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Abstract

Water efficiency measures and alternative supplyrces alleviate peak water demand on urban water
supply networks. Consequently, they also provideebes to water service providers, in terms of
augmentation deferrals and reduced sized infrasireicHowever, while these benefits are acknowlddge
the literature, they have not been thoroughly itigaged and quantified. This paper empirically
demonstrates how the installation of different pt#awater saving measures would affect the desfgn o
urban water supply networks. Peak day water denpeiofiles were developed for the baseline scenario,
which represented the typical building code martidte new dwellings constructed in Queensland,
Australia, and for households fitted with waterisgymeasures. The core novel feature of this stathtes

to the use of an innovative bottom-up approackheadevelopment of demand profiles based on smadrse
enabling comprehensive water end use datasetsléneand in shower, tap, etc.) to be obtained. &lylar
model runs were conducted for various water savisggnarios across different planning horizons to
determine the scheduling of augmentations in a msupply study area. The results of the model runs
showed deferred and eliminated augmentations, #saweeductions in infrastructure sizing for thater
savings scenarios compared to the baseline scengmancial analysis (i.e. NPV) on trunk main
augmentation requirements over 50 year asset ifdeg indicated that savings of between $1,574,289
(11.4%) and $7,030,796 (51%) could be achievednioprporating water efficiency and potable source

substitution measures in new infill developmentthm study region.

Keywords: Alternative water supplies; smart water metersiewalemand modelling; water efficient

appliances; water supply network modelling; peakaied.

1 Introduction

1.1 Implications of diversified water schemeson the water supply network

Population growth in cities around the world wilkvitably increase the demand for water and putiadedll
pressure on the existing water supply infrastrctdihis will be further exacerbated with future ertain
climatic conditions. The redevelopment of largeginresidential plots to higher density dwellinggl w
require the same water supply infrastructure tospart even higher volumes of potable water, uli@iya
requiring them to be upgraded. To ease the pressutiee existing water supply infrastructure, gttenhas
been drawn to alternative water supplies and denmaakdagement practices, with studies on the use of
rainwater tanks (e.g. Ghisi and Oliviera, 2007; pathi et al., 2013), greywater recycling facilitigsg.
Friedler and Hadari, 2006; Ghisi and Ferreira, 2003urad et al., 2011) and water efficient applesi¢e.g.
Beal and Stewart, 2011; Willis et al., 2013) widedyporting reduced household potable consumption.

Along with lowering water consumption, water savimgasures can also assist in reducing peak water
demand. Rainwater tanks and recycled water haveremvpeak mains water demand by between 28% and
49% (Lucas et al., 2010; Umapathi et al., 2013}, lay 35% (Willis et al., 2011), respectively. Moveo,
households installed with water efficient applissidemonstrated peak hour demand drops of betwe#n 14

and 16% (Lucas et al., 2010; Carragher et al., 2028 the basis of such evidence, reduced peakrwate



demands utilising water management strategies wapfibar to assist in deferring network upgrades and
allow for smaller sized infrastructures to be usedulting in saved costs and more efficient openaiBeal

and Stewart, 2014; Carragher et al., 2012; Malitkdows al., 2015). For instance, the installationwatter
efficient appliances and rainwater tanks (Lucaslet 2010) and homes retrofitted with water efintie
appliances (Farmani and Butler, 2014) led to the afssmaller pipe sizes and, hence, reduced network

capital costs.

Along with lower expenditure from using smaller exizinfrastructure, the deferred expansion of water
supply networks would also provide immediate monyetsenefits to the water utility since the deferred
expenditure is related to the temporal value of eyo(Gil and Joos, 2006). These outcomes have been
acknowledged by the energy supply sector, wheracesi peak demand from distributed generation and
energy storage technologies (e.g. solar power attéfly storage) resulted in the deferment of pldnne
expansion or upgrades of the electricity distribbuthetwork (Gil and Joos, 2006; Piccolo and Si&d8)9).
Specifically, the deferment of capital costs, whinbke up the majority of the cost component in &ewa
supply project (Savic and Walters, 1997; Swamee Simakrma, 2008; Gurung and Sharma, 2014), would
potentially provide the greatest possible savirgyswater utilities. This would be especially benidi in

high density residential areas, where the costgpgfading the water supply network can be extrerhigli

due to the cost associated with secondary issugsdfeersion in traffic).

1.2 Water demand modelling for contemporary water supplies

Water supply systems are considered significamagtfucture assets (Savic and Walters, 1997) andree
considerable planning to ensure that water is idiggd over long planning horizons with minimal
disruptions (Marques et al., 2015). Thus, watetrilistion network modelling is essential for wasempply
planning as it assists planners and engineers k@ rimiormed decisions of the networks operatiomal a
maintenance requirements. Water utilities use waitgribution models for a number of purposes, sagh
long-range master planning, fire protection studigater quality investigations, and energy managgme
(Walski et al., 2003).

Critical design parameters for designing the watiastructure include the peak hour (PH) demamdihe
peak day (PD), and the average day (AD) demandchwhre the maximum and average daily water
consumption, respectively, over a 12-month peribde PD demand profiles are developed by fitting
peaking factors, in relation to AD consumptionatstandard demand pattern (GCW, 2009); they aem oft
used when sizing trunk mains in the water supplyvask model. Demand profiles for alternative water
supplies are normally modelled using lower tharndgfpsupply demands, fitted to the same base demand
curve, using similar peaking factors which ressrigariations in their use (Gurung et al., 2015)tHis
regard, the identification of the different househend-uses (e.g. toilet, taps, showers) withintttal water
demand profiles are acknowledged to be importararpaters in modelling water demand for alternative
water supplies. Although a number of algorithms eraitlels have been developed to stochastically model
household demands, diurnal demand patterns and garakneters (e.g. Alcocer-Yamanaka et al., 2012;
Blokker et al., 2010; Haque et al., 2014), theyndb sufficiently account for the individual end as¢hus



limiting their ability to suitably characterise dand pattern profiles for households connected to

contemporary water supplies.

