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Abstract: Most of the studies on rainwater harvesting analysis present the outcomes for particular
cities, representing a single set of results for a specific city. However, in reality, significant spatial
and weather variabilities may exist, due to which presenting only one set of results for a particular
city would be misleading. This paper presents the potential weather and spatial variabilities on the
expected water savings and supply reliability through the domestic rainwater tank for an inland city.
An earlier-developed daily water balance model, eTank, was used for the calculations of annual water
savings and reliability. An Australian inland city, Canberra, was selected as a case study and relevant
daily rainfall data were collected from the Australian Bureau of Meteorology website. For the analysis
of spatial variation, two rain gauge stations within the city of Canberra were selected. For each
station, from the historical data, three years were selected as dry, average and wet years. For each
weather condition, annual water savings and reliabilities were calculated for different demands with
different tank sizes up to 10,000 L connected with different roof sizes. Then, variations in annual water
savings and reliabilities among different weather conditions, as well as among different stations, were
evaluated. It was found that, with regard to annual water savings, a maximum variation of 68.6%
can be expected between dry and wet weather; however, only a 15.4% maximum spatial variation is
expected among the selected stations. Regarding reliability, a maximum variation of 123% is expected
between dry and wet weather. Whereas, only a 17% spatial variation is expected among the selected
stations. Such a study will provide valuable insights for rainwater tank users and stakeholders on
potential variabilities due to weather and spatial differences.

Keywords: rainwater tank; water savings; reliability; eTank

1. Introduction

Rainwater harvesting has been in use for many centuries in different parts of the
world, where this is the prime source of water for many remote communities as no other
suitable source of potable water exists. Recently, even in urban areas where potable water
supply exists, authorities have encouraged the implementing of rainwater harvesting for
non-potable purposes, which will reduce the tremendous pressure on the current supply
systems [1]. The increase in population, as well as other usage, has caused urban water
demand to reach a very high level while, in most cases, the existing systems are not
designed to cater for such a high demand [2]. Urban water authorities are exploring several
options to reduce water demand. Such measures include demand management, water
efficient appliances and exploring alternative water sources. Stormwater harvesting and
its use for irrigation and toilet flushing has been an attractive option for many urban
authorities, as the implementation of rainwater harvesting is easily achievable within
existing buildings/house boundaries [3]. As such, for urban areas, there has been a shift
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in objective; from original objective rainwater tanks (RWT) being a sole source of water
supply shifting to be an alternate source of water to augment existing water supplies. In
Australia, different government authorities have been promoting water recycling, including
stormwater harvesting. In addition to organising different campaigns, they have been
offering financial incentives, such as rebates or grants, with the aim of promoting the wider
implementations of this sustainable system.

Numerous researchers have studied different aspects of rainwater tanks and most
of those have dealt with the potentials of rainwater harvesting, mainly quantifying the
expected annual amount of water saving [4-7]. As in most of the regions, rainfall does
not occur uniformly throughout the month/year, there are some periods within a year
when the rainwater tank is unable to supply the intended demand and this factor is
expressed by a term called ‘reliability’. Some studies mainly focused on the reliability
of fulfilling specific demands through specific sizes of rainwater tanks [8-10]. Khastagir
and Jayasuriya [8] presented a comprehensive analysis of the reliability of rainwater tanks.
They have presented the contours of optimum tank sizes needed to have a 90% reliable
rainwater supply for seven different uses (toilet only, garden only, laundry only, toilet
and laundry, toilet and garden, laundry and garden, toilet, garden and laundry) under
varying roof sizes (100~250 m?) for the whole of Melbourne. Imteaz et al. [9] presented
detailed reliability charts of rainwater tanks for a single location in the city of Melbourne
for different tank sizes (1000~10,000 L) connected with different roof areas (50~300 m?) with
varying rainwater demands under three climatic conditions (driest, average and wettest).
Preeti and Rahman [10] studied the reliability of rainwater tanks for eight Australian major
cities with varying tank sizes (1000~100,000 L) under varying roof areas of 50~300 m2. They
have reported that a high reliability (80~100%) is achievable with a large roof area and big
tank size for demand catering only to use in toilet and laundry.

