ d'!
NH,-N mg I 224 01 iHRT76-114h
NO,-N (mg 1) | 0.2 46 | SRT25-40d
NO:,'-N (mg 1) 0.1 0.1 Temperature 18.5-22.0°C
TP (mg 1) 3.7 1.2
CI (mg1?) 51.5 53.6
pH () 7.3 7.1
E.coli and heterotrophes - nd.*

*n.d. = not detected

The Kubota system is possibly the most extensively tested in-building water recycling
system in operation: some plants have now been running for ten years or more
without significant problems. Operational data from Japanese plants indicate that
average membrane lifetime exceeds 5 years (Churchouse, 1997), reducing the
frequency of membrane replacement. The plants produce 30% less sludge than a
Conventional activated sludge plant and, because no sludge concentration tanks or
Pre-sedimentation is needed, the plant size is considerably less than that of a
Conventional scheme. Running costs are also reasonable, but the capital cost is
Comparatively high because of the requirement for a relatively large membrane area
0 allow low-flux operation (about 25 1 m™ h™) so as to avoid permanent membrane
fouling. MF membranes usually operate at fluxes in excess of 80 1 m™ h™', about three

lines that of the Kubota system (Table 2.9). On the other hand, the transmembrane
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;p}essure is consequently very low, and almost all of the running cost is associated

with the aeration system.

Oxygen mass transfer membranes

Oxygen mass transfer using a synthetic membrane to provide bubbleless aeration for
the biological treatment of primary sewage, synthetic sewage and brewery effluent
has been demonstrated at a laboratory scale (Hirasa et al,, 1991; Kniebusch et al.,
1990). Bubbleless oxygen mass transfer can be accomplished using gas permeable
dense membranes or hydrophobic microporous membranes (Coté et al., 1988). COD
removal of 63-91% at 0.06-8.94 kgCOD m™ d' has been reported (Debus and
Wanner, 1992; Pankania et al., 1994; Timberlake er al., 1988; Yeh and Jenkins,
1978). Since no oxygen bubbles are formed, gas stripping of volatile organic
compounds and foaming due to the presence of surfactants can be prevented
(Rothemund et al., 1994; Semmens, 1991; Wilderer et al., 1985). Both plate and
frame and hollow fibre membrane configurations have been used though research has
focused on hollow fibres, with the gas phase on the lumen side and the wastewater on
the shell side of the fibres. These provide a high surface area for oxygen transfer and
biofilm formation while occupying a relatively small volume within the bioreactor.
Since lumen gas partial pressure is independent of tank depth, large transfer driving
forces in shallow tanks can be achieved (Coté et al., 1988). Examples of membrane

aeration bioreactors (MABRS) performance are shown in Table 2.10.

Table 2.10. Examples of MABR performance.

Influent Loading rate Pollutant % removal  Reference

(kg m? d?h) concentration
_ (mg ')

Primary sewage =~ TOC 0.003-0.011  70-92 33-50 Timberlake et al. (1998)
organic N 0.011 17-27 55-75
NH,-N 0.001- 14-30

................... 0.002 L&

Synthetic BOD 0.011 200 ng. Yamagiwa and  Ohkawa
TOC 0.007 114 95 (1994)

Brewery effluent  tCOD 0.068 1782 £ 40 83 Brindle ef al. (1999)
susCOD* 0.013 343 £ 49 84

n.g. not given, * suspended COD
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Research needs

Application of MBR technology makes it possible to recover valuable components
from effluent streams, reuse contaminated process water, and provide the means for
the development of pollutant-specific microbial populations within the bioreactor
(Diels et al., 1993; Livingston, 1994). Though commercial size membrane separation
bioreactors exist, there remains a need to investigate methods to maintain biomass
viability, reduce salt accumulation in the bioreactor and develop cheaper and/or more

fouling-resistant membranes in order to make the technology more attractive.

2.4.6.5 Biological aerated filters

The first types of contact aerators for sewage treatment, comprising aerated tanks and
layers of slate for biofilm attachment, were introduced in 1913 (Clark, 1930).
Problems with clogging media resulted in research in different medium materials
such as cotton, veneer and copper gauze (Buswell and Pearson, 1929). In the late
1970's and early 1980's increasing interest in novel fixed-film reactors lead to the
development of granular and structured media biological aerated filters where solids
removal is combined with a fixed-film biological reactor (Pujol et al., 1994; Stensel
and Reiber, 1983). Thus, unlike MBRs, they present no absolute barrier to suspended
material and so do not substantially disinfect water. BAFs have shown to be
comparable in performance to other secondary and tertiary treatment methods and in
many cases superseded established processes (Stensel and Reiber, 1983). In
comparison to conventional treatment processes, BAF operation can be automated
and is unaffected by sludge settleability. High effluent quality is achievable even at
high organic or hydraulic loadings.