Smart water meters and associated analytics haregreposed as an updated water demand modelbhg to
due to their ability to facilitate disaggregatidnemd-uses, allowing for more flexibility in modiely demand
profiles which traditional methods are unavailatadeleliver (Beal and Stewart, 2014; Gurung et2014).
Undoubtedly this data-driven water demand modelipgroach is more accurate than current practices t
rely on a number of assumptions (Gurung et al. 4A2®athnayaka et al., 2011). For instance, the FAM,
and AD design parameters are currently estimated astop-down approach from information, such @k b
meter data, water production and historic demantees, to separate the information to relevant atein
components (Blokker et al., 2010). In contrast, rsmaaater meters continuously record household water
consumption data and thus, provide more accurgesentations of these design parameters. Moreover,
smart water meters’ ability to instantaneously dfan information remotely can provide up-to-date
household consumption trends over fine intervaidike current modelling practices which collectalawer
long intervals and may not be relevant to the aurperiods. Hence, the advantages provided by snader
meters would permit more variations in modellingtevademand profiles, enabling more expanded

assessments of the water supply network simulatbe undertaken for a variety of scenarios.

1.3 Study objectivesand scope

The benefits of reduced peak water demand, thrtheglmstallation of alternative water supplies arater-
efficient fixtures, on the design of the water dyppetwork, which includes the reduced need fortlgos
water supply network infrastructure augmentatiosvehnot been empirically investigated and quatifie
thoroughly, with the literature discussing thisitopnly generally. Furthermore, no known previousrky
has featured a smart meter water demand modeltipgpbach used in an actual city’s water network rhode
to investigate the implications of a range of alttive strategies. Hence, the current study hasotlmsving

main objectives:

1. Create PD demand profiles of baseline (i.e. busiassusual demand profiles) and various scenarios
of mains water saving measures from empiricallyedagnd-use level diurnal water demand
patterns.

2. Investigate the effects of mains water saving messunstalled in a proportion of new infill housing
stock on a city’s future water supply infrastrueturequirements, using water supply network
simulations (i.e. alternative demand patternssgiiin a city’s hydraulic model).

3. Determine 50-year planning horizon network augntemarequirements and associated capital
expenditures for the proposed diversified watempblupcenarios, and compare against the baseline
scenario.

4. Complete a net present value based comparativaci@aanalysis of the capital cost requirements

for the baseline and various diversified mains was®ings scenarios examined.



It should be noted that the scope of the compardtenefits assessment has been limited to theatapkts
of trunk mains infrastructure over a 50 year plagrorizon. Some other life cycle capital and openal
benefits will also accrue from the alternative scers (e.g. reservoir and pump station upgrades le
pumping, reduced maintenance, etc.) but theseamgidered to be much lower than those savings edcru
from trunk main capital deferments and smaller aemgfation sizing, and are also considerably morfiecdif
to empirically quantify. Furthermore, non-residahtvater efficiency measures have not been coresidas
part of the scope of this current study; undoulytegiplying similar strategies to those used for ribe-

residential sector will further contribute to netlwanfrastructure savings.

2 Method

2.1 Smart water meter datafor water demand modelling

The study utilises a novel bottom-up approach usiognalised end-use demand patterns, obtained from
smart water meter data, in conjunction with theigfeparameters of water utilities, to develop tlaeiaus
water demand profiles. To facilitate the developtr@drthe individual end-uses normalised demandepadt
smart water meter sample data for the study re@ien South East Queensland (SEQ), Australia) were
obtained from the South East Queensland ResiddidlUse Study (SEQREUS) (Beal and Stewart, 2011).
The study recorded high resolution water consumpafcsingle residential households [0.014 litrespdse
(L/pulse); 5 second intervals], allowing for theatjgregation of individual end-uses. The data wHsated
fortnightly over seven periods between 2010 and22@tock efficiency ratings of the various indoor

household water appliances were also recordedtéordime their potential water saving capabilities.

The SEQREUS data did not capture water consumptaa for a continuous 12-month period, which is
required in obtaining PD parameters. Hence, thpeai/e PD parameters for single and multi-residént
dwellings were determined from smart water metBr&/pulse; hourly intervals) installed in 2,494 glim
and 390 multi-residential dwellings in Hervey Bdgcated 290 km north of Brisbane, which recorded
household water consumption continuously over a heaveen July 2008 and July 2009. Individual end-
uses patterns and demands were not obtainable thisninterval dataset since it had a lower resofyti
although it was sufficient to distinguish consuraptrates, and thus volume, as being either forande
300 litres per hour (L/h)] or outdoor uses (> 30B)L(Cole and Stewart, 2013). The region had coaigar
seasonal and demand patterns to that of the stglgrr so was highly useful for inferring indoor and
outdoor peaking factors, even though the smartmwatter data for the two regions were obtained from

different periods.

The use of smart water meter data to model wateadd allows for the modification of the differemtde
uses within the water demand profiles to suit #guired modelling conditions. This method is owtinn
more detail in Gurung et al. (2014), and has bessd uo model water demand profiles for contemporary
water supplies (Gurung et al., 2015), as well aemi@l peak demand reductions through behavioural
interventions (Beal et al., 2016). For this studyr PD water demand profiles were modelled fohlsihgle

and multi-residential dwellings using this smartevaneter enabled approach.