As monetary benefit and payback period of initial investments are the main constraints
for many users, which is retarding the wide-scale implementation of this sustainable infras-
tructure, several studies focused on an economic analysis of the RWT benefits, quantifying
monetary values of potential water savings [10-13]. In the study by Preeti and Rahman [10],
they found that, only in very few cases, installations of RWTs can yield a benefit—cost
ratio value greater than one, which emphasized the need for government support/rebate
and/or discount for the installation of RWTs. Imteaz and Moniruzzaman [11] also reported
similar findings (i.e., a need for government rebate) through a study in Sydney. They have
reported that without government rebate payback period of installations likely to vary 24 to
100 years depending on the locality and associated parameters (i.e., tank size, roof area
and demand). However, such long payback periods can be attributed to the regions where
installation costs are quite high, while the cost of water is not very high. In regions where
installation costs are not high, shorter payback periods are achievable. Karim et al. [12]
demonstrated, with a case study of the city of Dhaka (Bangladesh), that payback periods of
3~4 years are achievable for commercial buildings. Matos et al. [13], through a case study
of a large commercial building in Portugal, demonstrated that payback periods of 2~6 years
are achievable depending on the usage scenario.

The vast majority of the studies on rainwater harvesting are focused on a particular
city /locality, delivering a single set of outcomes for a whole city. However, for a large
city, single outcomes for water savings or reliability are not realistic. Moreover, within
a single location of a city, further variations are expected due to weather variability [14-16].
Imteaz and Moniruzzaman [11] presented significant spatial variations of water saving
within the large city of Sydney (Australia). Similarly, Imteaz et al. [14] presented significant
variations of potential water saving within the city of Adelaide (Australia). Imteaz and
Khan [17] presented details of water saving variations within the city of Brisbane (Australia).
However, all these mentioned studies on spatial variabilities are based on coastal cities,
where spatial variation based on proximity to the coastline is customary. For an inland
city, such spatial effects are likely to be different, as the variation of their distance from
a coastline become insignificant. However, such spatial variation is yet to be investigated
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in an inland city. This paper presents the potential spatial and weather variabilities of
annual rainwater savings and reliability of supply from RWTs for an Australian inland
city, Canberra. Such a study will provide valuable insights on rainwater tank outcomes
and related potential variabilities to the end-users, who will be able to make informed
decisions on any intended investment for rainwater tanks. Also, the study will be useful
for the authorities who will be able to decide a reasonable government rebate (as used to
be practiced in Australia) to be given to the end-users for any new installation.

2. Methodology

Potential annual water savings and reliability of fulfilling intended demands from
a RWT were estimated using a daily water balance model, eTank, developed by Imteaz
et al. [18], which has been widely used in many countries including Australia, Nigeria,
Nepal, Bangladesh and Palestine. The input data for the model are daily rainfall for the
location of interest, connected roof area (which contributes to the catchment of the RWT),
amalgamated losses, tank size and intended rainwater demand. Model calculates annual
rainwater used (i.e., potable water savings), annual overflow from tank and reliability of
receiving intended demand. As the model was primarily developed to assess effect of
weather variability, the prime input data (i.e., daily rainfall) should be provided for three
weather conditions (dry, average and wet years). Daily rainfall amount is multiplied with
the connected roof area to calculate the runoff generated on the roof. Then, the loss amount
is deducted from the generated runoff amount and the remaining amount is assumed
to divert to the tank storage. Based on a primary study during the development of the
tool and rainwater harvesting analysis, a 10% total loss was applied to account for losses
such as first flush, leakage, spilling and evaporation [9]. As the accumulated rainwater in
the tank may become full, in every timestep available tank storage (which is successive
accumulated runoff minus demand) is compared with the accumulated runoffs. If, at any
stage, the accumulated runoff become larger than the available storage, the excess water
(accumulated runoff—tank volume) is considered as having overflowed from the system.
In every timestep (i.e., day), the daily demand is deducted from the accumulated water in
the tank. If demand on a day becomes higher than the remaining amount in the tank, the
model calculates the shortfall which is expected to be met by the normal town water supply.
The detailed description of the model formulations and logical sequences, as well as the
accuracy of the model estimations, are presented in a study by Imteaz et al. [18]. Figure 1
shows the schematic diagram of the operating sequence and functions of the eTank model.
The model was used with daily rainfall data from two locations within the city of
Canberra. For comparison, apart from daily rainfall data, all other data were kept the
same for both the stations. From the model estimations, annual water savings and reli-
abilities were compared for the selected locations. Reliability was calculated as per the
following equation:
R,=(N —U)/N x 100 1)

where ‘R,’ is the reliability of the tank to be able to supply intended demand (%), ‘U’ is
the number of days in a year the tank was unable to meet the demand and ‘N’ is the total
number of days in a particular year. The Excel version of the tool was used for this study,
which takes a few seconds to compute the output variables for a whole year.