In BAFs the pollutants are removed by different mechanisms depending on the
pollutant type. Solids removal is achieved mainly through filtration (Stensel ef al.,
1988; Ryhiner e al., 1994) and is dependent on the properties of the captured solids,
the media support used, the biofilm structure and the hydraulic characteristics of the
reactors used (Arvin and Harremoes, 1989). Carbonaceous matter is removed by

solids filtration, adsorption and oxidation (Stensel et al., 1988).
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Me(i;é selection affects BAF reactor performance through variation in size, shape,
denslty and roughness (Smith ez al., 1999a). Media materials range from various types
of plastlc to stone and clay. It has been suggested that large media (>6 mm) should be
used for roughing, intermediate size media (3-6 mm) for general treatment and fine
media (<3 mm) for effluent polishing and/or for tertiary treatment (Quickenden ef al.,
1992). For some BAF types a media size of 3-6 mm is recommended when the BAF is
used exclusively for BOD removal and a slightly smaller media (2.5-5 mm) when the
process is used primarily for nitrification (Smith and Brignal, 1996). Backwashing is
required to remove excess biological growth and accumulated solids. The reactor can
be of either upflow or downflow configuration, depending on the direction of the

influent flow, and can be used with or without aeration (Grasmick et al., 1984)

(Figure 2.4).

Downflew Upflow
Backwash waste Effluent/ backwash
Tofluent - waste
] Bt
. e B A
Process air/ R ‘ » Process air/ S
backwash air_| backwashair [ FFFEEF
Influent/
Backwash water T [ I backwash water

Figure 2.4. Down- and upflow configurations of a granular biological aerated filter.

Most commonly the BAFs are used for removal of carbonaceous material but they can
also be used exclusively for nitrification. Hybrid BAFs combine both treatments, 1.c.
BOD and ammonia removal. Some applications offer denitrification, and the most
Tecent advances in BAF design have been in phosphorus removal (Goncalves ef al.,
1994; Sagberg et al., 1992). BAF process employed for this duty demand lower
Coagulant doses for precipitation of phosphorus than reactors which are not designed

for phosphorus removal (Sammut ez al., 1992).
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BAFs are primarily employed for sewage treatment (Table 2.11), though a case study
relating to greywater treatment is presented in Section 2.5.3.2. They can substitute
conventional secondary and tertiary treatment processes or else be retrofitted in
upgrading existing sewage treatment works (Budge and Gorrie, 1996; Sagberg et al.,
1992). Treatment of high-strength industrial wastewater by BAFs is less common than
that of domestic wastewater (Kleiber er al., 1994), though petroleum-contaminated
effluents (Bouwer et al, 1992; Hamoda et al., 1987), food industry wastewater
(Rundle, 1996; Rusten and Odegaard, 1986) and paper mill effluents (Kantardjieff
and Jones, 1997; Rovel et al., 1994) have all been successfully treated.

2.5 Water reuse schemes and economic factors

2.5.1 Introduction

The following case studies provide examples of the application of the various
technologies applied to wastewater reuse schemes both abroad and in the UK. Cost is
discussed with respect to the treatment technologies in Sections 2.5.2-2.5.3 and more
generally in Section 2.5.4. A list of domestic water reuse schemes is presented in
Table A.1 in Appendix A.

2.5.2 Abroad

A number of domestic water reuse schemes exist abroad and, as already stated, in arid
climate regions direct reuse for non-potable purposes is now common. By the mid-
1980's there were already around 380 reuse schemes in California alone (Okun,
1984). Around 840 in-building recycling units based on membrane or biomembrane
processes were operating in Japan by the mid-1990's (Aya, 1994). The Japanese
district and municipal systems, however, are based on conventional sewage treatment
with disinfection. On a new housing development in a district scheme in Sydney,

Australia, tertiary treated and disinfected sewage effluent is recycled to houses (Law,

42



CHAPTER 2 LITERATURE REVIEW

1996). Another example of a large-scale water reuse for toilet flushing is a 12-storey

apartment building of 25 000 pe at the Jurong Industrial Estate in Singapore (WERF,
1989).

Case study 1: Irvine Ranch Water District, California, USA

The Irvine Ranch Water District (IRWD) is a full service water and sewer agency
serving approximately 120 square miles (Holliman, 1992; Parsons, 1990) and an
existing population of 138 000 (Young ef al., 1998) in California. In 1987, with the
planned intense development of high-rise offices in the area, IRWD began to
investigate the feasibility of using reclaimed water in commercial buildings for non-

potable uses (Lewinger and Young, 1988).