2.1.1 Profile A — Baseline demand at utility levels

Profile A serves as a baseline demand profileli@r $tudy, and is modelled under the current ytdlibase

AD demand (i.e. business as usual). The currert lgitlity guidance (SEQ Code, 2013) employs an AD
demand of 220 litres per person per day (L/p/dji¢welop the required water demand profiles (220d./p
equates to 58.1 gallons/p/d). PD demand profilesrardelled by employing PD and PH factors of 242 a
4.5, respectively, for single-residential dwellingsnd 1.45 and 2.97, respectively, for multi-restde
dwellings. The baseline scenario considers that aewestic dwelling stock will be constructed abglio

the mandatory water efficiency standards stipulatede Queensland Development Code (QDC) Mandatory
Part (MP) 4.1 (DHPW, 2013).

2.1.2 Profile B — Water efficient households

Profile B represents the water demand profile faugeholds which have higher efficiency water apoks
than those stipulated in the QDC MP 4.1 guidelihtsuseholds within the study sample were clustérsed
their Water Efficiency and Labelling Standards (WA Istar rating and at an end-use level (e.g. shawer
order to determine the savings they derive acitesslaily diurnal demand pattern for both the AD &l
Gurung et al. (2015) comprehensively describesntbéhods to determine the water savings attributed t

appliance stock efficiency.

2.1.3 Profile C — Water efficient households fitted witlinwater tanks

Profile C modelled water efficient households (iPeoB) fitted with a rainwater tank supplying watier
toilets, cold water laundry, and outdoor use. Alijo rainwater tanks have been reported to reduak pe
demand, long term rainfall shortage may resulthe mains water grid supplying straight to the seurc
substituted end-uses. In this instance, mains vk demand for households connected to rainviat&s
would be no less different to a household connesteight to the centralised water system. Consgtyye
the study proposes fitting an electronic timer-baggve to a traditional trickle top-up configuti which
allows mains water replenishment into the tank ahlying periods of low demand, particularly ovemig
The valve is triggered when a level in the tankjiegjent to an average day’s tank demand, is reachas
proposed configuration will be used to model thenaled profiles of households connected to rainwater
tanks supplying water to toilets, cold water layndaind outdoor use, with the total substituted eses
demand distributed as a constant overnight flowpdrniods of high water usage, a programmed afternoo

top-up would ensure sufficient supply to meet thg'sldemand.

2.1.4 Profile D — Water efficient households fitted witreywater recycling

Profile D modelled water efficient households (eoB) fitted with a greywater recycling system plying
to toilets, cold water laundry, and outdoor use.€ehable this unrestrictive use of greywater, bialg
treatment and membrane filtration systems are requo ensure that the greywater is treated effelgtifor
organic and microbial contaminants (Li et al., 200&reywater from kitchens, which accounts for

approximately 5% of total household consumptionri€bva-Boal et al., 1996) (~40% of tap use), and



dishwashers are not considered for use as thekiging/ contaminated with grease, bacteria and cbalmi
which can cause problems in the greywater systeif, (008). Additional demand required in high usage
periods will be supplied by direct mains top-upittie greywater tank.

2.1.5 Summary of modelled water demand profiles
Table 1 summarises the 4 water demand profiles heoldier both single and multi-residential dwellég

Table 1 Summary of modelled water demand profiles

Profile Description Water supply system specifications

Profile A Households conforming to the region’s  3-star taps, 3-star showers, 4-star clothes wadksar
(baseline) mandatory design code (i.e. QDC MP 4. toilets
for Queensland, Australia)

Profile B Households fitted with water efficient >3-star taps, >3-star showers, >4-star clothes evadhstar
appliances toilets (>4-star toilets not available)

Profile C Households fitted with water efficient Water appliances as rated in Profile B
appliances and rainwater tanks Rainwater tank supplying toilets, cold water taglathes
washer and outdoor taps
Profile D Households fitted with water efficient Water appliances as rated in Profile B

appliances and greywater reuse facility  Greywater reuse supplying toilets, cold water taplothes
washer and outdoor taps

Water demand profiles for buildings fitted with watefficient appliances, rainwater tanks and grdégwa
treatment systems was not modelled as this elabooahbination is considered uneconomical. Furthezmo
such systems will not yield any further reductiamsnains water peak demand, than if they were ased

potable source substitution measures separately.

2.2  Water supply network modelling of study area

A water supply zone located in SEQ was selectatieastudy area. The water supply network modehef t
area included a reservoir, nine storage tanks, ratidulation (<200 mm) and trunk mains200 mm)
totalling 790 km in length. EPANET2 (Rossman, 200s chosen as the hydraulic solver. Although
EPANET2 is not a design tool and does not provideoptimised solution to size the water supply
infrastructure; which is not the core objectivetwg research, the software allows for a feasildigtisn to be

reached by satisfying outlined flow and nodal ctinds required for the study.

In 2011, the network supplied to 213,581 equivapEmsons (EP); EP is the measure of water demaradhwh

a single person puts on the local water supply otwi o determine the level of augmentations reqUiEP
demands were estimated for the 2016, 2021, 2028, 2D36, and 2066 planning horizons. The projected
population were provided by the local water utilapd were based on the most recent population and
employment growth forecasts. The EP values of 284 2056 were estimated by interpolating between
2036 and 2056 to ensure that regular augmentatvens done between the two planning horizdreble 2
showsthe EP values of multi-residential, single-resithdntand others (i.e. non-residential developments,

such as industry, tourist, commercial), for ea@nping horizon.