The spatial variations in water savings were calculated using the following formula:

| AWS; — AWS, |

Spatial Variation (%) = S %100 2
min

where AWS; and AWS, are the annual water savings for the station 1 and station 2, re-
spectively (as absolute difference is taken here, any station can be considered as ‘1’ or ‘2’).
AWS,,i,, is the minimum of the two values. The same formula was used for the calculation
of spatial variation in reliabilities.
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Figure 1. Flowchart of eTank operations and logical sequences.

For the calculation of weather variabilities for a particular station, the following
formula was used:

AWS et — AWS 4y,

Weather Variation (%) = S
dry

%100 3)
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where AWS ¢ and AWSd,y are the annual water savings in wet and dry years, respectively.
The same formula is used for the calculation of weather variabilities in reliability values for
a particular station.

3. Study Area and Data

For the current study, the Australian capital Canberra was selected, being an inland
city (Figure 2). Being a smaller city compared to other cities (Sydney, Melbourne and
Adelaide) where similar studies were conducted previously, two rain gauge stations within
the city were selected for the assessment of spatial variability. The stations were selected
based on the rainfall data availability for a longer period. One station is located near central
Canberra, while the other is located in north Canberra. A brief summary of the selected
stations, including their physical features, are provided in Table 1.

9Canberra

Figure 2. Map of Australia showing location of Canberra.

Table 1. Location and physical characteristics of the selected stations.

Station Name Australian National Botanic Garden Ginninderra CSIRO
Latitude 35.28S 35.20 S
Longitude 14911 E 149.08 E
Direction Central North
Elevation 585 600
Station Number 070247 070169

The Australian National Botanic Garden is located near to the city centre and its
surrounding is a mixture of plants (i.e., green area), wetland and developed impervious
surfaces. Due to the presence of wetland, this area is likely to release more evaporation
from water surfaces. The surrounding of ‘Ginninderra CSIRO’ is mostly plants and grass,
which is likely to release more evapotranspiration. However, the effects of such localised
evaporation and evapotranspiration become diluted when they reach the atmosphere,
where such vapour-laden air is often transported by wind speed. The topographic fea-
tures of the two stations are shown in Figure 3. Figure 4 shows the Google map of the
two stations with surrounding areas.
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Figure 3. Topographic features of the selected stations.
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Figure 4. Google map showing locations and surroundings of the selected stations. (A: Australian
National Botanic Garden and B: Ginninderra CSIRO).

Daily rainfall data for both the stations were collected from the Bureau of Meteorology
(BoM) website (http:/ /reg.bom.gov.au/climate/data/, accessed on 12 July 2023). Through
statistical analysis of the total annual rainfall data for each station, three separate years were
selected as dry year, average year and wet year to assess the effect of weather variations
on rainwater savings. From historical rainfall data, BoM considers years having annual
rainfall amount close to the 10th percentile, 50th percentile and 90th percentiles of the
annual rainfall series of the total data period as dry, average and wet years, respectively.
For the selected sites, daily rainfall data were available for the period of 1962-2022. For
such studies, an analysis of only one year’s worth of data is not justified, as a single year
may have an unusual rainfall distribution pattern. To overcome this issue, for each of the
dry, average and wet years, a total three years data were considered. For each weather
condition, three years were selected in a way that their annual rainfall amounts were
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very close to the exact values of the 10th, 50th and 90th percentiles. While doing this,
one year was selected that had an annual rainfall amount immediately higher and the other
year had an annual rainfall amount immediately lower than the rainfall amount of the
selected percentile. Table 2 shows all the selected years for different weathers and their
corresponding annual rainfall amounts.

Table 2. Selected years and corresponding annual rainfall for the stations.

Station Australian National ..
Name Botanic Garden Ginninderra CSIRO
Weather Year Annual Rainfall (mm) Year Annual Rainfall (mm)
1979 445.1 1997 487.6
Dry 1972 472.1 1965 4422
1997 489.5 1967 4445
2005 704.8 2003 706.1
Average 2011 697.6 1968 750.4
1990 718.6 2011 695.5
1969 907.1 1969 895.5
Wet 1970 887.2 1984 910.2
1989 911.5 1992 913.4

A daily water balance model was simulated with the daily rainfall data for the above-
mentioned years for several different tank sizes (2500 L, 5000 L, 7500 L and 10,000 L) along
with two roof sizes (100 m? and 200 m?). Regarding demand, two different options were
considered; 2 people and 4 people in a household. Conforming with other similar studies in
Australia [4,7,9,14-16], a non-potable water demand of 150 L/person/day was considered.
It is to be noted that most of Australian cities’ total water demand is around 300 L/d/capita,
out of which approximately 150 L/d can be from harvested rainwater. Several relationship
curves are presented to show the effects of different parameters on annual water saving
and on the reliability of rainwater tanks under different weather conditions.

