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a b s t r a c t

Integrating alternative water supplies and water efficient appliances are proven strategies for reducing
customers' average and peak demand on the cities mains water distribution infrastructure network.
However, water utilities are yet to harness the potential of smart meters to build tailored daily diurnal
demand patterns that reflect the consumption characteristics of individual developments that are
increasingly applying alternative water sources and ultra-efficient appliances. This paper demonstrates
how smart metering and water end-use data facilitates enhanced infrastructure planning of contem-
porary water supply schemes located in Queensland, Australia. To achieve research aims, extensive data
received from high resolution smart meters fitted to a sample of 130 households was disaggregated into
end use events (e.g. shower, dishwasher, etc.) and categorised into 48 thirty-minute time steps (i.e. daily
diurnal demand) over the average day (AD) and peak day (PD). Moreover, these demand curves were also
clustered according to water appliance stock efficiency ratings. Novel bottom-up end-use level models of
demand were formulated representing scenarios of both single and multi-residential dwellings installed
with combinations of water efficient appliances and rainwater tanks or greywater reuse. AD and PD
diurnal demand patterns for these contemporary water scenarios were compared against the baseline
scenario which represents the typical building code mandated dwelling constructed in the region of
Queensland, Australia. Modelled demand curves for scenarios applying more efficient appliances in both
dwelling types had lower peak demand than the baseline scenario by 13% and 6% for the AD and PD
respectively, while scenarios also including rainwater tanks and greywater reuse (i.e. source substitution)
resulted in peak reductions of 28% on the AD and 51% on the PD. The paper concludes with some im-
plications for better handling the demand complexities of contemporary water supply schemes being
developed by using smart meter data for the optimal planning of water infrastructure networks.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Alternative water supplies and water efficient appliances

Water security is defined as ‘the availability of an acceptable
quantity and quality of water for health, livelihoods, ecosystems and
production, coupled with an acceptable level of water-related risks to
people, environments and economies’ (Grey and Sadoff, 2007 p. 545).
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In Australia, the driest inhabited continent on the planet, water
security is increasingly becoming one of the nation's greatest
concerns, with population growth and climate change exacerbating
the situation and further increasing the pressure on the existing
water infrastructure (Gurung and Sharma, 2014). As water shortage
is acknowledged to be a definite problem in the future, the atten-
tion has been drawn to alternative water solutions, ranging from
large-scale schemes (e.g. desalination plants, dual water reticula-
tion systems) to smaller ones in individual dwellings (e.g. rainwater
tanks, on-site water-recycling plants) as well as the more socio-
oriented demand management practices (e.g. water efficient ap-
pliances, leakage detection), with such measures aimed at reducing
the dependence on the potable water grid (Britton et al., 2013;
Sharma et al., 2008).
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List of abbreviations

AD Average day
kL Kilolitres
L/min Litres per min
L/h Litres per hour
L/hh/d Litres per household per day
L/p/h Litres per person per hour
L/p/d Litres per person per day
PHPDF Peak hour on the peak day factor
PD Peak day
PH Peak hour
QDC MP Queensland Development Code Mandatory Part
SEQ South East Queensland
SEQREUSSouth East Queensland Residential End Use Study
WELS Water Efficiency and Labelling Standards
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In Queensland, Australia, significant reductions in the de-
pendency on the traditional potablewater supply systemhave been
achieved through implementation of water restrictions, tightened
building code regulation and rebate programs for efficient water
appliances (Makki et al., 2013; Umapathi et al., 2013). Prior to 2013,
the now part-mandated Queensland Development Code (QDC)
Mandatory Part (MP) 4.2, required households to save 70 kilolitres
(kL) of mains water per year by using alternative water supplies,
mainly through rainwater tanks and greywater reuse connected to
toilets, washing machine cold water taps and external uses. The
former approach was a popular option with rainwater tanks
ownership rising from 22% to 36% between 2007 and 2010 (ABS,
2013). Studies showed that rainwater tanks could potentially ach-
ieve annual mains water savings of 38e58 kL in single households
(Beal et al., 2012; Chong et al., 2011; Dom�enech and Saurí, 2011;
Ferguson, 2011; Umapathi et al., 2013) while potable savings of
7%e17% were reported for multi-storey residential buildings (Ghisi
and Ferreira, 2007; Zhang et al., 2009). A number of other studies
have also highlighted rainwater tank related issues including en-
ergy efficiency (Talebpour et al., 2014; Tjandraatmadja et al., 2011;
Umapathi et al., 2013), economics assessment (Dom�enech and
Saurí, 2011; Hall, 2013), tank optimisation (Imteaz et al., 2011,
2012) and water quality (Ahmed et al., 2014). Interest has also
increased in the use of rainwater tanks in a communal setting,
which lacks published studies. Recent studies include system
monitoring of communal rainwater tanks in a residential area
(Cook et al., 2013) and a commercial building (Cook et al., 2014), as
well as an assessment of their economies of scale (Gurung and
Sharma, 2014).

Greywater reuse involves the capture and treatment of used
indoor household water, excluding toilets, for non-potable use and
is another strategy for reducing mains water consumption. Various
studies have reported potable water savings ranging between 25%
and 50% achieved through the reuse of greywater, depending on
their final end use and their scale of use (Friedler and Hadari, 2006;
Ghisi and de Oliveira, 2007; Ghisi and Ferreira, 2007; Zhang et al.,
2009, 2010). However, greywater systems used in individual com-
pounds were shown to be uneconomical, with their high installa-
tion and operating costs resulting in long payback periods (Ghisi
and de Olivieira, 2007; Mourad et al., 2011). Instead, greywater
used on a larger scale was determined to be economically feasible
(Ghisi and Ferreira, 2007; Mourad et al., 2011) and with prices
potentially lower than potable water (Booker, 1999); however, the
feasibility was dependent on the type of greywater treatment used
(Friedler and Hadari, 2006; Mourad et al., 2011).