Table 2 EP values for each planning horizon of a SEQ wsupply zone

Development type 2011 2016 2021 2026 2031 2036 20462056 2066

Multi-res 56,780 60,239 69,928 79,049 91,845 128,727,448 134,292 140,915
Single-res 78,577 79,165 81,977 86,804 87,013 86,0091,764 97,549 103,213
Other$ 78,224 87,226 99,653 109,872 116,183 122,699 841,6160,029 179,808
Total EPs 213,581 226,630 251,558 275,725 295,0429,435 360,896 391,869 423,936

Note:%ndicates non-residential developments (e.g. ingiusturist, commercial)

2.2.1 Hydraulic modelling scenarios

Hydraulic model scenarios, which incorporated imdiral or a combination of contemporary water supply
schemes as a percentage uptake of new resideRsalvEere created to determine their effects owtiter
supply infrastructure. As not all new residentialibing stock would be installed with the proposeden
saving features, only new housing developments witihe than 14 dwellings (per household EP at 2.73)
were selected to be fitted with these measuresh @mcapproach took into account a small degree of
economies of scale for installing the water sagmtures within the study area and resulted invamage
60% uptake of these measures at each planningohorfhe remaining 40% of new households were still
modelled under baseline conditions. For the sceganicorporating a mixture of two water saving fees

(i.,e. S5 and S6), a similar distribution of thebsaciated demand profiles to the new dwellings was
attempted, resulting in a 27% uptake for Profilaml 33% uptake for Profiles C and D. From the tatte
uptake, an equal distribution of the alternativaew@chemes was attempted for the scenario incatipgr

all three water saving profiles (S7), resultingaim uptake of 19% and 14% for Profile C and Prdille
respectively. Table 3 summarises the modelled simenand presents the estimated average percentage

uptake of the contemporary water supplies for n& residential properties at each planning honz

Table 3 Scenario descriptions and average percentage uptake

Average percentage uptake by new EPs
Profile Profile  Profile Profile

Scenario Descriptidn AP BP o Db
S1 Profile A for all new and existing housing stock 100% - - -
S2 New housing stock having mix of Profiles A and B 40% 60% - -
S3 New housing stock having mix of Profiles Aand C 40% - 60% -
S4 New housing stock having mix of Profiles A and D 40% - - 60%
S5 New housing stock having mix of Profiles A, Blah 40% 27% 33% -
S6 New housing stock having mix of Profiles A, Bldh 40% 27% - 33%
S7 New housing stock having mix of Profiles A, Bad D 40% 27% 19% 14%

Notes:All existing housing stock have Profile A assigriedhe nodes’Refer to Table 1 for description of profiles.

2.2.2 Augmentation scheduling

Water supply network modelling for each scenaria witially completed for the 2066 planning horizimn
determine the size of pipes that would satisfy thiisnate condition. Next, to determine the yearpgie
network upgrade for the scenarios, hydraulic modek were undertaken for each planning horizon. The
required pipe augmentations were assigned whesgéeific planning horizon would first fail to mettie

standards of service. The standards of serviceefings for the region outline failure criteria fpipes and



nodes as: pipe velocities should not exceed 2.5 am@d pressures at nodes to be maintained betwen 2
metres and 80 metres (SEQ Code, 2013). The augnomstavere conducted by laying an additional pipe,
with a minimum diameter of 200 mm, in parallel be texisting main to satisfy the standards of ses/{e.g.
Swamee and Sharma, 1990; Marques et al. 2015).iFl@isnore economical upgrade approach for larger
demand increases than increasing the pumping ¢yt head (Swamee and Sharma, 1990). The study
only investigated bulk water supply mains (diamete200 mm) under the failure criteria, as the design

decision for smaller pipes are normally controlgdire flows (Walski et al., 2003).

2.3 Financial analysis

The base unit rates for the construction of waigtridution pipe augmentations were provided bylaer
utility. The unit costs differ for the varying pigengths, with rates reducing for longer lengthse tb the
economies of scale. The pipe augmentation lengticaat adjustment factors ranged from a 2.45 rpligi

to the base unit rate for pipes less than 50 n@.&@ for those being greater than 1000 m. In aoidito
length factors, the construction costs for layimgep can vary significantly depending on the sundhuog
conditions, such as type of development, soil tgpel depth of water table. For simplicity, the study
assumed such factors within the study area to bsistent and, hence, they have not been appli¢ieto

costs.

To account for the augmentation planning, desigh @roject management costs, the local water uslity
overhead factor of 20% was used. Moreover, a cgatioy factor of 30% was included to account for
typical variations that occur on construction petge The total adjustment factor for the augmertests

was estimated using Eq. (1).

100+0C+CC
AFiotar = AFlength X ( 100 )

(1)

where:AFy is the overall adjustment factdkFegn is the length adjustment factor; OC is the ovedhsast

percentage; and CC is the contingency cost pergenta

While the capital costs for future pipe upgradesestimated directly from the available unit prieesl pipe
adjustment factors, their occurrence at differéahping horizons requires capital costs be conddde net
present value (NPV). The NPV analysis enables apeoison between the present value capital cost

requirements of the seven analysed scenarios (BIFB& NPV is expressed by Eq. (2).

NPV = P [(“j)n] )

(a+i)n

where:P is the cost of augmentation at the current pr{i2@45);j is the inflation ratej is the discount rate;

andn is the number of years to augmentation from baae (g915).

