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Abstract: In recent decades traditional water management practices have come under stress from rising
global populations and changing climate conditions. The prohibitive costs of upgrading centralised
infrastructure networks to meet these changing conditions has encouraged research into the provision of
integrated water management at the site scale, such as rainwater harvesting (RWH) or greywater re-use.
Unfortunately, effective design, implementation and optimisation of these strategies has been restricted by
uncertainties when quantifying how these systems will perform on each site. The reason for this difficulty is
that there are many aspects of household or site scale hydrology that are poorly understood or difficult to model,
including residential outdoor water use and garden watering. The accuracy and speed at which these aspects of
site hydrology can be modelled is a vital consideration in the development of site scale water management.

This study aimed to improve the understanding surrounding the accuracy and usability of different strategies
for modelling the interaction between the different household water uses. This will provide insight into how
their effect upon site scale hydrology can be quantified in future studies and improve the design and
optimisation of new integrated water management strategies. This was achieved by analysing four different
strategies that each apply different assumptions to account for the three main end uses of household water use
(indoor, garden watering and other outdoor water uses) that have been utilised or suggested by previous
researchers for use within continuous/water balance simulations. These four strategies were each tested using
historic water use data from 100 residential properties in Melbourne’s eastern suburbs.

The ‘lowest average water use’ strategy assumed that no outdoor water use occurred during the month with the
lowest average daily water use and that any variation from this value would be caused by outdoor water use.
This strategy calculated a consistent indoor water use of 83.9 L per person per day with separate variable garden
watering and other outdoor water use values that can be averaged across multiple years to find the average
values per month. This method appeared to be promising as it was easy to use and returned results that were
mostly logical. However the assumption that indoor water use is constant across the year should be questioned.

The ‘wet or dry averages’ and ‘consecutive dry days’ strategies both assumed that no outdoor water use would
occur on days with rainfall and that any increase on days without rainfall would be caused by outdoor water
use with possible reference to the number of consecutive days without rainfall. While these strategies were
able to demonstrate that water use is lower on days with rainfall, and increases on days without rainfall,
quantifying these findings produced illogical garden watering estimates. Daily indoor water use was calculated
as 115.3 L per person with variable, and sometimes negative outdoor and garden watering values. It appears
likely that either indoor water use did not remain consistent or outdoor water use did occur on days with rainfall.

The ‘identifying peak usage’ strategy was based upon the assumption that garden watering occurs a limited
number of times each week and could therefore be identified by examining the higher water use values from
each week. This strategy analysed garden watering only and did not attempt to separate indoor water use from
non-garden based outdoor water uses. This strategy identified a gap between the higher daily water use values
from properties with and without garden watering during some seasons. With the average property watering
their garden twice a week using a combined total of 82.1 L per person during autumn and 59.3 L per person
during spring. No garden watering was detected during summer or winter (the summer results may have been
caused by an unusually wet summer or by missing data for some seasons from some properties).

Comparing the merits of these four strategies the ‘lowest average water use’ was the easiest to use, quickly
providing logical results for both garden watering and other outdoor water use that were easy to visually
interpret. Unfortunately the accuracy of this method relies upon the assumption of consistent indoor water use
and this must be questioned. The ‘identifying peak usage’ strategy was more computationally difficult but
returns a more realistic assessment of the water demand imposed by garden watering, including a weekly
garden watering pattern. However this strategy could not separate indoor and other outdoor water uses. The
selection of which strategy is preferable will therefore depend upon the needs of the individual study. By being
aware of the different strengths and weaknesses that have been identified in this study, future designers will be
better equipped to select the best strategy for their individual needs when working with site scale hydrology
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1. INTRODUCTION

In recent decades rising populations and uncertain future climate patterns have driven international recognition
of the importance of sustainable water management (Amos et al. 2018). As these trends accelerate the
redevelopment of existing catchments, it is no longer considered economical to upgrade existing centralised
water management networks to keep pace with these changes (Burns & Mitchell 2008). The integration of site
scale management and source control strategies, such as rainwater harvesting (RWH), can be used to keep pace
with these ongoing changes (Coombes et al. 2011).