Ongoing work on demand management has seen a number of
end-use studies focusing on household water consumption, both
within Australia and overseas, utilising smart water meters. Such
meters are able to record water consumption data at very fine
scales (e.g. 0.01e0.02 L per pulse) and intervals of five to ten sec-
onds (e.g. Beal and Stewart, 2011; Willis et al., 2011) enabling the
disaggregation of the various end uses through autonomous event
recognition algorithms and associated software (Nguyen et al.,
2014) and hence, their compositions of use around the house-
holds. End-use studies have revealed the vast majority of total
household indoor demand to comprise of four main components;
showers, clothes washers, toilets and taps. It has been generally
acknowledged that replacing these end uses with higher efficiency
appliances contribute to significant water savings (Beal and
Stewart, 2011; Lee et al., 2011; Willis et al., 2013), with compari-
sons of water efficient homes against less efficient ones further
validating their indoor water saving capabilities (Carragher et al.,
2012). Replacing less efficient appliances with higher-efficiency
ones resulted in mains water savings of 48%e75% for shower
heads, 65% for taps and 29%e73% for clothes washer (Beal and
Stewart, 2011; Willis et al., 2013), with front-loading clothes
washers more efficient than top-loaders (Beal and Stewart, 2011;
EBMUD, 2008; Gato-Trinidad et al., 2011).

1.2. Implications of potable water saving measures on peak demand

Water demand varies through the day and is generally lowest
over the night and highest in the morning and evening, the higher
of which is termed the daily peak demand. This peak demand in the
day is most critical on the PD of the year, which is usually driven by
seasonable influences (e.g. extended dry weather causes sharp
spike in outdoor demand). Studies on alternative water supplies
and water efficient appliances have generally focussed on their
ability to reduce total mains water consumption with the goal to
extend the serviceability of dwindling bulk supply sources (e.g.
dams), with few studies highlighting their role in reducing peak
demand which is a key design parameter driving pipe network
infrastructure planning and augmentations. Lucas et al. (2010)
demonstrated reduced peaks of average daily demand patterns by
49% for a 50% uptake of a trickle top-up rainwater system in awater
supply zone. Similarly, Umapathi et al. (2013) reported a reduced
hourly peak of 28% in a twenty home monitoring study of house-
holds fitted with a rainwater tank. The average daily demand
pattern for a development using recycled water presented reduced
peak flows (~35%) in mains water consumption against the total
household demand (Willis et al., 2011). Drops in peak hour demand
of 14% was also noted for water efficient households (Lucas et al.,
2010) while a pair-wise comparison of water efficient and non-
efficient households resulted in average daily peak hour re-
ductions of 16% (Carragher et al., 2012). These studies have
demonstrated the ability of water saving measures in reducing
peak demands which have the potential to defer or eliminate
planned augmentations of current supply network infrastructure
and the related costs (Beal and Stewart, 2014; Carragher et al., 2012;
Cole and Stewart, 2013).

1.3. Water demand modelling of alternative water supplies and
water efficient appliances

Important parameters in the planning and design of the water
supply network are the peak hour (PH) on the peak day (PD) de-
mand, which is themaximumday demand over a 12-month period,
and the average day (AD) demand, which is the average water
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consumption over the same 12-month period. Peaking factors of PD
are determined in relation to the AD demand, which are then fixed
to historically determinedwater demand patterns for use in awater
supply network model (GCW, 2009). However, these patterns may
not be relevant to current trends as they are collected over long
intervals, such as every three to five year periods. Furthermore,
with the promotion of water efficient appliances and alternative
water supplies, their impacts on the demand patterns are not fully
known. In South East Queensland (SEQ), under the SEQ Code
(2013), demand curves for alternative water supplies are con-
structed by adjusting the AD demand and peaking factors, which
are then assigned to the same historically determined demand
pattern. However, this method may not be reflective of the demand
and usage patterns of the source substituted end uses. Thus, the
identification of end-uses in households' diurnal patterns provide
greater flexibility and a platform to more realistically model
potable consumption patterns of households supplied by alterna-
tive water supplies. In this context, end-use studies using high
resolution smart water meters provide useful information on the
average daily usage characteristics of each end use which would be
useful in developing water demand patterns of various water
saving scenarios.

2. Research objectives

Presently, there is a large volume of literature on the potable
saving features of alternative water supplies and water efficient
appliances, with few empirical studies reporting on their ability to
reduce peak demand, which will ultimately reduce the need for
costly water distribution network infrastructure augmentations. To
address this gap in the literature, this studywas conductedwith the
core objectives to:

� Determine mains (i.e. city supply) water savings, in terms of
daily diurnal end use level demand on both the average and
peak day, from using different star rated water appliances.

� Develop water demand profiles (AD and PD) for new single and
multi-unit residential dwellings built following various sce-
narios of water efficiency and some alternative water supply
through source substitution measures (i.e. rainwater or
greywater).

� Compare AD and PD demand patterns for the contemporary
water supply scenarios with the baseline scenario.

� Quantify reductions in AD and PD diurnal demand patterns for a
particular development scenario (i.e. illustrative application of
proposed planning approach).
Table 1
Household sample size and recorded periods from the SEQREUS study.

Data Period of analysis No. of
samples
(households)a

No. of
people

Household
occupancy

Winter 2010 14/06/2010 to
27/06/2010

130 338 2.6

Summer
2010-11

29/11/2010 to
12/12/2010

57 152 2.7

Winter 2011 01/06/2011 to
15/06/2011

63 171 2.7

Summer
2011-12

01/12/2011 to
14/12/2011

63 166 2.6

Autumn
2012

18/03/2012 to
31/03/2012

53 146 2.8

Spring 2012 01/09/2012 to
15/09/2012

44 132 3.0

Summer
2012-13

22/11/2012 to
05/12/2012

64 178 2.8

a Reduced sample sizes due to Jan 2011 flooding and logger failure.
3. Research method

3.1. Study sample

The study sample data for the research was obtained from the
South East Queensland Residential End Use Study (SEQREUS) (Beal
and Stewart, 2011) gathered over seven different periods. For each
period, a two-week continuous smart water meter dataset at very
fine intervals (5 s) and resolution (0.014 L/pulse), was recorded.
This allowed for the separation of the data into individual end uses
using the event recognition software, Trace Wizard® (Aquacraft,
2010). Household stock survey was conducted for the homes
from the SEQREUS study to determine the efficiency ratings of in-
door water appliances. Gathered information included average flow
rates of indoor taps and shower, water efficiency of washing ma-
chines and average toilet flush volumes. The appliances were rated
with stars, according to the criteria set by the Water Efficiency and
Labelling Standards (WELS); the more stars, the more water effi-
cient the product. Smart water meter data from each household, for
all indoor appliances, were also analysed to validate the survey
against the WELS criteria. The sample sizes are shown in Table 1.