The financial analysis was conducted using a discaate of 6%, as recommended for water infragtinect
projects (DTF, 2003). An inflation rate of 3.2% wased, and represents the average rate of inchease
construction prices over the past 10 years in (glard, based on the average Producer Price Index fo
house and building construction (ABS, 2014). Theebgear for this study was 2015.



3 Reaults

3.1 Water demand modelling of diversified water supply schemes

To construct the PD baseline profiles (Profile 8) $ingle and multi-residential dwellings for thtedy, the
local water utility’s AD demand of 220 L/p/d (SEQ@d@E, 2013) was used as the base demand; 160 lf/p/d o
this amount was assigned to indoor use, and 6@ ltpindoor use. The relevant peaking factors farhe
end-use were factored in, as outlined in Gurungle{2015). The baseline PD demand profiles fohbot
dwelling types were then modelled under curredityparameters. The modelled baseline (ProfileaA

utility PD demand patterns are shown in Fig. 1.

In all demand profiles, a demand of 20 L/p/d (SEQIE 2013) was added as a constant average fltakeo
into account non-revenue water (e.g. fire flowskbge within the system, system maintenance, &ghll
connections) within the supply network. Fig. 1 jers the modelled consumption patterns and illtestridne
reductions in peak demand for the water savingastes (Profiles B to D), compared to the baselPfile

A) for single and multi-residential dwellings. Tineodelled profile of higher efficiency water applias
(Profile B) produced lower peaks of 7% and 15%dimgle and multi-residential dwellings, respectyel
when compared to the baseline. Sample size comstrai the very high star rating levels meant that
modelling was limited to water appliances with @éncy ratings higher than the minimum requirements
specified by QDC MP 4.1. Hence, there is poterfoalmodelled demand peaks to be lower than those
shown in Fig. 1 through the use of the highest WEAted efficiency appliances, that is, >3-star strew
(>4.5 L/min but<6 L/min), 5-star washing machines, and 6-star taps.

(

Q

) ==Profile A = =Profile B ===Profile C (b) = Profile A = =Profile B ===Profile C
45 Profile D Utility's PD 30 Profile D Utility's PD

40
35
30

25

Per capita demand (L/p/h)

0 0
2%28%292%200000 000000000 AR AR TAAANAAAAN AL ACK
222222 D 22222222 D
Time of day Time of day

Fig. 1 Modelled PD demand for the various water savirenagos (a) single-residential households and (b)
multi-residential households

In single-residential dwellings, the peak flows 18D reduced by 53% and 68% for Profiles C and D,
respectively, while in multi-residential dwellingthey were lower by 45% and 68%, respectively. €hes
large drops in the peak demand were due to thevadém and greywater offsetting the need for maies u

Furthermore, the off-peak mains water replenishmesilted in peak demand occurring outside of nbrma



peak hours (i.e. 8 am and 6 pm) for rainwater readsoth dwelling types and greywater reuse inlsing

dwellings.

3.2 Water supply network modelling

Demand curves for all of the scenarios were copdetd the required units (from L/p/h to L/p/secdan
assigned to the numerous nodes in the hydraulicNEI& model for the city. A maximum of a three day
extended-period network simulation was undertakefulty capture the failure requirements outlinadhe
standards of services, and to determine the augt@mtrequirements for each scenario at each pignni
horizon. The results of the augmentation schedulargall modelled scenarios from the model runs are
illustrated in Fig. 2. The capital cost implicatoof the augmentation schedules for each scenagio a
detailed in Table 4.

As expected, the lowered peak household water dérfram installing water saving measures resulted in
the deferment or elimination of pipe augmentatioas, well as reductions in the size of the pipe
augmentations. Much of the rescheduling of the agggs and the reduction in the pipe upgrade sizes
occurred in the larger>p00 mm) and longer water mains (i.e. trunk maifi$lese pipelines supply the
majority of the population in both the current ahdure planning horizons. Hence, their scheduled
augmentation arrangements are more likely to bectdtl by the combined reduction of peak demanads fro
the installation of the water saving features tgtmut the study area. For instance, the upgradénéopipe
running easterly in the model (Pipe_ID 8), witheadth of 3.1 km, was deferred by 10 years untilrtbet
planning horizon (from 2036 to 2046) for all scéaar A 10 year deferral of upgrades (from 2046 @6&)
was also modelled for the adjoining 2.8 km pipg€PID 14) for scenarios S3 and S4. In addition,elow
peak demands reduced the sizes of both pipes f@nm@n to 525 mm for scenario S3, to 510 mm for
scenario S4, and to 590 mm for scenarios S5, IB6SANThe differences in the sizes of these tweggre
the only differences between scenarios S3 and B4 ,alV planned deferrals occurring at the sameilag
horizons. Similarly, the upgraded north easterpepi(Pipe_IDs 2 and 3), with a total length of k) were
reduced in size from 565 mm to 500 mm for all sdesaexcept S2, which was sized at 510 mm. In
addition, the upgrades of these two pipes wererdefdy 5 years for all scenarios except S2, whisth no

deferrals in upgrades.

