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Abstract: Due to climate change, freshwater supply will be limited at many locations around the
globe. Rainwater harvesting (RWH) has emerged as an alternative and sustainable freshwater source.
In this study, the impacts of climate change on water saving as well as the reliability of a RWH system
are investigated using data from eight Australian capital cities. Both historical and projected rainfall
data were incorporated into a daily water balance model to evaluate the performance of a RWH
system in relation to its reliability, water savings and scarcity. Indoor (toilet and laundry), outdoor
(irrigation) and combined (indoor plus outdoor) water demands were considered for a 5 m3 tank size.
It has been found that in the future period, the water savings and reliability of a RWH system will
reduce slightly across the selected cities. Different capital cities of Australia will experience different
level of performance for a RWH system depending on their locations, water uses and seasons. The
findings of this study will be useful to water authorities and policy makers to plan for a sustainable
RWH system under changing climate conditions.

Keywords: climate change; rainwater; reliability; water harvesting model; water scarcity

1. Introduction

Since the 1980s, population expansion, socioeconomic development, and changing
water use patterns have all contributed to an annual increase in global water consumption
of about 1%. Water resource availability, on the other hand, is declining due to water
contamination caused by rapid urbanisation and industrialisation. According to the reports
from the United Nations [1], the global population is expected to grow from 9.8 billion in
2050 to 11.2 billion in 2100. The rising water demand of this huge population would make
naturally limited water resources scarcer. Currently, over 2 billion people live in countries
with high water shortages, and approximately 4 billion live in countries with severe water
scarcity for at least one month of the year. If appropriate adaptation measures are not taken
to strengthen water supply systems, stress levels will continue to rise as demand for water
rises and the consequences of climate change worsen [2–4].

According to the sixth assessment report of the Intergovernmental Panel on Climate
Change (IPCC), global surface temperatures will continue to rise until at least the mid-
century under all emission scenarios. Global warming is expected to exacerbate the global
water cycle, including its variability [5]. Climate change, on the other hand, should be
considered when developing and managing water supply systems in order to ensure water
security and improve resilience in the face of changing environments [6–8]. In recent years,
several alternative water sources, such as rainwater harvesting (RWH), grey water reuse,
and wastewater recycling, have received increased attention in order to meet rising water
demand. RWH is the collection and storage of rainwater from rooftops or other impervious
surfaces for later use in drinking, outdoor irrigation, and non-potable indoor uses such as
toilet flushing [9].

Several studies were conducted on possible climate change impacts on RWH systems.
Musayev et al. [10], for example, examined data from 41 countries to assess the feasibility
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of RWH systems in improving domestic water security under various climate change
scenarios. It was discovered that climate change had minimal impact on the feasibility of a
RWH system. In the face of climate change, they created design curves to assist designers
in determining the best roof and tank sizes at a given site. Kahinda et al. [11] developed
a model to calculate the optimal RWH tank size and assess water security under various
scenarios, both with and without climate change in South Africa. The ideal RWH tank
volume in the four quaternary catchments (QCs) studied was 0.5 m3, with the humid QC,
as predicted, offering the highest water security of about 30%. Based on future rainfall data
(derived from six GCMs), the ranges of water security attained by a 0.5 m3 RWH tank were
10–15% in the arid QC, 15–20% in both the semi-arid and dry sub humid QCs, and 30–40%
in the humid QC. It was suggested that appropriate adaptation measures be implemented
to mitigate the effects of climate change on water security in several areas of South Africa.

Kisakye et al. [12] evaluated the impact of climate change on reliability of the RWH system
for Kabarole district of Uganda, using six global circulation models (GCMs). Using 20 years
of historical daily rainfall data and future data for 2025–2055, and 2060–2090 periods, a daily
water balance model was used to assess the performance of a RWH system. This study used
Ugandan weather seasons, which included the two rainy seasons of March, April, and May
(MAM) and September, October, and November (SON), as well as the two dry seasons of
June, July, and August (JJA) and December, January, and February (DJF). The SON season
was found to have increased reliability, whereas the MAM season had the greatest decrease
in reliability, corresponding to a 27% decrease in water security from the observed condition.
For dry seasons, the majority of the models predicted a slight decrease in reliability and water
security. Water security was predicted to be reduced by 1–8% with a 0.5 m3 tank capacity
during the DJF seasons of 2025–2055 and 2060–2090. As a result, in order to maintain 80%
system reliability in the face of climate change, more harvesting area and tank capacity would
be required.