Additionally, smart water meters measuring water consump-
tion at a coarse level (5 L/pulse at hourly interval) for 336 multi-
residential households in Hervey Bay, between 1 July 2008 and
1 July 2009, were included in the study. Although Hervey Bay does
not lie within the SEQ region, household consumption is antici-
pated to be similar to SEQ, due to its coastal location and close
proximity to SEQ. Owing to the low resolution of the data, it was
not possible to segregate the data to their end uses, although
consumption rates were defined for indoor [�300 L per hour (L/h)]
and outdoor uses (>300 L/h) (Cole and Stewart, 2013). Water
consumption profiles for single-residential households in Hervey
Bay were analysed in Gurung et al. (2014) and required results
included in the paper. In this study context, single-residential
household is defined as a premise of a single detached dwelling,
while multi-residential is a premise consisting of three or more
dwelling units, including townhouses, apartments and villas. De-
mand patterns were created at half-hourly time intervals, in line
with local utilities standards, with the hourly Hervey Bay data
interpolated at each interval for their conversion to half-hourly
time-steps.
3.2. Summary of demand pattern development

Gurung et al. (2014) created a novel method of using up-to-date
smart water meter data to define individual end-use’s consumption
patterns as a foundation for developing household water demand
patterns. Each end use consumption pattern is converted into
normalised end-use patterns by dividing demand at each time in-
terval with average hourly demand (AD consumption divided by
24 h). Average daily demands for individual end uses are estimated
and applied to their respective normalised patterns to model their
demand curves. The end-use demand curves are then combined to
develop the final household demand pattern. A similar process is
conducted to develop peak day demand patterns by increasing end-
use demands and readjusting the normalised end-use pattern of
outdoor use. A more detailed explanation of procuring demand
curves using normalised end-use patterns is described in Gurung
et al. (2014). To fulfil the paper's objectives, the methodology
(Gurung et al., 2014) was applied in this study tomodel households'
potable demand patterns for a range of water saving scenarios.



Table 2
Summary of modelled scenarios.

Scenario Description Water supply system specifications

Scenario 1
(baseline)

Households conforming to the region's mandatory design
code (i.e. QDC MP 4.1 for Queensland, Australia)

- 3-star taps, 3-star showers, 4-star clothes washer, 4-star toilets

Scenario 2 Households fitted with water efficient appliances - >3-star taps, >3-star showers, >4-star clothes washer, 4-star toilets
(>4-star toilets not available)

Scenario 3a Households fitted with water efficient appliances and
rainwater tanks

- Water appliances as rated in Scenario 2
- Rainwater tank supplying toilets, cold water tap to clothes washer
and outdoor taps

Scenario 4 Households fitted with water efficient appliances and
greywater reuse facility

- Water appliances as rated in Scenario 2
- Greywater reuse supplying toilets, cold water tap to clothes washer
and outdoor taps

a Note: For the townhouse scenario illustrative application, Scenario 3 has been modelled using two cases namely for average rainfall (Scenario 3a e most likely case)
and drought periods (Scenario 3b e worst case) in order to sufficiently capture the variability of supply of rain-dependent tanks.
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3.3. Scenarios for modelling

The study considered 4 scenarios for modelling water demand
profiles in both single-residential and multi-residential dwellings.
The modelled scenarios are shown in Table 2.

3.3.1. Scenario 1 e households conforming to QDC MP4.1
specifications (baseline)

The QDCMP 4.1 mandates all new buildings to bewater efficient
and requires all indoor taps and showerheads to have at least a 3-
star WELS rating, with toilets a minimum of a 4-star rating. These
ratings formed the baseline efficiencies for this study. As clothes
washer had not been assigned a WELS rating under the code, its
median efficiency of a 4-star WELS rating (see Fig. 2) was used as
the baseline efficiency.

Households from the SEQREUS study were clustered for each
rated appliance and their demand profiles generated and compared
against average demand profiles; the total demand over the seven
periods divided by the total consuming population in those periods.
The differences in consumption of each rated appliance against
their respective average demand, which were assumed to be at
current levels, were used to develop the demand patterns for
households under the baseline scenario.

3.3.2. Scenario 2 e households using more efficient water
appliances

Households with higher rated efficient appliances than baseline
were clustered to generate their demand profiles. The consumption
Fig. 1. Schematic of rainwa
differences of higher rated appliances against their respective
average demands were used to develop suitable demand patterns
for each end use.

Although dishwashers are assigned a WELS rating, their low
consumption of less than 2% of total household consumption (e.g.
Beal and Stewart, 2011; Willis et al., 2011) will have minimal in-
fluences on overall consumption and peak flows for higher WELS
rated dishwashers. Hence, this end use has not been considered in
the cluster analysis.

Higher efficiency dual flush toilets (>4-star) currently do not
comply with the requirements of the Australian Standards and
cannot be registered for WELS (Schlunke et al., 2008). Although
dual flush toilets (4.5/3 L) affixed with an integrated hand basin for
greywater reuse can be registered for a WELS 5-star rating, they do
not appear to be a popular option. In the study, therewere no toilets
which were more efficient that the baseline (4-star), which are at
present the most efficient toilet available in Australia (Schlunke
et al., 2008). Due to Australia Standards restrictions and lack of
available samples for higher efficiency toilets, their analysis was not
conducted.

3.3.3. Scenario 3 e water efficient households fitted with rainwater
tanks

Rainwater tank systems utilises mains water when they are at
significantly low levels to ensure a continuous supply of water to
the connected appliances. There are two types of rainwater sys-
tems; an automatic switch system and a trickle top-up system. Both
systems works in the instance when the water in the tank falls
ter tank configuration.