Conversely, smaller water mains serve fewer houdshoesulting in negligible peak demand reductions
and, hence, only some augmentation deferrals deelrior these pipes. Moreover, the need to upgsade
shorter length pipes within the model, added spoadigl to alleviate the high velocities and theulésg
low pressures of nodes in the surrounding areapbas eliminated. The reduced peak demand frongusin
contemporary water supplies made the pipe upgnatksidant as pipe velocities dropped and the segult

increase in node pressures reached the requirgd.ran
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Table 4 Augmentation schedule and NPV costs for all scesari

ST sz s3 sS4 s5" s6* " s7*P
Pipe Length Diam. Upgr. NPV Costs Diam. Upgr. NPV Costs Diam Upgr. NPV Costs Diam Upgr. NPV Costs Diam Upgr. NPV Costs
D  (m (mm) year (AUD$) (mm) year  (AUD$) (mm) year  (AUD$) (mm) year (AUD$) (mm) year  (AUD$)
1 27 200 2016 31,415 200 2016 31,415 200 2016 31,415 200 2016 31,415 2@M16 31,415
2 359 565 2021 652,337 510 2021 600,862 500 2026 7,591 500 2026 517,591 500 2026 517,591
3 1685 565 2026 2,330,055 510 2026 2,146,193 500 3120 1,848,761 500 2031 1,848,761 500 2031 1,848,761
4 12 200 2026 10,683 200 2026 10,683 200 2031 9,34200 2031 9,345 200 2026 10,683
5 13 200 2031 10,123 200 2031 10,123 200 2046 6,77200 2046 6,775 200 2031 10,123
6 544 200 2031 159,076 200 2031 159,076 200 2031 9,016 200 2031 159,076 200 2031 159,076
7 9 200 2036 6,130 200 2036 6,130 200 2046 4,691 0 2@046 4,691 200 2036 6,130
8 3130 660 2036 5,377,823 660 2046 4,114,763 525 46 20 2,388,132 510 2046 2,333,941 590 2046 2,625,450
9 114 200 2036 37,083 200 2036 37,083 - - - - - -200 2056 21,710
10 39 200 2036 26,565 200 2036 26,565 - - - - - -200 2036 26,565
11 61 200 2036 24,083 200 2036 24,083 - - - - - -200 2036 24,083
12 10 200 2046 5,212 - - - - - - - - - - -
13 55 200 2046 16,614 200 2046 16,614 200 2046 146,6 200 2046 16,614 200 2046 16,614
14 2775 660 2046 3,648,072 660 2046 3,648,072 525 0562 1,620,001 510 2056 1,583,241 590 2046 2,327,676
15 21 200 2056 8,374 200 2056 8,374 200 2056 8,37200 2056 8,374 200 2056 8,374
16 120 200 2056 22,852 - - - - - - - - - - -
17 131 200 2056 24,947 - - - - - - - - - - -
18 99 200 2056 22,882 - - - - - - - - - - -
19 2280 375 2056 914,431 375 2056 914,431 - - - - - - 375 2056 914,431
20 847 375 2066 274,857 375 2066 274,857 250 2066 20,211 200 2066 97,045 250 2066 120,211
21 32 200 2066 9,764 200 2066 9,764 200 2066 9,76£200 2066 9,764 200 2066 9,764
22 975 200 2066 111,711 200 2066 111,711 200 2066 11,711 200 2066 111,711 200 2066 111,711
23 241 200 2066 30,014 200 2066 30,014 - - - - - - - - -
24 46 200 2066 14,035 200 2066 14,035 - - - - - - - - -
25 15 200 2066 4,577 200 2066 4,577 200 2066 457200 2066 4,577 200 2066 4,577
Total NPV 13,773,716 12,199,427 6,857,037 6,742,920 8,794,945

Notes:?Refer to Table 3 for description of scenarfi®5 to S7 provided very similar reductions in mairger peak hour demand, thereby resulting in alaimitwork augmentation schedule.
‘AUD$1 = USD$0.78; June 2015.



3.3 Financial analysis

The use of smaller sized mains and the eliminabbrupgrades directly reduced capital costs, while
rescheduling network augmentations delayed therslipge of capital costs when compared to the baesel
scenario, thereby resulting in a lower net presast (Table 4). Further, there was a strong cdiogia
between peak hour demand and augmentation codtsefonodelled study area. For instance, the iasia

of the greywater recycling (scenario S4), whichdormed the lowest peak demand, also resulted in the
highest savings. The NPV of the pipe augmentatiegr® reduced to AUD$6.74 million from a baseline of
AUD$13.77 million; a reduction of AUD$7.03 millionwhich represented 51% of the original costs. The
NPV of rainwater tanks use (S3) was comparablel#D$6.86 million, with a saving of 50.2%. The lowest
reductions in the peak demand was from the uségbkh efficiency water appliances (S2), and produze
NPV of AUD$12.20 million, providing the lowest sags of the original costs (at 11.4%). The NPV fo# t
scenarios incorporating the combined water saviegsures (S5, S6 and S7) was AUD$8.79 million; lower
than the S2 result, but higher than the S3 andeSdlts, which followed a similar order to the regpe

peak demand. Table 5 summarises the savings aakl to&/ns of the savings for each scenario.

Table5 NPV savings and their break downs for each scenario

Savings Break down of savings
, . Reduced size and Elimination
Scenario T(ZtSID:;V (iangs % olgsntgmal deferred upgr. s;/i)/i(r)\fgs of upgrades SZS/iCr’]BS
(AUD$) (AUD$)
S1 13,773,716 - - - - - -
S2 12,199,427 1,574,289 11.4% 1,498,396 95.2 75,893 4.8
S3 6,857,037 6,916,679 50.2% 5,794,574 83.8 1,022,1 16.2
S4 6,742,920 7,030,796 51.0% 5,908,691 84.0 1,022,1 16.0
S5, S6, S7 8,794,945 4,985,010 36.2% 4,858,829 97.6 119,942 2.4

Note:?AUD$1 = USD$0.78; June 2015.