To effectively and efficiently integrate these site scale initiatives requires a detailed understanding of how they
will interact with the hydrology of the individual sites (Bradford et al. 2008). This is frequently achieved
through the use of continuous simulations (also known as water balance simulations or behavioural analysis)
to model the interaction of water supply, demand and site storage on small catchments over a historic time
period (Roebuck & Ashley 2006). This approach benefits from being simple to use and easy to adapt
(Campisano et al. 2017) and these are essential qualities when attempting to analyse a subject as numerous and
as variable as residential property lots (Akan 1985). The weakness of these simulations is that they are only as
accurate as the assumption used in their creation (Campisano et al. 2017). Unfortunately estimating household
water use, especially outdoor water use and garden watering for residential properties is notoriously difficult
(Amos et al. 2016). The question facing designers is how to account for these elements without compromising
the ease of use that characterises the model.

This study aims to explore this issue by applying a range of simplified, continuous simulation friendly,
household water use estimation strategies to an empirical water use data set to qualify accuracy and confirm
their usability. These findings should be of use to researchers who are considering their options when planning
to construct their own continuous water balance simulations for residential sites.

2. BACKGROUND

The empirical water use data that was utilised during this study was originally collected by Yarra Valley Water
(YVW), one of the three water supply authorities that service the eastern suburbs of Melbourne, Australia. This
data was collected primarily for a residential study by YVW where 100 households were logged and water
use monitored at a 5 second time intervals for a period between 2010 and 2012 (exact monitoring periods vary
between properties). This was accompanied by a household water use survey that captured households’ water
use characteristics including the current household occupancy, water appliances, lawn/garden areas and the
presence or absence of any RWH systems. This study used a condensed, hourly-time step, version of this data
that was provided to Swinburne University of Technology for modelling studies or research purpose. For
confidential reasons, the identities of the 100 households were removed.

3. METHODOLOGY

A review of the existing literature was undertaken to identify current strategies for estimating household water
use during continuous simulations. From this review the following four strategies were identified as having
been either used or suggested in previous studies. This study tested each of these water use estimation strategies
using the YVW water use data. A description of each of these strategies and how they were tested using the
supplied data is as follows:

3.1. Lowest average water use

The ‘lowest average water use’ strategy attempts to separate indoor and outdoor water use based upon variation
across a range of time based water use averages (e.g. monthly averages). This strategy assumes that the lowest
of these time based averages is caused solely by indoor water use with no outdoor water use present during
that period. This indoor water use is assumed to be consistent across the length of the analysis and any variation
from this value has been caused by outdoor water use (Gato et al. 2007; Burns et al. 2012). The legitimacy of
this strategy is based upon two widely used assumptions, that variation in outdoor water use is frequently
seasonal (Jensen et al. 2010) and that indoor water is non-seasonal (Knights et al. 2012).

By analysing the annual variation in properties without garden watering, the variation due to the other outdoor
water uses (those other than garden watering) can be identified. This information can then be compared against
the water use from properties with garden watering to determine the variation caused by garden watering.
Assuming that there is no outdoor water use of any kind during the lowest average, the water use during this
period should be equal between the properties with and without garden watering.

3.2. Wetor dry averages

The ‘wet or dry averages’ strategy attempts to separate the indoor and outdoor components from the average
water use at a property by analysing the daily rainfall values at the site. This strategy is based upon the
assumption that outdoor water use does not occur on days with precipitation (Bradford et al. 2008) while indoor
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water use is unaffected by daily rainfall (Gold et al. 2010). By separately applying this strategy to properties
with and without garden watering, the effect of garden watering can be separated from the other outdoor water
uses.

The days with and without rainfall were identified by comparing the recorded water use figures from each
property against local rainfall data. This data was obtained from the Australian Bureau of Meteorology (2019)
for the 8 weather stations closest to the towns identified in the household water use survey. These stations
recorded rainfall data on a daily time step with each day containing the rainfall total for the 24 hours preceding
09:00. To facilitate comparison with the YVW data the daily water use averages were recalculated to match
this definition of a day.