The 66 000 m® d' reclamation plant provides effluent for all the uses in the district
(Young et al., 1998). Wastewater is treated by biological oxidation, in-line chemical
coagulation, and dual media filtration followed by disinfection, with all of the
processes meeting the requirements of the State of California Department of Health
Services” “Wastewater Reclamation Criteria” (Holliman, 1992; Lewinger and Young,

1988).

Since the mid-1960’s IRWD has maintained a separate irrigation/reclamation dual
system which provides reclaimed and untreated water for irrigation uses (Lewinger
and Young, 1988; Young ef al, 1994). The reclaimed water contains less than 2.2
coliforms in 100 ml and is thus classified as Type 1 or Class A of Title 22 of the
California Administrative Code (Holliman, 1992). In 1991 the district was the first
one in the US to obtain health department permits for the use of reclaimed water in
interior spaces such as for toilet flushing (Young et al., 1998). Initially reclaimed
water was used in two high-rise buildings. By the late 1990's the scheme was
extended by connecting two 20-storey high-rise and two low-rise buildings to the dual
water supply with five additional high-rise towers awaiting for service (Young ef al,,
1998).
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Water quality was an important factor in pipework and equipment selection.
Discolouration to vitreous china fixtures, odour, and corrosivity due to the quality of
the reclaimed water were identified as potential problems (Lewinger and Young,
1988). Analyses showed no noticeable difference in colour, corrosivity, and odour
between the reclaimed water and fresh water. COD was used as an indicator of odour
generation propensity, the maximum measured value being 50 mg 1", A “food grade’

dye was chosen to differentiate between fresh water and reclaimed water.

At the beginning of the project it was estimated that 70-90% of the water used in the
commercial building was used for toilet and urinal flushing (Holliman, 1992; Young
et al., 1994). It was further estimated that 80% of the total water used could be
reclaimed water if employed for toilet and urinal flushing and landscape irrigation
duties. A significant amount of the remaining 20% of fresh water was directed to
cooling tower operations, suggesting that a further 10% saving in water use could be
made if the cooling tower supply was switched to reclaimed water. Early results of
the operation showed that these goals were met as fresh water demand in the high-rise

development dropped by 75% (Holliman, 1992) as a result of the recycling system.

The life-cycle cost of supplying reclaimed water to at least half of the high-rise towers
in the district was less than purchasing and distributing domestic water over a 50-year
period (Lewinger and Young, 1988). It was estimated that a deficiency in water
supply would be experienced some time after the year 2000 but that this could be
alleviated by expanding the dual distribution system (Lewinger and Young, 1988).

Case study 3: Mori building, Tokyo, Japan

An example of an in-building greywater treatment and reuse scheme is the 500 m® d”
Ubis plant in the Mori building in Tokyo, Japan. This plant has been operational since
1986. The greywater is screened prior to the sedimentation tank from where it is
passed through another screen to a side-stream MBR. The product water is chemically
disinfected prior to reuse for toilet flushing. The 1 h residence time of the greywater

in the system is possible due to the high MLSS (20 000 mg 1"') and strong mixing




CHAPTER 2 LITERATURE REVIEW

compared with a conventional sewage treatment plant (Huitorel, 2000). The plant has
a capacity of 100 m® d”, and has a 45 m® footprint (Huitorel, 2000). The membrane
module has 2 membrane surface area of 34 m® within a 6 m* bioreactor. The design of
an UF module using turbulent generators allows very high permeate fluxes to be
maintained over long periods. Over a 45-day period the flux decreases from 120 to
100 1 m? h', after which the membranes are regenerated by chemical cleaning.
Electrical consumption is about 3 kWh m™ of treated water. The performance of the
Mori plant is summarised in Table 2.12. By early 2000 there were more than 45 Ubis
systems in buildings and large hotels in Japan (Huitorel, 2000).

Table 2.12. Performance of the Ubis plant in the Mor building (Huitorel, 2000). Mean (range).