4. Results

The model-simulated results are presented under two categories: (i) effects on annual
water saving and (ii) effects on reliability. The following sections elaborate the findings.

4.1. Variability of Annual Water Saving

Figure 5a,b shows the variations of annual water saving with different tank sizes up
to 10,000 L under different weather conditions for a higher non-potable water demand
scenario (600 L/day, i.e., 4 people) for two roof areas; (i) Figure 5a shows the same for
a roof area of 100 m? and (ii) Figure 5b the same for a roof area of 200 m?.

From the figures, it is clear that, for both the roof areas in a dry weather scenario, the
central region always has a higher water saving level compared to north Canberra, whereas,
in an average weather scenario, both the locations” annual water savings are almost the
same. However, in a wet weather scenario, this location-based superiority changes, i.e.,
north Canberra always has a higher water saving level compared to central Canberra. Such
a change in location-based superiority due to weather conditions is an important finding to
be noted.

Similar calculations were performed for a low-demand scenario (i.e., rainwater de-
mand of 300 L/day). Figure 6a,b shows the variations in annual water saving with different
tank sizes up to 10,000 L under different weather conditions for two roof areas; (i) Figure 6a
shows the same for a roof area of 100 m? and (ii) Figure 6b the same for a roof area of
200 m?.
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Figure 5. Variations of annual water savings for a higher water demand (600 L/day); (a) with a roof
area of 100 m? and (b) with a roof area of 200 m?.

Similar trends were observed as with the higher demand scenario, i.e., in a dry year,
central Canberra has higher water savings than north Canberra. However, in a wet year,
this pattern changes, i.e., north Canberra yields higher water savings than central Canberra.
However, for a higher roof area, such differences become insignificant.

In general, variations due to weather variability are quite significant. A height of
68.6% variation within dry and wet years’ water savings was observed for north Canberra
with a higher demand scenario. With a lower demand scenario, the maximum variation
in annual water savings was 59.2%. However, spatial variations were not very significant.
A maximum spatial variability of 10.6% was observed in a dry year, whereas a maximum
spatial variability of 15.4% was observed in a wet year. It should be noted that this
variability is the potential variation in annual water savings among the two locations
considered in this study.
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Figure 6. Variations of annual water savings for a lower water demand (300 L/day); (a) with a roof
area of 100 m? and (b) with a roof area of 200 m?.

4.2. Variability of Reliability

Figure 7a,b shows the variations of reliability values with different tank sizes up
to 10,000 L under different weather conditions for a higher non-potable water demand
scenario (600 L/day, i.e., 4 people) for two roof areas; (i) Figure 7a shows the same for
a roof area of 100 m? and (ii) Figure 7b the same for a roof area of 200 m?.

Like the variations in annual water savings, similar trends are also observed for the
cases of variations in reliability values. In a dry year, central Canberra has higher reliability
compared to north Canberra, whereas the trend changes during a wet year and north
Canberra has higher reliability values compared to central Canberra.
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Figure 7. Variations of reliability for a higher water demand (600 L/day); (a) with a roof area of
100 m?2 and (b) with a roof area of 200 m2.

With a higher demand scenario in a dry year, a maximum spatial variation of 15.4%
is observed in the values of reliabilities between north and central Canberra. Under the
same conditions in a wet year, a maximum variation of 17.4% was observed. However,
with a lower demand scenario (Figure 8), spatial variations become lessened; in a dry year,
a maximum spatial variation of 13.9% was observed whereas, in a wet year, a maximum
variation of only 4.6% was observed. Like annual water savings, reliability values exhibit
very strong weather variabilities and the magnitude of observed variabilities within dry
and wet years’ reliability values are much higher compared to the variabilities in annual
water savings. For a higher demand scenario, a maximum variation of 123% was observed
between the reliabilities of dry years and wet years. However, for a lower demand scenario,
this maximum variation drops down to 70.6%.
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Figure 8. Variations of reliability for a lower water demand (300 L/day); (a) with a roof area of 100 m?
and (b) with a roof area of 200 m?.