3.3. Consecutive dry days

The ‘consecutive dry days’ strategy is an extension of the ‘wet or dry averages’ theory that states that outdoor
water use increases as the time since the last rainfall event increases (Amos et al. 2018). Since this strategy
assumes that indoor water use will remain unchanged by the length of the preceding dry period, any variation
over this period must be caused by outdoor water use. By separately applying this strategy to properties with
and without garden watering, the effect of garden watering can be separated from the other outdoor water uses.

3.4. Identifying peak usage

The ‘identifying peak usage’ strategy attempts to quantify the magnitude and frequency of garden watering by
identifying repeated high values in recorded water use. This method is based upon previous empirical research
that identified that the average property will only water their gardens a certain number of times a week (Gato-
Trinidad et al. 2011) combined with the assumption that indoor water use is more consistent than outdoor water
use (Knights et al. 2012). To test this method it will be necessary to determine if it is possible to clearly identify
the peak water use values that represent the presence of garden watering within the recorded water use data.
This method does not separate indoor water use from non-garden watering outdoor water uses.

4. RESULTS AND DISCUSSION
4.1. Lowest average water use

To test the ‘lowest average water use’ strategy the average daily water use values were calculated for each
month for each property with and without garden watering (Figure 1). These averages were calculated on a
monthly basis to facilitate the ease of calculation but the same process could be applied at different time steps.
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Figure 1. Monthly variation in per person water use. %?;ii: 2water1ng. The results are displayed in

From Figure 2 it can be seen that the ‘lowest average water use’ strategy has produced results that appear
logical, with outdoor water use is higher during summer and lower during winter. It must be noted that garden
watering usage during March 2011 was calculated as negative. This could have been caused by abnormal
climate conditions or variation in the indoor water use values but it must be noted that this occurred during a
period of significantly increased other outdoor water use. It is therefore possible that this discrepancy occurred
when properties that did not normally water their gardens (and therefore did not report garden watering on their
water use survey) chose to undertake some gardening, possibly in response to abnormal climate conditions.
Since not all properties involved in the study were metered for the full duration it is also possible that variation
has been added as properties entered and left the study. The considerable difference between the two summer
peaks would also indicate variability between years.
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These findings (Figure 2) can be then be
consolidated into a set of monthly averages
that can be used when modelling household
water use. These averages are displayed in
Table 1 where it can be seen that the
averaging process has reduced the magnitude
of the extreme values displayed.
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without garden watering still faced significant Month

seasonal variation in water use. This concern  Figure 2. Monthly separation of residential water use.

is shared by other studies that have identified seasonal trends in some indoor water uses, such as increased
numbers of showers during summer (Gato-Trinidad et al. 2011).

Table 1. Monthly average breakdown of household water use.

Average Daily Water Use (L/ Person/ Day)
Water Use Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Indoor 83.9 839 839 839 839 839 839 839 839 839 839 839
Other Outdoor 66.0 88.1 8.0 189 179 193 11.7 99 113 329 315 339

Garden Watering 3.1 1138 -28 236 01 91 82 97 209 -0.1 7.0 34.0
4.2. Wet or dry averages

To test the ‘wet or dry averages’ strategy the household water use from days with and without rainfall were
separated. The results are displayed in Table 2 for a range of different property site conditions. From Table 2
it can be seen that that there was a significant increase in water use on dry days within all sub categories. By
comparing the relative water use values from Table 2, the breakdown of average property water use was
calculated (Table 3).

Table 2. Average water use on days with or without rainfall.

Wet Days Dry Days Difference
L/Person  Standard L/Person  Standard L/Person
Sub Category /Day Deviation  /Day Deviation  /Day
All Properties 117.8 61.7 133.6 95.5 15.8
Garden Watering 118.9 69.0 133.6 108.2 14.7
No Garden Watering 115.3 42.2 133.5 59.5 18.1
Garden Watering (no RWH) 117.0 69.7 129.6 83.7 12.6
No Garden Watering (no RWH)  124.0 47.0 141.7 66.6 17.7
Garden Watering (RWH) 120.1 69.4 136.3 123.2 16.2
No Garden Watering (RWH) 94.2 12.9 113.4 31.8 19.2

From Table 3 it can be seen that the per person water use ascribed to garden watering varies greatly between
the different property configurations and even displays negative values when RWH is not present. This appears
illogical, but the reason can be identified in Table 2, where there is a noticeable difference between the water
use of properties with and without garden watering during wet days when no outdoor water use was assumed
to be taking place. This would indicate that the

Table 3. Separation of indoor, outdoor and gardening assumptions used in this strategy (regarding the

ater ing the ‘wet or averages’ strategy. : : :
water use using the ‘wet or dry averages’ strategy consistency of indoor water use) are incorrect.