Haque et al. [13] investigated the effects of climate change on the performance of a
domestic RWH system in Sydney and found that potential water savings are going to be
reduced in future. It was reported that the performance of a RWH system is more likely to
be affected in dry season as compared to wet season. Under future climate change scenarios,
Imteaz et al. [14] investigated the possible effect on spatial variability of rainwater savings
in Sydney city. Projected rainfall data for two separate future periods (2020–2039 and
2080–2099) were used to assess future water savings potentials of a RWH system for five
distinct locations in Sydney. Water savings and reliabilities were predicted to decline in the
majority of the analysed cases, both in the near (2020–2039) and far (2080–2099) futures,
relative to the current average scenario. However, both water savings and reliabilities
were expected to be increased in the distant future as compared to the near future scenario.
Additionally, it was predicted that the city’s spatial variabilities would increase for both in
the near and distant future.

Jing et al. [7] created a computational tool to assess the water-saving efficiency and
financial feasibility of RWH systems in eight cities spanning four different climatic re-
gions of China. To evaluate the viability of a RWH system, stormwater capture efficiency,
water-saving efficiency, and time reliability were assessed. They found that RWH efficiency
was dependent on storage capacity, spatial variability of rainfall, and rainwater demand
scenarios. In general, RWH systems with larger storage capacities, lower water demand
scenarios and locations in more humid regions can achieve higher water-saving efficiency
and reliability, whereas higher stormwater capture efficiency is linked with higher wa-
ter demand scenarios, larger storage capacity, and low rainfall. Other studies, such as
Lo et al. [15] for Sri Lanka, Mehrabadi et al. [16] for Iran, Toosi et al. [17] for Iran, and
Zhang et al. [18] for China, have highlighted the effects of climate change on current and
future RWH systems.

Alamdari et al. [19] investigated the effects of climate change on RWH reliability in 17
different locations across the United States for both historical (1971–1998) and future (1971–
2010) periods (2041–2068). The study’s dual goals were to look into the impact of climate
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change on the RWH system in terms of water supply and runoff reduction. The efficiency
of RWH systems for runoff capture was expected to decline in the eastern, northern, and
southern United States. RWH systems, on the other hand, were predicted to become less
effective for water delivery in the majority of areas across the western, southern, and central
United States. The study’s findings suggest that, as a result of climate change, some RWH
systems designed for current conditions may be less effective in the future.

Gwodźiej-Mazur et al. [20] studied the influence of long-term climate change on
RWH potential for meeting non-potable demands in a four-person Polish household. The
long-term monthly water-saving efficiency trends were examined from 1970 to 2019. This
pattern provided comprehensive data on long-term variations in RWH potential in 19 major
Polish cities. Efficiency increases in the winter and decreases in the summer, according to
24 significant monthly trends. The statistical significance of yearly and monthly changes
in RWH efficiency varies across cities studied, indicating that precipitation is not the only
factor influencing its effectiveness. Precipitation timing is also critical.

From the above literature review, it is seen that there have been few studies on
the impacts of climate change on RWH systems in Australia that have covered multiple
locations. As a result, the motivation for this study is to generate new knowledge on the
climate adaptability of RWH systems in Australia’s capital cities, where the majority of
Australians live. The remainder of the paper is organised as follows. Section 2 presents the
study area and data used in the analysis. Section 3 describes the methodology adopted,
which is followed by the results, discussion, and conclusion.