The majority of savings was due to the deferredrargation costs and the use of smaller sized pigleish
accounted for approximately 83.9% of the total dagests when considering all scenarios (Table 5).
Separating savings due to delayed augmentatiors @wst the reduced sizing costs was not possible for
almost all scenarios as the deferred augmentatiok pilace in conjunction with a reduction in pipzesfor
the same length of pipe, with the exception of adenS2 (not shown in Table 5). In scenario S2, the
deferred costs alone represented 80.2% of the datad costs, while the smaller sized pipes acedufior

15% of the savings with the eliminated upgradesingaip the remaining 4.8% of the saved costs.

Although the bulk of the savings came from the oeduaugmented costs of the larger mains with Pipe_|

2, 3, 8, and 14 (Table 4), especially the latter pipes, the results clearly demonstrate the monbeenefits

of reducing peak demand within the water supplyoet. Also, while scenario S2 may suggest that the
majority of the capital savings would occur frone ttheferred costs, the contributing factors forrieavork
upgrades may differ due to the differential costa imuch smaller sized water supply network, ax essult

of the differing urban expansion forms within treme area (Farmani and Butler, 2014; Marques et al.,

2015). For example, the reduced pipe sizes, ratfaer deferred costs, may contribute towards moshef



savings. In any case, the results have demonsttiagegotential for water utilities to extract calesiable
financial savings from the installation of mainsterasaving measures; even the application of water

efficient appliances provided measureable capéahgs.

4  Discussion

4.1 Influence of timing of peak demand on network augmentations

The timing of the peak demand for the various watiing measures is noted to affect the schedoling
network augmentations. It should be noted thatesthis study considered infill development overeijrthe
majority of the households in all planning horizawisisted of baseline (Profile A) housing stoakfrthe
base planning horizon (i.e. 2011) plus 40% of tbe stock, which did not include alternative wateurses
or high efficiency appliances. The timing of thesbine profile’s peak demand, which occurred amabr
peak hours (8 am and 6 pm), were found to influeheaupgrade plans of the water supply networknipai
for the trunk mains. The modelled peak flows fae thinwater tanks and greywater reuse occurredf-at o
peak hours; with demand at normal peak hours fesdhalternative water sources lower than theirahctu
peak flows (refer to Fig. 1). This resulted in thggrading of the larger mains for scenarios incapog
alternative water supplies to be influenced by tbvger peak hour demand, rather than by the agteak
flow. As the peak hour demand for both alternativater sources are similar, the scheduling of their
augmentations would also be comparable. For tlisore the hydraulic model run findings for scen&®
resulted in similar levels of network upgradesderario S4. Furthermore, there were no differeitelse
augmentation scheduling observed for the scenatiogprising a combination of water saving measusés (
S6, and S7). It is noted that only the upgraddargker mains appear to be affected by the normelk peur
demand. For smaller pipes supplying to househaidmiarea fitted mainly with alternative water digs

the peak flows would still be the driving factorthre sizing of the pipes and, hence, their augnienta

4.2 Implications of reduced peak demand on water infrastructure

This study has empirically demonstrated that atesisafor implementing mains water saving measures
across a city can reduce water distribution netwmekk demand, which in turn leads to deferralsher t
elimination of planned pipe network upgrades, udtiety reducing capital cost schedules by arounél hal
Developers might be persuaded to install the highffisiency appliances or rain/recycling watertgyss on
their new projects if a rebate or infrastructurarge reduction was provided to them; a proposahimis

provided in the next section.

In addition to the capital savings shown herein, ittstallation of water saving measures would atsluce
the utilities future operating costs with pump istaé running more efficiently (i.e. less electycib pump
water during peak periods) and through the treatraed transport of lower volumes of water (Malin@ws
et al., 2015). For water utilities in areas wheealpenergy tariffs are higher than the rest ofddng the on-
peak reduction of water demand could potentialjuce water systems peak electrical demands, anitlpro

additional financial benefits (House and House,20Furthermore, the asset life could be extended,



pipe failures minimised, as a result of the reduited in the pipeline, leading to less distributiteakage

and, hence, reduced maintenance costs.

4.3 Choiceof diversified water supply schemewithin awater supply zone

Fig. 2 illustrated similar levels of augmentatidas rainwater tanks and greywater recycling, wHisble 4
and Table 5 highlighted their similarities in inceot capital costs and savings. In this regard, iérthwhile
determining and comparing the financial feasibilifyboth of these sources of alternative water bepp
The economic viability of greywater against rainevateuse depends on the former’s level of treatment
Greywater treated at lower levels would potentigitgvide shorter payback periods compared to réaigwa
tanks (Ghisi and Ferreira, 2007; Ghisi and Olive2@07). However, in urban areas, where spaceniteli,
higher levels of greywater treatment are requined makes their reuse more expensive (Li et al.0201
Mourad et al., 2011). Nevertheless, both greywarer rainwater used on a larger scale are acknoedetiy

be more economically feasible than if used in gglidential households (Friedler and Hadari, 2006
Gurung and Sharma, 2014; Mourad et al., 2011).

With greywater reuse proving to be a more expenspton than rainwater tanks in urban areas, and as
infrastructure capital savings for both alternatiwater sources are the same; it appears to be more
economically viable to install rainwater tanks daea potentially higher net balance (NPV of infrasture
upgrade savings minus NPV of water saving measureed, the cheapest option is to install onghbr
efficiency water appliances, although it also d=lévthe least capital savings (Table 4). Consetyyentost
benefit analysis is required to determine if thesger saving measures would actually provide nettipe
benefits. Water utilities can then determine thievant incentives for developers to balance thd obs
installing these measures, especially in largeesodill developments. For instance, land develspaire
usually charged a water infrastructure cost by watiéities to recoup the cost for providing wagempply to

a city. However, there could be an opportunity feater utilities to implement an alternative water
infrastructure charge policy for land developersvitstall water efficiency or source substitutioranures,
with the saved capital expenditure being sharednastothe developers through reduced infrastructure
charges (Gurung et al., 2015; Sharma et al., 2012).