5. Discussion

It is found that a maximum of 68.6% variation in annual water savings between dry
and wet years was observed for Canberra. In a similar scenario in the coastal city of
Sydney, the maximum weather variation observed was only 31% [14]. In fact, for an inner
suburb of Sydney, the maximum weather variation in water savings was much lower
(8.7%). For another coastal city, Adelaide, the maximum variation in annual water savings
was 57.4% [11]. So, it is clear that, in an inland city, the effect of weather variation on
the annual water savings is even more pronounced than in a coastal city. With regard
to spatial variation, in the current study, a maximum annual water saving variation of
15.4% was observed whereas, for the coastal city of Adelaide, a maximum variation of
54% was observed for annual water saving. For the coastal city of Sydney, a maximum
annual water saving variation of 43% was observed under similar conditions. So, it was
found that, for an inland city, the weather variations on annual water savings (through



Hydrology 2023, 10, 148

12 of 14

rainwater tanks) are quite significant and more pronounced than the variations observed
for a coastal city in Australia. However, the spatial variations are less significant compared
to the spatial variations observed in a coastal city in Australia. For an inland city, rainfall
is mostly dominated by local factors whereas, for a coastal city, the rainfall is mostly
dominated by ocean-atmospheric interactions. As such, in a coastal city, the outcomes of
weather variations are somewhat offset by the supply of moisture (and hence rainfall) from
the adjacent ocean. As a result, the effects of weather variations are not that prominent
compared to the effect of weather variation in an inland city. On the other hand, for a coastal
city, the spatial variation is more prominent as the proximity to the ocean has significant
effects on the annual water savings of a particular area.

The outcomes of this study would be useful for those end-users who want to install
rainwater tanks and are willing to assess the potential benefits of any investment related
to the installation and maintenance of rainwater tanks. At present, the end-users make
such decisions without any in-depth analysis, solely depending on the tank seller’s verbal
information, which is mostly biased. Also, end-users will obtain insights on potential
spatial and weather variabilities, which are prominent in the Australian climate. Also,
relevant authorities can adopt such study results to derive reasonable government rebates
(which has been in practice for many years) to be offered to the end-users. Also, in the
past, the same rebates were given to all the installers for a whole city, which is not logical.
The findings from this study would help the authorities to decide differential rebates for
different parts of the city, depending on the expected amounts of savings to respective area.
For such decision making, a more detail economic analysis is recommended.

6. Conclusions

This paper presented potential annual rainwater savings and reliability under different
weather conditions for two different regions within the Australian capital city, Canberra.
A previously developed daily water balance model (eTank), using daily rainfall and de-
mand data, was employed to calculate the two significant outcomes of a domestic rainwater
tank. A different set of graphs was presented depicting relationships between annual water
savings and reliability for different standard tank sizes ranging from 2500 L to 10,000 L
for three different weather conditions: dry, average and wet. Each graph shows the an-
nual water savings/reliability for two selected locations in Canberra, under three weather
conditions. A separate set of graphs was produced for different demand scenarios: high
demand (600 L/day) and low demand (300 L/day). From the developed graphs, the
stakeholders should be able to envisage the expected variations in rainwater tank outcomes
from a certain sized tank under a particular demand scenario.

It was found that significant weather variations in expected annual water savings and
reliability are to be expected in both the studied locations. Weather variation is much more
prominent for the case of reliability; a maximum variation of 123% is expected between the
reliabilities of dry weather and wet weather. In case of annual water savings, the maximum
expected variation is 68.6% between the dry year and wet year. Such variations are higher
than the expected maximum weather variations (between dry and wet years) for two coastal
cities, Sydney and Adelaide, which were revealed in previous studies. However, spatial
variabilities among the two selected locations are less significant compared to weather
variabilities. Among the two selected locations, a maximum variation of 15.4% is expected
with regard to annual water savings, while a maximum variation of 17% is expected with
regard to reliability.

From the above findings and observed rainfall data, it can be concluded that reliability
(which is directly related to intra-annual rainfall distribution) has significant influence on
annual water savings as, among the two selected locations, the annual rainfall amounts do
not show significant differences, whereas annual water savings, as well as reliability, show
significant differences. Differences in annual water savings are caused by the significant
differences in reliabilities, while annual rainfall amounts were not significantly different.
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The current study’s results may not be applicable to other geographical areas/ cities
where rainfall magnitude and/or patterns are different. More studies are recommended
with other inland cities in order to be able to derive a generalised pattern. Also, a more
detailed economic analysis is recommended for determining the different payback periods
of end-users’ investments in rainwater tanks. It is recommended that authorities work
out reasonable rebate amounts for different parts of the city. For such economic analysis,
the consideration of a mix of dry, average and wet years’ outcomes would provide more
realistic results.

It should be noted that the model considers a user-defined rainwater demand, which
was kept constant for everyday for the whole year. In reality, the amount of rainwater
demand will vary depending on the daily weather conditions. In the current model, it was
not possible to consider such variable rainwater demand.
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