2. Study Area and Data

This study focuses on Australia, which has a land area of 7.69 million km2. With low
average annual rainfall throughout most of the continent, rainfall in Australia is highly
unpredictable. The coasts and ranges of the north, east, and south-west receive moderate
to heavy rainfall, while the rest of the country is quite dry. Since Australia has a high
spatial rainfall variability, eight different locations were chosen. These are the capital
cities (Adelaide, Brisbane, Canberra, Darwin, Hobart, Perth, Melbourne, and Sydney) as
shown in Figure 1. Table 1 shows the selected rainfall stations, historical and future data
periods, average annual rainfall for both historical and future periods, and average annual
rainfall changes from 2022 to 2039 in comparison to the historical rainfall average for all
selected stations. The daily rainfall data for the historical period at the selected locations
were obtained from the Australian Bureau of Meteorology (BOM) covering 75 years. The
average annual rainfall over the selected locations ranges from 510 to 1573 mm/year, with
an average of 826 mm/year. The Australian Government’s NARCliM project provided
projected future rainfall data for the selected sites. The projected rainfall data was used
in this study for an 18-year period, from 2022 to 2039. The global climate model of the
Commonwealth Scientific and Industrial Research Organization was used to generate the
downscaled future rainfall data (CSIRO Mk.3). The climate projections from NARCliM
were simulated from 4 global climate models (GCMs). Thereafter, those GCM projections
were downscaled using three regional climate models (RCMs). The 4 GCMs used were:
(i) MIROC3.2, (ii) ECHAM5, (iii) CCCMA and (iv) CSIRO Mk3.0 and the RCM used
was the Weather Research and Forecasting (WRF) model. A total of 12 model ensembles
were simulated by running the combination of 3 physical configurations of WRF model
(essentially 3 RCMs) with each of 4 GCMs. For example, CSIRO Mk3.0 +WRF R1 for R1,
CSIRO Mk3.0 +WRF R2 for R2 and CSIRO Mk3.0 +WRF R3 for R3. Climate projection data
can be downloaded for free from the Climate Data Portal: https://climatedata.environment.
nsw.gov.au/ (accessed on 2 October 2022).

https://climatedata.environment.nsw.gov.au/
https://climatedata.environment.nsw.gov.au/
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Figure 1. Location of the selected rainfall stations and spatial distribution of mean annual rainfall
considering historical data.

Table 1. Average annual rainfall changes at eight different locations.

Location Station
ID

Historical
Period

Future
Period

Historical
Rainfall

(mm)

Future Rainfall (mm) Changes in Rainfall (%)

R1 R2 R3 R1 R2 R3

Adelaide, SA,
Australia 023011 1945–2019 2022–2039 510 587 438 575 15.08 −14.24 12.66

Brisbane, QLD,
Australia 040082 1945–2019 2022–2039 753 1597 1472 1618 112.17 95.46 114.94

Canberra, ACT,
Australia 070000 1945–2019 2022–2039 648 1171 1260 1027 80.66 94.35 58.35

Darwin, NT,
Australia 014015 1945–2019 2022–2039 1574 1477 1063 2497 −6.14 −32.46 58.69

Hobart, TAS,
Australia 094029 1945–2019 2022–2039 598 596 743 612 −0.41 24.21 2.38

Melbourne, VIC,
Australia 086039 1945–2019 2022–2039 592 665 573 692 12.22 −3.23 16.85

Perth, WA,
Australia 009021 1945–2019 2022–2039 761 524 453 650 −31.13 −40.52 −14.52

Sydney, NSW,
Australia 066006 1945–2019 2022–2039 1176 809 675 935 −31.22 −42.55 −20.48

3. Methodology

In Python, a daily water balance model was created to assess the climate change
impacts on the RWH system, taking into account factors such as rainwater tank size,
observed and future daily rainfall, losses, daily water demand, and tank spillage. A
behavioural-type model (yield-after-spillage) was used to build the model [21,22]. The
model consists of various input parameters like indoor and outdoor water demand, tank
size, runoff coefficient and first flush. Further this model works on a daily time step, hence,
it provides daily calculation of parameters such as inflow, outflow, spillage, irrigation
requirements, storage level after outflow, demand met and water savings as per water
balance principle. The model’s primary input data were daily rainfall for both historical
and future periods. All of the analyses were done for a 5 m3 rainwater tank with indoor
(toilet and laundry (TLD)) and outdoor (irrigation) water uses. The reason for choosing
a 5 m3 tank is that it has been recommended as the best tank size in several Australian
studies [23–26]. Figure 2 depicts a flow chart of the methodology used to estimate the



Water 2022, 14, 3123 5 of 26

percent change in rainfall data, reliability, water savings, and water security parameters of
a RWH system.

Figure 2. Flowchart showing the adopted methodology to evaluate the performance of
a RWH system.