Parameter Influent Treated water for reuse
CODy, (mg 1) 89.1 (12-140) 12 (<5-21)

BOD (mg I'") 349 (120-577) 3.7 (1.8-5.5)

SS (mg 1) 96.5 (33-160) b.d. (b.d.)
n-hexane extract (mg I"') 11.7(11-12.4) <1 (<1)

MBAS (mg 1) 6.5(3.1-9.9) 0.3 (0.2-0.4)

pH (-) 6.6 (5.7-8.5) ~ 6.8(6.1-7.9)
Temperature (°C) 19.5 (15.5-22.5) 26.3 (21.0-30.5)
Colon bacilli (cfu 100” mI™) 19 x 10% (15 x 10*22 x 10%) b.d (b.d)

b.d. = below limit of detection, MBAS = methylene blue active substance

253 UK

2.5.3.1 Introduction

Water recycling is a fairly new phenomenon in the UK, although the number of water
reuse schemes has rapidly risen over the last few years. Several domestic water
recycling systems have been installed in new dwellings and the number of such
schemes either under construction or in the planning stage is rising. The schemes
represent a variety of scales from single house systems to large-scale units for housing
estates, office blocks or schools. On the basis of the water matrix treated, the cases

can be divided into four categories :
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e rainwater,

e rainwater/greywater,
e greywater, and

¢ blackwater.

Rainwater reuse represents the most significant application. The three other matrix
categories are discussed with reference to specific case studies pertinent to the current

work, which focuses on greywater and blackwater treatment.

2.5.3.2 Rainwater/greywater reuse

Combined rainwater/greywater recycling systems offer the advantage of water supply
even during dry periods, maximising the water supply. Most of the existing schemes
shown in Figure 2.5 represent grouped houses or multiple occupancy buildings.
Treatment processes range from natural systems to basic two-stage systems and more

advanced technologies.

Case study 4: Loughborough University

In 1994 research on the feasibility of recycling greywater and rainwater drained from
the roof of a building for toilet flushing was initiated at Loughborough University.
Water usage patterns at the halls of residence revealed that water demand was similar
to some previous studies and that the quantity of greywater was sufficient for toilet
flushing. A survey (Surendran and Wheatley, 1999) conducted prior to the
demonstration stage at four universities, three hotels and three recreational centres
showed that as many as 96% of customers would accept greywater use for toilet
flushing and 70% would invest additional 9.8% of their water bill-equivalent for long-
term benefit. Most of the dissenting 4% expressed concerns about the purity and
safety of recycled water. During the demonstration stage of the full-scale plant cost

was found to be the main concemn of the occupants at the halls of residence.
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Figure 2.5. A map of the current combined rainwater and greywater reuse schemes in England and

Wales (Jefferson et al., 2000a).
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A demonstration full-scale plant of 40 pe was built in a halls of residence (Surendran
and Wheatley, 1998). The treatment process illustrated in Figure 2.6 comprises four
or five stages, the fifth being optional:

1400-litre greywater balancing tank with a filter,
anaerobic solids treatment tank with large pore size foam,
. aerated bioreactor with large pore size foam and beads,

active slow filter with small pore size reticulated foam, and

. activated carbon stage (for potable water quality).

Treated water is collected into two storage tanks: a low-level tank (700 1) attached to
the treatment plant and a high-level tank (500 1) connected to the toilets. The low-
level tank is equipped with a timer to initiate pumping of treated water to the high-
level tank. Excess water is returned to the low-level tank via a return pipe. A standby
mains water supply is connected to the high-level tank to ensure adequate water
supply for when insufficient water is treated for reuse. Water usage and some water

quality determinants are regularly monitored by means of flow meters and on-line

monitors.
Greywater in Anaerobic solids Active slow Standby|slow filter
CTODIC SO filter /——-‘—\ /"‘"—\
v v
\____/ N
D D
A and B- reticulated foam, large pore size Alr
—
C -beads Treated water to
D - reticulated foam, small pore size storage

Figure 2.6. Greywater treatment unit at Loughborough University (adapted from Surendran and
Wheatley, 1998).
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For the long-term trials greywater from 27 occupants was collected and treated.
Twelve months of operation demonstrated that the treated water (Table 2.13) met the
mandatory limits of both the EC and UK bathing water quality criteria (Table 2.5) in
terms of turbidity, BODs, faecal coliforms and total coliforms (Table 2.13). Odour
problems or sludge blockages were not experienced (Surendran and Wheatley, 1999).
Water usage and some water quality determinants are regularly monitored by means
of flow meters and online monitors. The unit has been evaluated to have a pay-back

time of 8-9 years and a life-span of 20 years.