Fig. 2. Population uptake of rated appliances.
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below an acceptable level, with the former diverting mains water
supply directly to the end uses, bypassing the tank and its pump
systems, and the latter by delivering a fixed amount of mains water
into the tank. However, in the event of the tank running dry for
chronic periods, due to droughts or low rainfall levels, the two
systems would provide limited benefits of reducing peak demands.
The potable demand profile for the automatic switch systemwould
be no different to a household without a rainwater tank, while in a
trickle top-up system, tank replenishment could coincide with the
peak demand time, thereby having limited effects on reducing it.

No considerations are currently in place in designing rainwater
tanks to reduce mains supply peak flows, especially under constant
drought conditions, which, over a wider scale, would potentially
provide notable network benefits. Consequently, the study pro-
poses an alternative to the traditional designs; a trickle top-up
rainwater tank system fitted with an electronic timer-based valve.
The electronic valve will be programmed to replenish the tanks
only during periods of low household demand, particularly over-
night and in the afternoon, when a trigger level in the tank,
equivalent to at least a day's supply, has been reached. Mains water
top up would be distributed overnight at a constant flow, with total
volume equivalent to average daily demand of the tank's connected
appliances, and further top up done in the afternoon if required.
Such a design would help reduce daily peak flows even during low
rainfall periods, while also ensuring sufficient water for the
following day. In periods of high water usage, especially on peak
day, the top up programmed for the afternoon would ensure that
the tank meets the day's demand. The schematic of the proposed
system is shown in Fig. 1.

For the objectives of the study, the proposed configuration will
be used to model the potable demand profile for rainwater tanks
supplying to toilets, cold water laundry and outdoor use. These end
uses are widely acceptable rainwater uses across most of Australia
and abroad (e.g. Beal et al., 2012; Dom�enech and Saurí, 2011;
Ferguson, 2011; Ghisi and de Oliveira, 2007).
3.3.4. Scenario 4 e water efficient households fitted with greywater
recycling

Greywater for unrestricted non-potable uses in toilets, clothes
washing and outdoor purposes require their treatment systems to
be highly effective in removing organic andmicrobial contaminants
(Li et al., 2009). Hence, the study considers the use of biological
treatment and membrane filtration systems, such as rotating
biological contactor or membrane bioreactor, as the chosen grey-
water treatment system. Although the application of such grey-
water systems in single households is economically unfeasible
(Friedler and Hadari, 2006; Mourad et al., 2011), their mains diurnal
demand pattern is still developed for comparison purposes.

In Australia, greywater from kitchen sinks and dishwashers are
not recommended for use as they are contaminated with grease,
bacteria and chemicals which can promote and support the growth
of micro-organisms and solidify, causing blockages in the grey-
water system (DIP, 2008; DOH, 2010). For these reasons, greywater
from kitchen sinks', which accounts for 5% of total household
consumption (Christova-Boal et al., 1996) (~40% of tap use), and
dishwashers were excluded from greywater reuse.
4. Developing bottom-up AD and PD demand patterns for
scenarios

4.1. Analysis of cluster scale indoor water appliances for different
rated efficiencies

Appliances were clustered under three efficiency rating cate-
gories for each appliance: 1) baseline efficiency, 2) more than
baseline efficiency and 3) less than baseline. Due to the lack of
samples for toilets that had an efficiency at or greater than the
baseline efficiency category, the <baseline efficient toilets cluster
(i.e. toilets <4-star) was further divided to a 3-star and <3-star
toilet cluster, in order to better understand the influence of effi-
ciency on toilet cisterns peak flows. Consumption patterns for each
cluster category and appliance were then generated (Table 3).

The SEQREUS only monitored households built before the
implementation of the QDC MP 4.1. Hence, there was generally a
low uptake of indoor water efficient appliances within the study
sample as householders were not mandated to install such water
saving appliances. The average population uptakes (in percentage)
for the appliances over the seven periods are shown in Fig. 2.

Demand patterns of efficiency rated end-uses, in litres per
person per hour (L/p/h), are illustrated in Fig. 3. There are similar
and consistent patterns for each appliance, with peak demands
occurring mainly in the mornings; clothes washer peaks at 9 am;
shower and toilet peaks around 7:30 am and tap peaks between
8 am and 8:30 am, with a similar peak pattern at 7 pm.

Comparisons in average demand, in litres per person per day (L/
p/d), and peak demand (L/p/h), against the average daily



Table 3
Appliance cluster categories.

End-use Descriptor <Baseline
efficiency

Baseline
efficiency

>Baseline
efficiency

Clothes
washer

Star rating <4-star 4-star >4-star
Flow category
(avg. L/wash)a

104e118 65e72 50e58

Shower Star rating <3-star 3-star >3-star
Flow category
(L/min)

>9.0 7.5e9.0 �7.5

Toilet Star rating <3-star 3-star 4-star >4-star
Flow category
(L/flush)b

>4.0 3.5e4.0 3.0e3.5 N/A

Taps Star rating <3-star 3-star >3-star
Flow category
(L/min)

>9.0 7.5e9.0 �7.5

a Average consumption per wash over all analysed periods.
b Average consumption for dual flush toilet is taken as average of one full flush

and four half flushes.
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consumption from all end-use reads are presented in Table 4. The
<baseline efficient toilets (<4-star) had similar average demand
and peak demand to the average daily demand as the lower con-
sumption of 3-star toilets offset the much higher consumption of
the <3-star toilets (see Fig. 3c). Nevertheless, Fig. 3c shows higher
peak demand for lower rated toilets. Clothes washer in the
<baseline efficiency cluster (<4-star) had the highest increase in
average demand and peak demand of 29.5% and 37.3%, respectively.
The <baseline efficient taps and showers (<3-star each) had higher
average and peak demands of no less than 13.9%.

The largest reduction in average demand and peak demand was
observed for clothes washer, with reductions of 16.3% and 21.8%
respectively in the baseline cluster (4-star) and 38.6% and 46.3%
Fig. 3. Diurnal demand patterns o
reductions in the >baseline cluster (>4-star). The >baseline effi-
cient showers (>3-star) had drops in average demand and peak
demand of approximately 28%, while the >baseline efficient taps
(>3-star) reduced by 11.9% each. Baseline efficiency toilets (4-star)
had reductions of 17.2% and 14.5% for average demand and peak
demand, respectively.