3.1. Rainfall Change Detection

The most significant climatological variable in climate change-related water balance
modelling of a RWH system is projected daily rainfall. To understand possible changes,
a comparison of the simulated rainfall values with the historical values is made by the
following equation:

Percent Change =
(Projected Rainfall − Observed Rainfall)

Observed Rainfall
× 100% (1)

3.2. Non-Dimensional Design Parameters

Following the approach of Palla et al. [27], two non-dimensional parameters, the
demand fraction and the storage fraction, are used to compare the optimum sizing of
the RWH system across different capital cities (2011). The demand fraction (D/Q) is the
proportion of annual water demand D (L3) to annual inflow Q. (L3). The storage fraction
(S/Q) is defined as the ratio of the RWH system’s storage capacity S (L3) to the annual
inflow Q. (L3).
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3.3. Reliability and Water Savings

The reliability of a RWH system is defined as the ratio of the total number of days in a
year when harvested rainwater meets water demand and the total number of simulated
days. The equation for estimating reliability is as follows:

R =
P − T

P
× 100% (2)

where R is the RWH system’s reliability (%), T is the total number of days when the intended
water demand is not met, and P is the simulation period’s total number of days. As a result,
P − T represents the total number of days where the intended water demand was met.

3.4. Water Demand

Each study location considered a hypothesised new development with a single house-
hold of four occupants. The site area was 450 m2, with roof, irrigation, and impervious
areas of 200 m2, 150 m2, and 100 m2, respectively. Roof area = 200 m2, first flush = 150 L,
TLD demand = 0.0935 m3/day, and runoff coefficient (RC) = 0.85 were used as input data
values.

Total demand for indoor and outdoor uses is made up of toilet flushing and laundry,
as well as irrigation demand. The following is the demand for toilet flushing and laundry:

• Toilet: 6 L/flush, fully flushed three times per day per person, for a total of
18 L/person/day.

• Laundry: Washing machine 50 L/wash, resulting in 21.5 L/day at 0.43 washes/day.

For an example, four persons in a house visiting toilet three times a day per person on
average will have a total demand for toilet flushing and laundry of: (4 × 3 × 6) + (0.43 × 50)
= 0.0935 m3/day.

• Outdoor Irrigation at a depth of 10 mm, multiplied by the irrigation area (150 m2 ×
10 mm = 1.5 m3/session).

3.5. Water Scarcity

The ratio of the total number of days when the rainwater tank is empty to the total
number of simulated days is used to calculate water scarcity for a RWH system. The
following equation is used to estimate water scarcity:

Water scarcity (%) =
Total number of days when the tan k remains empty

Total number of simulated days
× 100% (3)

4. Results and Discussion
4.1. Changes in Future Rainfall

Figure 3 illustrates the percent changes in average annual rainfall for the three climate
models, Mk.3 (R1, R2 and R3). According to the three models, Perth and Sydney will
experience the highest average annual rainfall reduction ranging from 14.52% to 42.55%,
whereas Brisbane and Canberra will experience an increase in average annual rainfall
(58.35% to 114.94%). These results clearly show that Australia’s rainfall regime will change
in near future in a very different way across the capital cities. Most of the negative changes
in average annual rainfall are seen at five locations for R2 (Adelaide, Darwin, Perth and
Sydney). In contrast, R3 shows a higher average annual rainfall for all the cities except
Perth and Sydney.
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Figure 3. Plots showing percent changes in average annual rainfall values for R1, R2, and R3 in
comparison to the historical rainfall.
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Figure 4 shows the percentage changes in average annual rainy days between the
future period (2022–2039) and the historical data. It is found that the average annual
number of rainy days is expected to increase for all the cities, with Perth having the
lowest increase (201 days/year for R1, 122 days/year for R2 and 207 days/year for R3),
and Brisbane having the greatest increase (261 days/year for R1, 203 days/year for R2
and 250 days/year for R3). Brisbane, Melbourne, Canberra and Hobart show the highest
increase in average annual number of rainy days in future period as compared to the
historical values.

Figure 4. Average annual number of rainy days and percentage changes between the future period
(2022–2039) and historical data.