Table 2.13. Performance data of the demonstration plant at Loughborough
University (Surendran and Wheatley, 1999). Mean. '

Parameter Influent Effluent = Removal (%)
BOD (mg1™) 83.1 4.0 95.2
TOC (mg 1) 34.9 8.3 76.3
Total solids (mgI'") 426.2 361.4 15.2
Total dissolved solids (mg I'") 379.7 356.6 6.1
Total suspended solids (mg I'') 39.4 27 93.0
Total volatile solids (mg I™") 189.4 97.4 486
Turbidity (NTU) 34.8 1.6 © 954
pH (- 75 7.6 -
Temperature (°C) 22.8 18.7 -
Faecal coliforms (cfu in 100 mi) 942.6 4.8 2log

Case study 5: Millenium Dome, London
In the largest combined rainwater/greywater scheme in the UK reuse water is

collected from three sources (Smith ef al., 1999b):

* greywater from the handbasins (120 m’ d') in the toilet blocks,
* rainwater (maximum of 100 m’ d'l) from the roof (100 000 mz), and

* groundwater (600 m® d') from the chalk aquifer below the site.
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500 m® d” of reclaimed water is supplied to flush some 400 WCs and 130 urinals in
the building (Smith ez al., 1999b). The treatment process comprises a BAF process for
greywater, hydrogen peroxide (H,O,) and granular activated carbon (GAC) for
groundwater, and reed bed/lagoon for rainwater. After these treatment stages the
waters are combined and filtered through ultrafiltration/reverse osmosis membranes.

The product water is disinfected with chlorine and its pH is adjusted prior to reuse.

Greywater quality was assumed to be based on that recorded in previous work
(Christova-Boal et al., 1996; Murrer and Bateman, 1998) and trials conducted using
the handbasin waters in the Thames Water R&D office complex. Handwash soaps for
large-scale public applications were analysed, and most of them were found to be
significantly biodegradable. Such soaps were used in the greywater recipe during the

evaluation trials.

Pilot trials were carried out using two downflow BAF columns (diameter 150 mm,
height 2 m and total bed volume 0.036 m®) with pulverised fuel ash media. Total
BOD (tBOD) of 60 mg 1 invsynthetic greywater was reduced to 20-25 mg I"-by the
BAF treatment. Post-treatment of this effluent by ultrafiltration, nanofiltration and
reverse osmosis membranes resulted in a BOD of 2.3-10.6 mg I"'. This was regarded

as a sufficient product water quality for toilet flushing.

As rainwater quality assessment at the Dome was not possible during the plant design
stage, roof runoff water quality was established using a report by Gromaire-Mertz et
al. (1999), which highlighted the significant amount of hydrocarbon and heavy
metals. The variation of the runoff water quality was accounted for by the intensity,
duration and period between rainfall events. It was recommended that the use of
heavily contaminated “first flush” from the roof should be avoided (Smith er al.,
1999a). At the Dome the rainwater runoff is treated by two 0.6 m deep reed beds (250
m’ each, design maximum flow of 100 m® d?) with a 0.5% gradient and an
intermediate storage lagoon (400 m?). The reed beds consist of washed river gravel

planted with salt tolerant Phragmites australis.
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High concentrations of NaCl, hardness, hydrocarbons and hydrogen sulphide gas were
found in groundwater. Chemical oxidation by H,O,, which does not form by-products,
was selected for converting sulphide to sulphate. After a 15-minute contact time with
H,0, groundwater is passed through two GAC absorbers (designed hydraulic flow

rate of 10 m®* m™ h™) containing 5 m* of carbon.

The two-stage membrane plant consists of a hollow fibre UF membrane (nominal
pore size of 0.01 um) made of hydrophilic polyether sulphone/polyvinyl pyrrolidone
and an RO membrane made of cellulose acetate with a 90% salt rejection. The UF
plant (designed feed flow 700 m® d”* and a 85% recovery) is backwashed at the end of
each filtration cycle and periodically dosed with 100 mg 1" of chlorine to inhibit
bacterial growth in the system. Mineral scale and organic membrane fouling are
controlled by dosing with acid and caustic. Prior to feeding the UF filtrate to the RO
plant it 1s dosed with sodium bisulphite to remove free chlorine, acidified and dosed
with antiscalant. The filtrate from the RO plant (designed feed flow 600 m® d"' and a
85% recovery) is disinfected with chlorine followed by pH adjustment to reduce its

corrosion potential on plumbing fittings prior to storage.

2.5.3.3 Greywater reuse

Greywater-only schemes in the UK (Figure 2.7) represent a range of treatment
technologies from basic two-stage systems to advanced physiochemical and
biological processes. The commercially-available basic two-stage systems generally
retail at £500-£1000 installed. The relatively low cost of potable water implies that,
even at these modest system costs, domestic greywater reuse system incur extended
pay-back periods. Retrofitting a greywater recycling system in an existing building for
external uses may be in the same price range as for a new housing development, but if
such a retrofitted system is employed both for external and internal uses it becomes

more expensive,
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Figure 2.7. A map of the current greywater-only schemes in England and Wales (Jefferson et al.,

2000a).
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Case study 6: Water Dynamics systems, various locations

A two-year project has been carried out by the Environment Agency (EA) to assess
the feasibility of single household greywater systems. The practical aspects of water
consumption and cost savings, water quality and user acceptability were evaluated.
Wwater Dynamics recycling systems, which permit recycling of water from handbasins,
baths and showers for toilet flushing, were retrofitted to ten houses. Water meter
readings, along with water samples for analyses from the storage unit, the header tank
and the toilet cistern were taken by the volunteer customers on a monthly basis.
Additionally, they completed a report every month to identify operational problems

and user perception issues.