These results, based on directly measured water demand, pro-
vide further evidence of the capacity of water-efficient technology
to reduce average and peak mains water demand. For all water
appliances, there were progressive reductions in average demand
and peak demand as efficiency increased, demonstrating the use of
this empirical information for underpinning the subsequent
modelling of water demand profiles presented below.
4.2. Indoor demand modelling

4.2.1. Average day consumption demands
In SEQ, the utility has assigned an AD consumption of 220 L/p/

d (SEQ Code, 2013), with 160 L/p/d estimated for indoor use and
60 L/p/d for outdoor use (QWC, 2010). Average consumption values
for each end use were estimated by distributing the utility's AD
indoor demand to their percentage distribution obtained from
Gurung et al. (2014). Baseline (Scenario 1) and higher efficiency
(Scenario 2) water demands were estimated by decreasing the
estimated average end-use demands with their respective con-
sumption differences from the results of the cluster scale analysis
(shown in Table 4). Rainwater (Scenario 3) and greywater (Scenario
4) replaced toilets and cold water for clothes washer, which is
estimated to be 75% of total laundry consumption (EBMUD, 2008).
Table 5 shows the AD indoor end-use demand values used tomodel
the demand profiles for each scenario.
f efficiency rated appliances.



Table 4
Mains water and peak demand differences of rated appliances against average demand.

End-use Averagea <Baseline efficiency Baseline efficiencyb >Baseline efficiency

Average
demand (L/p/d)

Average
demand (L/p/d)

Average
demand diff. (%)

Average
demand (L/p/d)

Average
demand diff. (%)

Average
demand (L/p/d)

Average
demand diff. (%)

Toilet 24.1 24.4 1.2% 20.0 �17.2% N/A e

Clothes washer 29.3 38.0 29.5% 24.6 �16.3% 18.0 �38.6%
Shower 45.2 52.2 15.3% 39.7 �12.4% 32.3 �28.6%
Taps 21.7 24.9 15.1% 20.4 �5.8% 19.1 �11.9%
End-use Peak (L/p/h) Peak (L/p/h) Peak diff. (%) Peak (L/p/h) Peak diff. (%) Peak (L/p/h) Peak diff. (%)

Toilet 2.13 2.16 1.3% 1.82 �14.5% N/A e

Clothes washer 3.83 5.25 37.3% 2.99 �21.8% 2.06 �46.3%
Shower 4.82 5.49 13.9% 4.43 �8.1% 3.46 �28.2%
Taps 1.79 2.06 14.8% 1.77 �1.4% 1.57 �12.2%

a Average daily consumption from all recorded periods.
b Appliances conforming to QDC MP 4.1 specified efficiencies.

Table 5
Indoor water consumptions estimated for the various scenarios.

End-use Utility demand Scenario 1 Scenario 2 Scenarios 3 and 4

Baseline efficiency >Baseline efficiency Rainwater and greywater reusea

Average
demand (L/p/d)

Indoor
distribution (%)

Modelled
demand (L/p/d)

Reduction (%) Modelled
demand (L/p/d)

Reduction (%) Modelled
demandb (L/p/d)

Reduction (%)

Toilet 29.3 18.3% 24.3 17.2% 24.3 17.2% 0.0 100.0%
Clothes washer 35.3 22.1% 29.6 16.3% 21.7 38.6% 5.4 75.0%
Shower 56.6 35.4% 49.6 12.4% 40.4 28.6% 40.4 0.0%
Dishwasher 2.8 1.7% 2.8 0.0% 2.8 0.0% 2.8 0.0%
Tap 26.6 16.6% 25.1 5.8% 23.4 11.9% 23.4 0.0%
Bath 2.4 1.5% 2.4 0.0% 2.4 0.0% 2.4 0.0%
Leak 7.0 4.4% 7.0 0.0% 7.0 0.0% 7.0 0.0%
Total indoor 160.0 140.7 122.0 81.5

a Assuming continuous sufficient supply of rainwater/greywater and no mains top up.
b Modelled demand based on demand reduction of Scenario 2.
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4.2.2. Multi-residential indoor water use analysis
The coarse nature of the smart water meter data from house-

holds in the Hervey Bay sample meant segregation of individual
end-uses was not possible, with the exception of indoor and out-
door uses. Indoor water consumption was similar for multi-
residential and single-residential households, at 142 L/p/d and
147 L/p/d respectively. Both normalised indoor demand patterns
(Fig. 4) showed matching consumption trends. Loh and Coghlan
Fig. 4. Indoor water consumption patterns for
(2003) reported little variance in indoor consumptions for single
and multi-residential households in Perth and proportions of each
indoor end use were found to be identical. These examples provide
evidence to suggest that the usage patterns and distributions of
indoor end-uses in both dwelling types are similar. Hence, nor-
malised end-use patterns from single-residential households,
developed in Gurung et al. (2014), were used to model the various
water demand profiles for both dwelling types.
single and multi-residential households.



Table 6
Outdoor water demand of various sized properties compared against average single-
residential households in Hervey Bay (Cole and Stewart, 2013).

Dwelling
type

Dwelling size Outdoor demand
per household
per day (L/hh/d)

Outdoor
demand
per person per
day (L/p/d)

Demand
difference
(%)

Single-
residential

Average 116.5 43.2 e

Largest
(3155 m2)

194.2 71.9 66.7%

Medium-large
(1392 m2)

143.7 53.2 23.3%

Medium-small
(832 m2)

83.6 31.0 �28.2%

Smallest
(521 m2)

45.9 17.0 �60.6%

Multi-
residential

<300 m2 26.9 12.8 �70.2%
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4.2.3. Multi-residential peak day indoor consumption
Ideally, a continuous year's high resolution consumption data is

preferred for obtaining end-use PD demand profiles, however in
the absence of this, the coarse-natured Hervey Bay smart water
dataset was used to analyse indoor and outdoor PD. Indoor PD
demand for multi-residential homes in Hervey Bay was 8% higher
than the AD demand while the PD peak demands in the morning
and evening were higher than the AD peak demands by 7% each. To
allow for a conservative approach in estimating PD indoor con-
sumption profiles in multi-residential homes (due to the absence of
measured end-use data), consumption for each indoor end-use was
increased by 10% of their AD demand. In single-residential house-
holds, indoor demand on the PDwas higher than the AD demand by
18%, while demand at each time interval were on average 20%
higher. Based on the observed differences, an increase of 20% of AD
demand was chosen to model the associated PD demand curves for
single-residential dwellings (Gurung et al., 2014).
4.3. Outdoor water demand modelling