The percentage changes in the average number of dry days between future period
(2022–2039) and historical data are shown in Figure 5. For the future period, Perth has the
highest number of average annual dry days (164 days/year for R1, 243 days/year for R2
and 158 days/year for R3), while Hobart has the lowest number of average annual dry
days (44 days/year for R1, 106 days/year for R2 and 63 days/year for R3). The average
annual number of dry days will reduce in the future period by 55% for R1, 27% for R2, and
52% for R3 (considering all the sites) in comparison to the historical period.
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Figure 5. Average annual dry days and percentage changes between the future period (2022–2039)
and historical data.

4.2. Non-Dimensionless Parameters

The demand fraction (D/Q) values for all the eight locations for both the historical
and future periods for TLD, irrigation and combined uses are shown in Figure 6. For TLD
use, the demand fraction value ranges from 0.99–1.46, with Darwin (1.34 for historical,
1.42 for R1, 1.46 for R2, and 1.18 for R3) having the highest value, while Hobart (1.01 for
historical, 0.99 for R1, 0.99 for R2, and 0.99 for R3) has the lowest ones. For projected future
data (R1, R2, R3), there is a sharp increase in demand fraction values for R1 and R2 models
except for Brisbane, Canberra and Melbourne. Demand fraction values are notably higher
for all the locations except Hobart and Melbourne (0.99). For irrigation use, the demand
fraction values range from 3.77–10.43, which is quite high compared to TLD use. This is
due to high irrigation water demand. Darwin (10.43 for historical, 12.40 for R1, 24.80 for R2,
and 8.62 for R3) has the highest value, while Hobart (3.86 for historical, 0 for R1, 1.24 for
R2, and 0 for R3) has the lowest. A similar pattern can be seen for combined use, Darwin
(6.97 for historical, 4.26 for R1, 8.83 for R2, and 2.84 for R3) has the highest values while
Hobart (3.35 for historical, 0.90 for R1, 0.90 for R2, and 0.92 for R3) has the lowest ones.

Figure 6. Demand fraction values for all the 8 locations for both the historical and future periods
(TLD, irrigation and combined use).

Figure 7 depicts the storage fraction (S/Q) values for all eight selected locations for
both the historical and future periods for TLD, irrigation, and combined use. The storage
fraction (S/Q) for TLD use ranges from 0.15–0.21, 0.08–18 for irrigation use, and 0.06–0.16
for combined use. According to Figure 7, Darwin has the highest storage fraction values
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for TLD (0.20 for historical, 0.21 for R1, 0.21 for R2 and 0.17 for R3) and combined use
(0.11 for historical, 0.15 for R1, 0.16 for R2 and 0.13 for R3), while Hobart (0.13 for historical,
17.86 for R1, 2.32 for R2 and 17.86 for R3) and Melbourne (0.10 for historical, 17.86 for R1,
0.20 for R2 and 5.40 for R3) have the highest values. Palla et al. [27] found that storage
capacity in Italy ranges from 0.01 to 3.98, and our storage fraction values mostly fall within
that range. All three projected climate models R1, R2, and R3 show a significant increase in
storage fraction values for RWH systems for future periods.

Figure 7. Storage fraction for all eight locations for both the historical and future period for TLD,
irrigation and combined uses.

4.3. Reliability

Figure 8 depicts the reliability values for historical and future data, as well as the
percentage changes for TLD, irrigation, and combined use. For TLD use, the historical
reliability values for all eight locations range from 73% (Darwin) to 99% (Sydney). This is
consistent with the findings of Hajani et al. [28] who investigated RWH system performance
in peri-urban areas of Greater Sydney and discovered that a 5 m3 tank had TLD demand
reliability values ranging from 96% to 99%, depending on the location. Bashar et al. [29]
demonstrated that the reliability of a RWH system varies with water demands and tank
sizes across six major cities in Bangladesh, which is consistent with the findings of this
study. Imteaz et al. [30] demonstrated that even with a very large tank, 100% reliability
cannot be achieved for a relatively small roof size (100 m2). We discovered, like Imteaz
et al. [30], that 100% reliability is not possible for a small roof area. However, in our study,
increasing the roof area to 200 m2 allowed us to achieve 100% reliability in some locations.