Water Use (L/ Person/ Day) ' Given the variation between the indoor water use
Sub Category  Indoor Other Outdoor  Gardening  estimates from this strategy (Table 3) and the

With RWH 94.2 19.2 229 ‘lowest average water use’ strategy (Table 1) it
Without RWH  124.0 17.7 -12.1 is possible that this method has overstated the
All 115.3  18.1 0.1 indoor water use value. This is possibly due to:

a) some outdoor water use occurring on the same
days as recorded rainfall; or b) the indoor water use was not as consistent as assumed. It is also interesting to
note the higher standard deviation between the average water uses from the different properties with garden
watering (Table 2). This would indicate that garden watering is significantly more variable than the other
household water uses.
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4.3. Consecutive dry days

The ‘consecutive dry days’ strategy assumes that outdoor water use is dependent upon the time that has elapsed
since the last rainfall event. To test this strategy the ‘wet or dry average’s analysis was repeated with the
distinction of the number of dry days preceding each water use value added into the examination. The results
of this analysis (see Table 4) show that although water use increased steadily as the number of days since the

last rainfall event

Table 4. Average water use after consecutive days without rainfall increased, many of the
Water Use Number of Consecutive Dry Days estimated garden watering

Sub Category (L per Person) 0 1 2 3 4+ values Were either
With RWH  Indoor 942 942 942 942 942  ilogical or counter to the

initial assumptions. This

Other Outdoor 0.0 10.3 5.6 259 29.1 would imply that the

Garden Watering  25.9 185 300 202 24.1 assumption of there being

Without RWH  Indoor 1240 1240 1240 1240 1240 4 outdoor water use on

Other Outdoor 0.0 1.9 5.9 239  30.7 days with rainfall is in

Garden Watering  -6.9 -8.8 0.0 6.0 20.6 error. This would explain

why the indoor water use assumptions in the ‘consecutive dry days’ and ‘wet or dry averages’ strategies are
higher than the indoor water use estimated by the ‘lowest average water use’ strategy (Table 1).

Interestingly the process of creating
Table 4 did reveal that the standard
deviation when observing the range of
average water use values from

Table 5. Standard Deviation in water use averages (L per
Person) after consecutive days without rainfall

Property Characteristics ~ Number of Dry Days

RWH Gardening 0 1 2 3 4t individual properties with garden
Yes Yes 69.4 853 99.4 1494 1543  \gtering increased with  strong
No 129 433 204 455 385 consistency as the length of the dry
No Yes 69.7 609 80.7 91.0 97.4 period increase, while the standard
No 47.0 48.8 512 1069 782 deviation from properties without

garden watering do not (see Table 5).
This would indicate that the variability of water use from properties with garden watering becomes increasingly
variable as the length of the preceding dry period increases.

4.4. Identifying peak usage

To test the ‘identifying peak usage’ strategy the water use data was analysed to determine if a garden watering
cycle could be identified. Assuming that garden watering followed a weekly cycle, the daily water use data

350 from each property was divided
—— Autumn Garden Watering into weeks with the water use total
0 Autumn No Garden Watering from every day ranked agaiHSt the
250 ——Spring Garden Watering other totals within the week (with
--~-Spring No Garden Watering rank 1 being the highest daily

[\
(=
(=)

water use for the week and rank 7
being the lowest). From this
calculation the average daily
water use for each weekly rank
could be found for each property
and these were averaged to

—
i
(e

100

Daily Water Use (L/Person)

W
[e=)

0 calculate the overall average and
1 2 3 4 5 6 7 standard deviation for water use
Ranked Average Daily Water Use per Week per property for each rank. Any

week with incomplete data was
removed from the analysis, with
new weeks beginning on Monday to avoid splitting weekend water use across two weeks.