Water consumption data were collected over a 4-year period prior to the installation
of the recycling systems. After the first year of the trial savings from 5.2% to 30.6%
were measured, followed by 5.3% to 35.9% in the second year when the number of
trial houses dropped to eight (Sayers, 1998). The range of savings reflected the
household occupancy, the number of toilets in each house and the number of toilets
connected to the recycling system. The most consequential factor, however, was
found in the customers’ approaches to maintenance such as cleaning filters. Those
prepared to carry out the tasks if necessary achieved the greatest savings whereas

those who did not inspect the systems on a regular basis benefited the least.

Acceptable water quality in terms of pH (6-8), phosphorus (around 1 mg 1) and
ammonia (<1 mg 1"") were measured in the toilet cisterns during the two years. High
chlorine levels, typically <8 mg 1" but rising to 40 mg 1" on occasions resulted in
odour problems, indicating poorly adjusted disinfectant dosing (Sayers, 1998). The
frequency of the incidences led to the introduction of a bromine-based disinfectant by
the manufacturer. Anionic detergent levels of up to 60 mg 1’ were measured in
treated greywater with typical values of around 10 mg 1”, leading to increased odour
problems when combined with chlorine. Despite the SS of up to 80 mg I, the water
appearance was defined by the customers as “always clear” and “more clear than

turbid” in 26.5% and 40.9% of the cases, respectively, and “more turbid than clear” in
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27.3% of the cases. Although additional aeration of greywater could have reduced
both the organic pollution and odour formation, the effluent BOD level at 50-300 mg
' was not regarded as a problem, provided reuse occurred within a few hours
(Mustow et al., 1997). Over 90% of the time either non-detectable faecal coliforms or
counts close to the detection limit were measured in the toilet cisterns. On a few
occasions levels of over 10* cfu 1007 ml”? were recorded, exceeding the BSRIA
guideline and EU bathing water regulations limits (Sayers, 1998). Investigation
revealed that increased bacteria counts in the greywater were caused by the
malfunction of the disinfection and filtration units, some customers having washed

their pets in the bath.
The following operational concerns were raised from the study:

e blocking of filtration system (more frequent cleaning of filter),

¢ pump failures (replacement or maintenance; mains water used for toilet flushing in
the meantime),

* excessive chlorine dosing leading to odour (use of bromine-based disinfectant),

e staining of the toilet bowl (more frequent use of cleaning products),

¢ foaming, and

¢ build-up of sediment in the cistern (longer time required to refill the cistern).

Some of these long-term effects suggest that further investigation into plumbing
materials used for greywater recycling is necessary. Improvements to system design,
such as the location of the disinfection top-up and alarms in case of blockages or low
levels of disinfectant, were suggested by the customers. The customers generally
found the recycling unit and appearance of treated greywater aesthetically acceptable
though the retrofitted infrastructure was visually unattractive. The “fit and forget”
attitude by some users reflected that of the greater public, indicating that education on

greywater recycling should not be overlooked.
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Pay-back periods were calculated based on a range of water and sewerage charges and
household occupancy excluding running and replacement costs. The most economic
pay-back period was 13 years in the case of a 4-person household (high water
charges) and the most uneconomic at 138 years in the case of a single person
household (low water charges). Though water savings depend on many factors, these
figures show that recycling systems for individual households are currently not
financially attractive. Even at 25% of its market price only 22% of the users were

prepared to purchase a Water Dynamics system.

Case study 7: Linacre College, Oxford

Linacre College is the first domestic water recycling scheme in the UK. A student
residence for 23 occupants was built in 1995 using “environmentally friendly” or
recycled materials in order to cut down energy and water demand. One of the
conservation aspects was reuse of greywater for toilet ﬂuéhing. A survey (Fuentes,
1997) conducted prior to the project showed that 40% of the occupants were
concerned about the odour and smell of the treated water but would consent to the

plan if these problems could be eliminated.