4.3.1. Average day outdoor water consumption profiles
Property size is an influencing factor on outdoor consumption

with larger properties typically having a higher demand than
smaller properties (Cole and Stewart, 2013). The relationship be-
tween property size and outdoor demand in Hervey Bay is shown in
Table 6 (Cole and Stewart, 2013). With new properties now being
built on smaller lots, the information on average day external water
consumption is essential in modelling overall water demand pro-
files, as outdoor use is reported to be the main driver of peak
Fig. 5. Modelled outdoor consumption patterns for (a) sin
demands (Beal and Stewart, 2014; Cole and Stewart, 2013; Willis
et al., 2011).

To reflect the lower external water use for smaller sized
households, outdoor water demand was reduced by 60% and 70%
for single-residential and multi-residential dwellings, respectively,
based on the differences in demand shown in Table 6. The resulting
outdoor demands of 24 L/p/d and 18 L/p/d were used to model
outdoor demand profiles for their corresponding property types.

In multi-residential homes, the AD external water use occurred
mainly in the morning with less use in the evening; conversely,
single-residential homes showed a main outdoor demand peak in
the evening and a smaller peak in the morning (see Fig. 5). This
highlighted the difference in outdoor usage patterns in both
dwelling types, of which may be attributed to differences in con-
sumers' lifestyles and behaviours (Beal and Stewart, 2014). For
example, the prevalence of stay-at-home parents or retirees living
in multi-residential dwellings might result in more outdoor water
being used earlier in the day than in the evening.
4.3.2. Peak day outdoor water consumption profiles
On the PD, the demand pattern for outdoor water use in multi-

residential households was similar to the AD demand with more
water used externally in the morning than in the evening. While
the timing of the outdoor AD peak coincided with the indoor peak
demand in the morning (8 am), the outdoor PD peak occurred
slightly later (10 am) and outside of indoor peak demand time. The
delay in peak demand could be due to the PD occurring over the
weekend, when householders are free to use water for outdoor
activities (e.g. washing car, gardening) throughout the day, andmay
also explain the relatively high water usage in the afternoon (see
Fig. 5b).

The timing of the outdoor and indoor peak demands is impor-
tant as their concurrence results in the maximum peak occurring in
the total demand curve. To ensure maximum peak occurs on PD for
multi-residential homes, the outdoor normalised AD curve was
used as a base to model the PD curve. Related to this, the following
peak factors were used: the PD factor (PDF), which is the ratio of
outdoor water use on the PD to the AD, and the PH on the PD factor
(PHPDF), which is the ratio of the PH consumption on the PD to the
average hour consumption on the AD. The PD outdoor water pro-
files of multi-residential dwellings, which had PDF and PHPDF of
4.07 and 9.08 respectively, were modelled by scaling these factors
to the normalised AD outdoor consumption profile, using the
EXCEL™ Solver method presented in Gurung et al. (2014). The
outdoor demand profile for single-residential households had PDF
of 3.63 and PHPDF of 12.42, with the peak occurring in the evening
(6 pm), and were presented in Gurung et al. (2014). The higher
gle-residential and (b) multi-residential households.



Table 8
Greywater production and AD and PD demand.

End-use Single-residential Multi-residential

AD demand
(L/p/d)

PD demand
(L/p/d)

AD demand
(L/p/d)

PD demand
(L/p/d)

Clothes washer 21.7 26.0 21.7 23.8
Shower 40.4 48.5 40.4 44.5
Tapa 14.1 16.9 14.1 15.5
Bath 2.4 2.9 2.4 2.6
Total greywater

produced
78.5 94.2 78.5 86.4

Toilet 24.3 29.1 24.3 26.7
Clothes washer

(cold)
16.3 19.5 16.3 17.9

Outdoor use 24.0 87.1 18.0 73.20
Total greywater

demand
64.5 135.7 58.5 117.8

a Tap excludes kitchen sink (~40% of tap use).
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PHPDF for single-residential dwellings is due to the much higher
PH water volume used, in relation to the average outdoor demand,
compared to the PH demand for multi-residential households. The
modelled outdoor demand profiles for both dwellings are shown in
Fig. 5.

4.4. Rainwater tank top-up configuration

The rainwater tank trickle top-up configuration in the study was
designed to allow top-up only during off-peak hours. Rainwater
tank AD demands were 64.5 L/p/d for single-residential homes and
58.5 L/p/d for multi-residential homes (see Table 7). The volumes
were distributed evenly overnight between 8 pm and 6 am (over
10 h) at top-up rates of 6.5 L/p/h and 5.9 L/p/h for single and multi-
residential households, respectively, to ensure that the tank's de-
mand is met the following day.

Modelling indicates that on the PD, the overnight top-up is
insufficient to provide for the additional demand and a second top-
up in the lower afternoon periods, between 12 pm and 4 pm, would
be required. The additional top up, along with the tank's one day
backup supply, ensures demand is met and the tank does not run
dry on the PD. As normal demand resumes, the tank is reset to usual
operating conditions.

4.5. Greywater reuse water balance

The AD greywater production is predicted to satisfy the AD
demand, however this is not the case during PD demand where
greywater production is insufficient (Table 8). Simplewater balance
calculations demonstrated that a storage volume equivalent to one
day's greywater production, together with the production on PD,
would be a sufficient supply for a PD demand scenario (data not
shown).

5. Comparative assessment of modelled scenarios' AD and PD
demand patterns

The normalised indoor end-use patterns for single-residential
households produced in Gurung et al. (2014) were used for
generating indoor demand patterns for both single and multi-
residential dwellings in this study, as discussed in Section 4.2.2.
Outdoor demand curves for both dwellings were developed using
their corresponding modelled base AD curves (Fig. 5). By applying
revised water consumption profiles for each end-use category to
their respective normalised patterns, their final demand patterns
were created. The demand profiles for the proposed scenarios were
developed by combining these demand curves.