For future period (TLD use), reliability values vary from 68% (Darwin) to 99% (Can-
berra, Hobart and Melbourne) for R1, 67% (Darwin) to 99% (Canberra, Hobart and Mel-
bourne) for R2 and 83% (Darwin) to 99% (Hobart and Melbourne) for R3. The percentage
change in reliability is expected to reduce by 6% for Darwin, 3% for Perth and 4% for Syd-
ney. However, it is likely to increase by less than 1% for Brisbane, Hobart and Melbourne.
Only Adelaide and Canberra show more than 1% positive change in reliability in the future.
For R2, the reliability is expected to reduce by 2% for Adelaide, 9% for Darwin, 9% for Perth
and 4% for Sydney. Brisbane and Canberra show a minor positive change of 2% and 1%,
respectively, while Hobart and Melbourne show very minimal change i.e., less than 1%. For
R3 however, this change is quite the opposite compared to R1 and R2, and it shows positive
change for all the locations except Sydney (−2%). The more likely reduction in reliability
percentage is due to reduction in future annual rainfall in those regions. Reliability will be
highly impacted by future rainfall variability across Australia.

For irrigation use, reliability is quite low as compared to TLD use; in most cases, this
is due to high irrigation water demand. For historical data, the reliability values vary from
49% (Adelaide) to 78% (Hobart). For the future period, it varies from 81% (Darwin) to 100%
(Hobart) for R1, 55% (Darwin) to 99% (Hobart) for R2 and 83% (Perth) to 100% (Hobart)
for R3. For all three models, there is a positive trend among all the eight locations, which
means percent change in reliability is expected to increase in future ranging from 28%
(Hobart) to 87% (Brisbane) for R1, 1% (Perth) to 73% (Brisbane) for R2 and 28% (Hobart)
to 85% (Brisbane) for R3. Khan et al. [31] examined the RWH system viability in terms of
reliability and water savings for whole of Australia. The findings revealed that reliability is
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significantly high (80–100%) for TLD use, but it drops below 50% for most locations across
Australia for combined use; the findings of this study mostly agree with Khan et al. [31].

Figure 9 depicts the relationship between reliability and roof area for historical and
future rainfall data for three water demand scenarios: TLD, irrigation, and combined use.
The figure clearly shows that reliability is significantly dependent on roof size, and reliability
increases with increasing roof size for all locations except Darwin and Perth. Preeti et al. [24]
investigated the reliability–roof area relationship for a four-person household scenario in
Sydney and discovered that reliability is significantly dependent on roof size; this study
found a similar result. Figure 9 shows that irrigation reliability values will remain very
similar across the selected eight locations in the future for all three climate change scenarios
(R1, R2, and R3).

Figure 8. Cont.
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Figure 8. Reliability values and percent changes between the historical data and future period (TLD,
irrigation and combined use).

Figure 9. Cont.
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Figure 9. Reliability–roof area relationships for both the historical and future periods (TLD, irrigation
and combined use).

4.4. Water Savings

Figure 10 illustrates the average annual water savings and percent changes for TLD,
irrigation, and combined use over the past and future periods. Water savings for outdoor
demand for a 5 m3 tank size are much lower than for indoor demand, because outdoor
demand is approximately 16 times greater than indoor demand. For historical data, the mean
annual water savings range from 25 m3 (Darwin) to 34 m3 (Sydney), with a mean value of
31 m3 for all locations. Water savings for future periods range from 23 m3 (Darwin) to 34
m3 (Hobart) for R1, 23 m3 (Darwin) to 34 m3 (Hobart) for R2, and 28 m3 (Darwin) to 34
m3 (Hobart) for R3. The average annual water savings for irrigation use range from 27 m3

(Darwin) to 65 m3 (Sydney), with the mean value for all locations being 48 m3. Water savings
for Hobart and Melbourne are minimal for all three climate models in the future, while
Adelaide, Perth, and Sydney have the greatest water savings of any location. Water savings
for TLD are expected to fall in the future for all three models, ranging from 2% to 4% for R1,
1% to 9% for R2, and 2% for R3. These findings are very similar to those of Haque et al. [13],
who used the “CSIRO Mk.3” model to assess the effects of climate change on RWH at five
locations in the Greater Sydney region. It was observed that for a 5 m3 tank size, expected
water savings ranged from 1% to 11% for TLD use, 1% to 19% for irrigation use, and 1% to
25% for combined use. It should be noted that the current study and the results of Haque
et al. [13] used different historical data and climate models. Imteaz et al. [14] used a daily
water balance model to investigate the potential for water savings by RWH systems over
two distinct time periods in five different Sydney locations. Water savings were found to be
decreasing in the majority of the considered cases, for both the near (2020–2039) and distant
(2080–2099) future cases, when compared to the current average scenario. Our findings agree
with those of Imteaz et al. [14]. The combined water savings for all eight locations range from
31% to 53% for R1, 21% to 42% for R2, and 27% to 52% for R3.