Such a strategy would present an ideal situatioutiises, developers, and consumers benefit feomore
efficient water supply system. This win-win, topvdg and bottom-up planning and costing of utility
infrastructure is undoubtedly needed in the futlitee evidence presented herein provides anotheowe
dividend (i.e. deferment of pipe network distrilouti infrastructure upgrades) for the water efficienc
agenda, and goes beyond the already demonstrateefitbeof using efficiency and potable source
substitution measures for extending supply religbdnd deferring the requirement for bulk watepsly

infrastructure such as desalination plants or d@ngs Sahin et al., 2015).

4.4 Smart water metersfor assisting in network augmentations

Given that existing traditional building stock wile the majority in brownfield locations and wiiilisbe the

major consumers of water, utilities should try ¢édluce the peak hour demand from these customesst Ap



from fitting current households with the highesteth water appliances, installing smart water meters
provides a means of achieving this target by presgran excellent opportunity for water utilities t
implement time of use tariffs (TOUT). TOUT couldhsr be implemented to impose penalty charges for
exceeding a consumption threshold over a speadiog of the day (Cole and Stewart, 2013) or tovig®
monthly incentives for lowering peak hour consumpt{House and House, 2012). The implementation of
TOUT could be further supported with the developtr@na real time web-portal visualisation tool wnic
would assist and inform customers on where exabiyr water is being consumed (e.g. Stewart et al.,
2010). Such incentives and tools would provide ddaetivation for consumers to spread their water us
throughout the day, enabling innovative social ratirlg strategies, which would promote the shiftofg
individual end-use peak demand to off-peak timeghefday (House and House, 2012; Beal et al., 2016)
The incentive based approach would encourage ahightake of such strategies, in the absence afhyhi
the attitudes, beliefs and habits of customers @vdad a key factor in influencing the uptake of such
behavioural strategies (Beal et al., 2016). Théasgegies, with the assistance of smart water metesuld
enable consumers to proactively reduce their nommeak hour demand, and consequently enable water

utilities to take advantage of the network captalings.

In this study, smart water meter data were usdtieabase for modelling water demand profiles farotes
water saving scenarios, thus demonstrating smasrvmaeters’ capability to be used as an update@rwat
demand forecasting tool. This outcome can be fudldganced through investigating current trendsater
consumption from real-time records of smart watetandata stored in a central location. If activgilised,

it would allow for a continual adaptation of watksmands and usage patterns. Additionally, sucle™ldata
can be loaded instantaneously into water supplyeatsodllowing for a bottom-up just-in-time modelling
approach to be adopted, enabling a more accurptesentation of the current status of the wateplsup
network. Essentially, smart water meter-derive@édasted consumption trends, demand values, andleven
actual data itself, can be applied to hydraulic et®dor different planning horizons, to more actelsa
predict the planning of future network upgradesweweer, at present, their installation requires ghhi
upfront cost for a citywide rollout, along with cderable work on utility change management, data
collection protocols and end-use classificationsglBand Flynn, 2015). Nevertheless, this situatofast
changing with greater production of smart meteriieghnology as well as the rapidly developing
hydroinformatic applications being realised (e.gttBn et al. 2013; Fontdecaba et al., 2013; Ngustal.,
2014).

5 Conclusion

The study demonstrated the extent to which diviedsifvater supply schemes can provide monetary gavin
in the water supply network through reduced houskepeak water demand; with NPV capital savingsmf u
to 51% determined in this study. Specifically, #tady empirically determined that household peakewa
demand had a strong correlation with costly pipéwoek upgrades, and that these peaks could be
substantially reduced through efficiency and sowtgastitution strategies. Modelled water demandilpso

of diversified water supply schemes using intelidye gathered and analysed smart water meter data



demonstrated that outdated approaches to water demmdelling, often employed by water service
providers and their consultants, is not sufficiprabphisticated in an era where water supply optizeve

become more diversified and the associated wateadd patterns more complex to estimate.

The results of the study provides added motivatoorwater utilities to continually promote the usiewater
saving measures by providing incentives (e.g. r@édtitre water charges) for the implementation ofhsuc
schemes, so that capital cost savings can be athi&gsentially, the influence of water saving sue on
the water supply network should not be ignored amgt be accurately account for in contemporary
modelling practices. In this case, smart water rsetéfer water utilities a range of benefits, sash up-to-
date consumption data and ability to implementhiertpeak demand reducing solutions (e.g. TOUT),

making them efficient tools in the operation, masragnt and planning of water infrastructure.

While beyond the scope of this current study, fitork would undoubtedly reveal further relatedisgsy

in water distribution network operational costgy(gaumping). Moreover, future work should considew
smart meter enabled TOUT arrangements, customebde& applications, and sophisticated just-in-time
network modelling would all contribute to the extian of further efficiency dividends in the water
distribution network. Furthermore, a similar stutty that herein but focused on the under-researched
commercial and industrial sectors is of future aesle priority, in order to understand the capit@lisgs

contributions of all segments of the water sector.
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Highlights

* Smart water meter data used to develop demand profiles for water saving scenarios

» City water distribution network model used to explore impact of water savings scenarios
*  Water saving measures reduced pipe infrastructure costs over fifty year life cycle

» Strong correlation between reduced peak hour demand and infrastructure costs