A comparison of modelled consumption patterns for baseline
(Scenario 1) against water saving scenarios (Scenarios 2e4) illus-
trates the reductions in peak demand on both the AD and PD for
single and multi-residential dwelling types (Fig. 6). AD peak de-
mand reduced by 13% in both single-residential and multi-
residential households for Scenario 2, while the PH on PD
Table 7
AD and PD demand of end-uses supplemented by rainwater tank.

End-use Single-residential Multi-residential

AD demand
(L/p/d)

PD demand
(L/p/d)

AD demand
(L/p/d)

PD demand
(L/p/d)

Toilet 24.3 29.1 24.3 26.7
Clothes

washer (cold)
16.3 19.5 16.3 17.9

Outdoor 24.0 87.1 18.0 73.2
Total tank demand 64.6 135.7 58.6 117.8
demand reduced by 6% and 10% respectively. Due to clustered sub-
sample size limitations, it was not possible to determine the
reduction in potable consumption for the highest WELS rated ap-
pliances; that is >3-star showers (>4.5 L/min but �6 L/min), 5-star
washing machines and 6-star taps. The results of the cluster scale
analysis showed reduced peak demand for higher efficiency indoor
appliances, which suggests that households using the maximum
rated indoor water appliances would likely realise further re-
ductions in peak demand.

While peak demand for modelled AD demand curves occurred
at similar times in the two dwelling types, PH for modelled PD
demand curves in both Scenarios 1 and 2 occurred in the evening
and morning, for single and multi-residential dwellings, respec-
tively. The timings of PH demand for both dwelling types corre-
sponded with the timings of the PH demands for the respective
outdoor use. This highlights their influence on the peaks of the
modelled PD curves and is supported by other studies which re-
ported outdoor use as the drivers of the critical peaks that occur on
the PD (Beal and Stewart, 2014; Cole and Stewart, 2013;Willis et al.,
2011).

In single-residential dwellings, peak flows for AD reduced by
28% and 50% for Scenarios 3 and 4 respectively, while in multi-
residential dwellings, they were lower by 35% and 52% respec-
tively. In these two scenarios, the PH demand for both modelled PD
were only slightly higher than the peaks on AD as the outdoor
water use, which was the main cause of the peaks, was removed
through source substitution. Overnight replenishment of mains
water to the rainwater tank (Scenario 3) and the reliable supply of
greywater (Scenario 4) met the full demand for the substituted
mains potable end uses and directly influenced peak demand
values. As a result, there were significant reductions in PH demand
on the PD for single-residential and multi-residential dwellings, of
54% and 51% respectively for Scenario 3, and 64% and 62% respec-
tively for Scenario 4.
6. Townhouse development example application

6.1. Water supply selection and design

To better contextualise a water demand profile's application to a
planned development area, a multi-residential development with a
townhouse setting was considered. While it is practical to install
efficient water appliances in all types of households, the choice of a
source substitution measure depends on the feasibility of their
application in a development. The reliability of rainwater tanks
depends on a number of variables including climate, roof and tank



Fig. 6. Modelled mains water consumption profiles for the various water saving scenarios for (a) single-residential on AD (b) single-residential on PD (c) multi-residential on AD (d)
multi-residential on PD.
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and household water demand, with larger roof sizes and tanks
providing a more reliable rainwater supply (Imteaz et al., 2011,
2012). For example, installing a communal rainwater tank is more
feasible in a townhouse development than in a multi-storey
apartment development due to the larger roof area per house-
hold, unlike the latter's smaller roof area to household ratio.
Greywater reuse, even though it has a higher reliability due to
constant supply, is only financially viable when implemented on a
larger scale (i.e. one larger treatment system serve multiple
dwellings), such as in a multi-storey apartment development
(Friedler and Hadari, 2006; Ghisi and Ferreira, 2007; Mourad et al.,
2011). Hence, a communal rainwater setting was chosen for the
townhouse development with the schematic shown in Fig. 7.

6.2. Volumetric reliability of communal rainwater tank

A water balance was conducted using UVQ (Mitchell and Diaper,
2010) to determine the reliability of the communal rainwater tank
for the 24-townhouses setting. The roof area for each townhousewas
estimated to be 180 m2 (60% of total plot size) with a 100% con-
nectivity to the system and a runoff coefficient of 0.875. Rainfall data
recorded over a 20 year period (1994e2013) was obtained from the
Bureau of Meteorology for Gilston Road, Nerang (Station ID: 040160)
for the Gold Coast region. Rainwater tank demand of 59 L/p/d (Ta-
ble 7) and an average household occupancy rate of 2.6 persons per
household (OESR, 2012) were used as input data for the modelling. A
communal rainwater tank of size 96 kL (4 kL per household) was
chosen, with 10% of volume assigned for backup supply and dead
zone. The resulting effective volume of 86.4 kL provided a high
volumetric reliability of 92%, indicating that overnight top-up would
be required for approximately only 29 days in a year.
6.3. Influence of rainfall on demand patterns

Regular rainfall would ensure that AD top-up rates reduce by
92%, as trickle top-up rates are averaged out over a year, while
stored rainwater would potentially fully supplement the
substituted end-uses on PD. This results in a demand pattern
similar to a household reusing greywater. Conversely, long periods
of drought would require trickle top-up on both AD and PD. The
conceptualisation of Scenario 3's water demand patterns for reg-
ular rainfall (Scenario 3aemost likely case) and droughts (Scenario
3b e worst case) for the 24-townhouses setting is shown in Fig. 8,
along with modelled demand patterns for Scenarios 1 and 2. Again,
it should be noted that the rainwater tank top-up requirements is
set on timer to occur outside of typical peak periods (see Fig. 8).

Table 9 details each scenarios peak demand (i.e. peak demand
for entire 24 lot development in L/h) and percent reduction when
compared to the baseline scenario. As shown in this table, installing
higher rated water efficient appliances yields a 13% and 10%
reduction in the peak demand value on the AD and PD, respectively.
Much larger reductions are achieved when also installing the
communal rainwater tank, with a 52% and 62% reduction in the
peak demand on the AD and PD, respectively, for the most likely
case (Scenario 3a). Even if the rainwater tank operated under worst
case drought conditions (Scenario 3b), the peak demand is still
lower by 35% and 51% on the AD and PD, respectively.