The first scheme comprising a bag filter and a depth filter was built and operated by a
contractor (Read, 1997). Due to severe problems the plant was on-line only for two
days. Consequently, the local water company was contacted in order to have the plant
fully operational. Anglian Water Services Ltd, Huntingdon, undertook a series of
process selection trials (Murrer and Ward, 1997) to identify a suitable system for the
scheme, and a number of sand filters and membranes were tested. A trial house with a
selected process was evaluated as a small-scale experiment to investigate the cost of
such an application, which was found to be substantially reduced by operating at night
when the electricity rate was at its lowest (Murrer and Ward, 1997). The trials lead to
the second stage of the Linacre scheme where the greywater was treated by a depth

filter and a membrane.
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The physical process used at Linacre (Figure 2.8) was situated in an underground
chamber. Greywater from baths, showers and handbasins was collected in a storage
tank and filtered through a 4 inch diameter sand filter (Murrer and Ward, 1997). This
was followed by a hollow fibre UF membrane with a pore size of 0.01 pm. The
effluent was collected into a header tank in the loft and topped up with mains water
when necessary to supply enough water for toilet flushing. The effluent was
disinfected with chlorine prior to use. Some of the effluent from the UF membrane
was used for backwashing the sand filter. A 5 log reduction in bacteria was attained

by this treatment. Viruses were not detected in the effluent.

Loft tank

Greywater
from the halls -
_,“ | r D
- 1 3 ok Membrane Cistemns
torage | .
__ € Sand filter it
Underground sump

Figure 2.8. The greywater treatment process at Linacre College (Ward, 2000).

The scheme suffered some operational difficuities. The operating and maintenance
costs were found to be high due to excessive membrane fouling resulting in a low flux
(Ward, 2000). Raw greywater had partially digested under anaerobic conditions in the
lengthy collection network resulting in poor permeate quality. Further development of
the membrane cleaning procedure was needed to reduce membrane fouling from fats

and other organic material in the greywater.

The problems related to the physical process and the poor initial design of collection
and storage systems. A further process modification, this time incorporating a

biological system (Ward, 2000) has since been made, and the process scheme now
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comprises a bioreactor is followed by a sand filter, an activated carbon column and

chemical disinfection.

2.5.3.4 Blackwater reuse

Few examples of blackwater recycling exist in the UK (Figure 2.9). The schemes in
Doncaster and Blackburn treat blackwater locally to the source in a similar way to
greywater. The level of technology depends on the reuse application: natural systems
such as reed beds are used in cases where the water is reused for irrigation. Such a
treatment is used at a theme park in Doncaster, where other water conservation
measures include porous pavements for water collection as well as waterless urinals
and combined air/water toilet flushing. At the Hockerton scheme greywater and
blackwater from five households is collected for reed bed treatment and subsequently
used for irrigation. More advanced technologies are employed for recovered water
reused for toilet flushing. This is the case in Blackburn where Anglian Water, the
local water company, in collaboration with the estate builder is introducing a
blackwater recycling collection and treatment system for toilet flushing in a new
housing development consisting of 130 houses. In Cheshire the water for golf course
irmigation is treated in a similar way to the scheme in Essex described below, with the
exception that no UV light is used for disinfecting the treated water for the irrigation

application.

Case study 8: Essex and Suffolk Water

As a result of a severe drought in 1995-97 the levels in the two rivers in Essex
normally used for filling a reservoir were too low fbr extraction, such that an
alternative water supply was required (Wishart ez al., 2000). A pilot project, approved
by the government in 1997, consisted of two stages. In the first one UV pre-treated
effluent was pumped into Hanningfield reservoir where the residence time was 250
days at a full reservoir capacity (Simmons and Walker, 1998). Due to health concerns
possible environmental impacts were studied based on levels of bacteria, viruses and
Oestrogen and eutrophic effects. Studies showed that a 3 log reduction in faecal

coliforms in the effluent would be required for the river discharge to meet the
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Environment Agency condition of 'no deterioration' in water quality (Wishart ef al.,
2000). UV disinfection was installed to provide a safeguard. Algal growth in the
reservoir did not increase due to the recycling as phosphorus was removed to 1 mg I
at the Chelmsford STW. The oestrogenic studies revealed that a 3:1 dilution of treated
water with river water removed any oestrogenic activity (Walker, 2000). Additionally,
it was observed that the steroid removal improved to 94% by dosing the effluent with
powdered activated carbon (50 mg I'). This equals to a 20 time dilution of treated
water with river water, thereby substantially removing oestrogenic activity even at

low river flows.