Figure 3. Spring and autumn ranked daily water use averages per week.

The initial analysis revealed only slight differences between the average water use from properties with and
without garden watering across the different weekly ranks. However when this process was repeated upon a
seasonal basis it became clear that the increased water demand from gardening in spring and autumn was being
masked by an opposite trend during summer and winter.
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From Figure 3 it can be seen that during autumn properties with garden watering used 68.9 L per person more
water during 1% ranked days and 350

13.2 L per person more during . ——Summer Garden Watering

2" ranked days. During spring A
properties with garden watering
used 39.3 L per person more
water during 1* ranked days and
20.0 L per person more during
2" ranked days.
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Water use during summer and 100
winter (Figure 4) had noticeably

lower water use from properties

Daily Water Use (L/Person)

W
(e}

with garden watering across all 0
of the ranked days. The lack of 1 2 3 4 5 6 7
garden watering during winter Ranked Average Daily Water Use per Week

was anticipated, but summer is

traditionally recognised as a  Figure 4. Summer and winter ranked daily water use averages per week.
period of peak garden watering

use. This may have been influenced by unusually wet summers during this period (Bureau of Meteorology
2019) or by different properties being involved in the metered study during different seasons.

During all seasons Saturday had the

Table 9. Standard deviation of seasonal ranked daily water use ; ; :
highest proportion of highest

averages per week.

klv Rank f 1 iati weekly  water use  values,
Weekly Ranked Water Use Seasonal Variation accounting for 18% to 26% of all

(L/Person/Day) first ranked rainfall events. The
Sub Category 1 2 3 4 5 6 7
second most common days were
Summer Sunday during spring and summer
Gardening 296.8 1745 1423 83.6 694 554 41.0  and Monday during autumn. Winter
No Gardening  351.0 1792 96.1 693 609 532 444 gsaw a tie between Sunday and
Autumn Monday for the second most
Gardening 4207 153.6 893 61.0 52.6 458 389 common day for high water use.
No Gardening  138.5 847 669 609 563 525 48.6 These findings were then compared
Winter against the contents of the YVW
Gardening 1093 81.8 69.7 594 51.6 457 39.1  water use survey in which 2/3 of the
No Gardening 64.1 549 46.1 44.1 40.1 353 29.1 properties with gardens claimed to
Spring water them once or twice a week
Gardening 2165 1409 725 59.1 50.1 402 36.1 While 16% claimed to water daily.

No Gardening  69.1 51.1 47.1 41.8 37.1 32.6 28.6 Ihe daily watering claims would
explain the consistent separation

between the values seen at the lower ranked days of Figure 3 while the twice a week garden watering is also
reflected in the greater separation for rank 1 and 2 values. Unfortunately the survey did not question the
households regarding the possible seasonal patterns in their garden watering.

5. CONCLUSION

Each of the strategies examined in this study had different combinations of strengths and weakness and while
the ‘lowest average water use’ and ‘identifying peak water use’ strategies demonstrated the most promise, no
one strategy was perfect or ideal. The ‘lowest average water use’ strategy showed that outdoor water use and
garden watering both display seasonal trends that can be used to separate the end uses for water if indoor water
use is assumed to be constant. This strategy was fast and easy to use but its assumptions could be considered
overly simplistic. The ‘wet or dry averages’ and ‘consecutive dry days’ strategies showed that total water use
is affected by the length of time since the last rainfall. However the analysis also showed that either some
outdoor water use does occur on days with rainfall or indoor water use is less consistent than has been assumed.
These strategies would be useful in situations where the estimation of water use on each day was more
important that the estimation of an overall average. Finally the ‘identifying peak usage’ strategy demonstrated
that garden watering follows both weekly and seasonal patterns, with most properties only watering their
gardens a few times a week and only during some seasons. This is probably the most realistic assessment of
the garden watering water use patterns, but is also the most difficult of the four assessments to undertake.

It is hoped that these insights will prove useful to researchers who are considering which method is best suited
for representing outdoor water use or gardening within their own continuous simulations. The next step in this
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study would be to repeat these analysis upon properties with monitored end uses for water. This would allow
many of the assumptions and conclusions that have been inferred from this data to be directly tested.
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