7. Implications for water distribution infrastructure planning

Harnessing the benefits of high resolution smart meters to
categorise flow data into the various end use categories allowed for
a novel bottom-up approach to model the daily diurnal demand



Fig. 7. Schematic of townhouse development with communal rainwater tank and water efficient appliances.
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patterns of contemporary water schemes that incorporate a range
of efficiency and water source substitution measures. Modelled
demand patterns for households utilising water efficient appliances
and source substitution measures provided strong evidence that
there are considerable reductions in peak demand from the mains
potable town supply. Water infrastructure network such as pumps
and pipes are designed for peak demand conditions. The same
infrastructure network is required to transport higher volumes of
water each year as peak demand increases through the construc-
tion of new residential developments and also redevelopments
with higher density housing through the subdivision of large land
plots to smaller residential lots; such increases in demand neces-
sitates trunk main augmentations. Hence, the application of water
saving measures in new and high density developments would
potentially defer or reduce system augmentation, and their sub-
sequent involved costs, due to reduced peak demand. Furthermore,
there is opportunity for considerable capital savings through the
installation of smaller infrastructure (pumps, pipes, etc.) in new
developments. Savings from recurring costs (e.g. maintenance and
operation), would also be realised as lower pressure in the
Fig. 8. Demand patterns for (a) AD and (b)
pipelines leads to reduced pipe failures and extended asset life,
while energy costs is also reduced from running smaller pumps and
through treating and transferring lower volumes of water.

The uptake of water efficient appliances and source substitution
measures is predicted to rise in the future as water prices rise and
the general population become more aware of the benefits of
installing alternative technologies. As empirically demonstrated in
this study, such installations have citywide benefits by reducing
peak demand in the pipe infrastructure network on the AD and PD,
thereby providing substantial cost benefits.

Direct benefits in the form of reduced capital expenditure pro-
grams are realised by water utilities due to reduced peak demand
since they can defer many costly infrastructure augmentations.
Water infrastructure charges are the costs which utilities charge to
land developers in order to recover part of the capital and ongoing
costs for providing the necessary water services to the city. Given
that this study shows that there are potential reductions in peak
demand, which is the core driver of trunk main infrastructure
augmentations, there may be some opportunities for formulating
alternative water infrastructure charges policy for developers that
PD within the 24-townhouses setting.



Table 9
Modelled peak demand and comparative reductions for the 24 lot townhouse
setting.

Scenarios AD PD

Peak
demand (L/h)

Reductiona

(%)
Peak
demand (L/h)

Reductiona

(%)

Scenario 1
(baseline)

951 e 1316 e

Scenario 2 830 12.7% 1183 10.1%
Scenario 3a e

most likely case
455 52.1% 501 61.9%

Scenario 3b e

worst case
616 35.3% 640 51.3%

a Note: represents a reduction in demand for contemporary scheme scenarios (2,
3a, 3b) with Scenario 1 (baseline).
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implement proven water efficiency and source substitution mea-
sures. Water utilities could share some of their reductions in capital
expenditure for augmentations by reducing these charges for those
developments that implement savings measures, which will serve
to promote further implementations across a city. Ultimately, this
could create a ‘winewin’ relationship where utilities, developers
and consumers all benefit from a more efficient water supply
system.

8. Conclusion

The study modelled water demand patterns for the AD and PD
for a range of potable water saving scenarios. Cluster scale analysis
of indoor water efficient appliances was conducted to determine
the level of reductions in consumption and peak demand when
compared against the baseline scenario. Comparison of indoor
water use revealed similar consumption patterns and peak demand
occurring in themorning for single andmulti-residential dwellings,
while peak outdoor use was observed in the evening and morning
for these two dwelling types, respectively. The size of a property
was noted to be an influencing factor on outdoor water use with
smaller properties using lower volumes than larger properties
(Cole and Stewart, 2013). These analyses provided vital information
in developing the bottom-up diurnal demand patterns for the
water saving scenarios, as they affected the peak demand and their
timings which are important in the design of the water infra-
structure network.

Modelled water demand profiles of water efficient appliances
and alternative water sources had the expected results of reduced
peak flows. Developed consumption curves for households using
higher efficiency appliances had a lower peak demand than base-
line scenarios by 13% on the AD for both dwelling types and 6% and
10% on PD, for single and multi-residential dwellings, respectively.
Also incorporating rainwater tanks and greywater reuse decreased
peak demand by between 28% and 52% on the AD and 51%e64% on
the PD for both alternative water sources. These peaks can poten-
tially be further lowered through the use of the highest efficiency
rated indoor water appliances. A 24 unit townhouse in-fill devel-
opment that included efficient appliances and a communal rain-
water tank was compared against a baseline scenario to
demonstrate the reductions in peak demand on the AD and PD. This
illustrative application of the bottom-up derived end use patterns
revealed that even under extended drought conditions, the
contemporary development had much lower peak demand values
than a typical development that only relied on town water.

If a large proportion of future in-fill developments utilise such
water efficient appliances and install source substitution measures,
they can significantly reduce the peak demand projections for a
particular water supply zone trunk main. Such schemes will have
direct implications on the design of the water infrastructure
network, such as deferred system augmentations, infrastructure
sizing and changes in water utilities' operations and maintenance
schedules, along with their associated costs. Hence, it is crucial for
water demand modelling practices to incorporate the demand re-
ductions of such water saving measures, through harnessing the
‘big data’ available from smart watermeters and autonomouswater
end use disaggregation informatics, in order to generate more
realistic predictions of water demand patterns for these alternative
development scenarios. Modelling using a one-size-fits-all demand
template for each node of a networkmodel is no longer sufficient in
themodernwater supply era. Futureworkwill explore the life cycle
demand reductions of a trunk main and the associated monetary
benefits of large scale implementations of contemporary water
supply schemes in a particular water supply zone that is experi-
encing population growth and higher density land redevelopment.
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