The second stage of the project was initiated in 1999, with the aim of indirectly
recycling 30 Ml d!' of treated effluent (Walker, 2000). The sewage is treated at an
existing STW where the tertiary effluent is then chemically disinfected prior to
storage in a drinking water reservoir and reuse. In 2000 Essex and Suffolk Water got
the planning permission to upgrade the existing STW (Essex and Suffolk Water,
2001). This will enable a long-term reuse of effluent at 40 Ml d”'. The construction
work is scheduled to be completed by summer 2002.

In the early stages of the project Essex and Suffolk Water undertook a consultation
exercise as part of the EA's consent to discharge (Wishart et al., 2000). Adequate
response was received neither from the statutory consultees nor the general public.
Subsequently the scheme was shadowed by negative media coverage and this lead to
a strong opposition from the public. In this case the social barriers were found more
difficult to overcome than the technological ones, however, these problems have since
been alleviated. Upgrading the existing STW at Langford has involved "extensive
public programme and co-operation with local businesses" (Essex and Suffolk Water,
2001).
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Figure 2.9. A map of the current blackwater-only recycling schemes in England and Wales (Jefferson et
al., 2000a). "
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2.5.4 Economic factors

Cost is one of the biggest barriers to a wider uptake of water recycling systems
(Mustow et al., 1997). Long pay-back periods tend to infer non-profitability, reducing
interest. Since financial issues are the most sensitive, to many companies, difficulties
are encountered in obtaining operating cost data for existing in-building wastewater

recycling schemes.

BSRIA have evaluated costs for existing and new buildings based on rainwater,
greywater and combined rainwater/greywater reuse (Mustow et al, 1997).
Commercially available basic systems treating and recycling water for external,
internal and combined uses were considered for scheme sizes ranging from houses to
hotels. The latter appeared to be the most cost-effective building type: in all cases the
payback time was less than 10 years with the majority being less than 5 years. The
most economic application for every scheme size considered was the external use of
rainwater, with the pay-back times ranging from less than one year in the case of a
hotel to 6-9 years in the other building types. The systems utilising greywater for both
external and internal uses had a pay-back time of over 44 years in all building types
but hotels. Large housing developments thus provide more tangible economic benefits
than smaller ones, though worthwhile savings may still be provided in all cases
(Dixon et al., 1999b).

Models of suitable systems for greywater recycling have been presented by Jeffrey ef
al. (1998) and Dixon ef al. (1999b and 2000). In the former an infrastructure model
involving the use of MBRs showed that best savings in potable water and transfer
costs are a function of household occupancy, the number of plants and the number of
connections linking these processes. Dixon et al. (1999b) also linked water saving
efficiency with occupancy and evaluated systems utilising both greywater and
rainwater, finding that small-scale systems would offer little advantage if both sources
of water were used. Water savings and disinfection efficiency could be compromised

if larger storage sizes were used at domestic scale (Dixon et al., 2000). For multi-

60



CHAPTER 2 LITERATURE REVIEW

occupancy there is an ideal storage size of 1000 1 beyond which additional savings are

not achieved.

Recently an assessment of capital and operating costs for a submerged MBR and a
BAF was conducted (Stephenson and Judd, 2000) for a range of population sizes and
two influent sources (greywater and blackwater). Results are expressed both by
calculating the cumulative present worth as a function of time (Figure 2.10) and by
varying either income or costs to identify the break-even point for each technology
over the range of conditions outlined (Figure 2.11). Required cost of water per unit
volume to attain parity for a 20-year project life at an interest rate of 5% (Figure 2.11)
clearly demonstrates that the economic viability of all processes is sensitive to
population, water quality and, most importantly, water cost. Even under the most
favoured cost-benefit conditions of high water costs, the pay-back periods exceeds 6

years for the MBR technology.

BB MBR (copex - 10%) - BAF (cpex +-10%) |

Cumulative preset worth, i = 5% (£)

Figure 2.10. Cumulative present worth for a 200 pe greywater recycling scheme (adapted from
Stephenson and Judd, 2000).
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Figure 2.11. Required water costs for economic break-even point for greywater and blackwater

Tecovery at a 20-year project life (adapted from Stephenson and Judd, 2000).
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Sometimes cost may be the only barrier to the implementation of greywater recycling.
This was the case in a new housing estate with 18 000 houses (45 000 pe) in
Amsterdam, the Netherlands (Van der Hoek er al, 1999). In the planning stage
alternative water sources for toilet flushing and laundry, i.e. "household water', were
evaluated to reduce demand on the freshwater supply. The 'household water’ was to be
supplied from greywater, rainwater, lake water, pre-treated surface water, sewage
effluent, brackish groundwater or infiltrated rainwater. For each option the following
were assessed: public health, technology, legislation, acceptance, cost, and
environmental impact. Interestingly, it was not the public health