Figure 10. Cont.
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Figure 10. Average annual water savings and percent changes pattern for both the historical and
future period for TLD, irrigation and combined uses.

Figure 11 shows the water saving–roof area relationships for TLD, irrigation and
combined use for both the historical and future period. For TLD use, Adelaide has the
lowest water savings for a 50 m2 roof size, whereas Sydney has the highest water savings
among all the locations. Except for 50 m2 roof size, the amount of water saved is directly
proportional to roof size, and it increases with the roof size for all the locations except
Darwin and Perth.
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Figure 11. Average annual water saving–roof area relationships for both the historical and future
period for TLD, irrigation and combined uses.

For irrigation use, for the historical period, average water savings considering all the
locations are 17 m3, 31 m3, 40 m3, 48 m3, 53 m3 and 57 m3 for 50 m2, 100 m2, 150 m2, 200 m2,
250 m2 and 300 m2 roof areas, respectively. However, for model R1, it is reduced to 3 m3,
4 m3, 5 m3, 6 m3, 7 m3 and 8 m3 for 50 m2, 100 m2, 150 m2, 200 m2, 250 m2 and 300 m2

roof area, respectively. Similar results are seen for R2 and R3, in which water savings
are expected to decrease for all the locations. Water savings for R1 and R3 are almost
negligible in Hobart and Melbourne, which may be due to the irregular distributions of
rainfall within a year. For combined use, water savings are expected to increase in the
future as compared to irrigation use. This is consistent with the findings of Mehrabadi
et al. [16], who evaluated RWH efficiency for non-potable water demand in three Iranian
climate conditions (mediterranean, humid, and arid). The study included typical residential
buildings with roof areas of 60 m2, 120 m2, 180 m2, and 240 m2 and an average of four
residents in each house. It was found that the RWH system can meet at least 75% of
non-potable water demand for a maximum of 70% of the time in humid climates, 40% of
the time in Mediterranean climates, and 23% of the time in arid climates.
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4.5. Monthly Water Demand

Figure 12 shows the number of days in a month (on average) when 100% water
demand is met for TLD, irrigation and combined use for Darwin and Sydney. We have used
only these two capital cities for monthly analysis as they represent quite different results.
For Darwin, water demand is barely met during July to September, which is mostly winter
season. For TLD use, water demand is satisfied only for 5, 2 and 8 days in each of the three
months for the historical period used, while for the projected period, water demand was
met for less than 10 days for the R1, R2 and R3 cases. This can be due to the fact that there
is not much rain in these months in Darwin. However, for Sydney, the average number of
days in a month when water demand being met is quite high for December i.e., 30 days for
historical and 29 days for projected period. From July to September, number of days vary
from 25 to 29 for future period.

Figure 12. Charts showing number of days when monthly water demand is met for 5 m3 rainwater
tank for TLD, irrigation and combined uses.

For irrigation use, number of days in a month when water demand is satisfied is quite
low for Darwin throughout the winter months from June to September for the historical
period. For the future period, number of days for R1 grows by 1 to 26 days in June, 0 to
27 days in July, 1 to 20 days in August and 3 to 10 days in September. The number of days
for R3 increases from 1 to 8 days in June, 0 to 7 days in July, 1 to 3 days in August and 3 to
1 days in September. For R2, the number of days is increasing but quite low as compared to
R1 and R3. Overall, the number of days when water demand is satisfied show an increase
in future. A similar pattern is observed for combined use.

However, for Sydney, the number of days when water demand is met is quite high
throughout the year for TLD use. However, for irrigation use, water demand is quite low
for July to September months as compared to TLD use. In comparison to the historical
period, the number of days for R1 will increase from 17 to 18 days in July, 15 to 22 days in
August, and 16 to 24 days in September. The number of days for R3 increases from 17 to
20 days in July, 15 to 22 days in August and 16 to 23 days in September in the future. For
R2, the number of days decreases from 17 to 11 days in July and 16 to 15 days in September.
Average number of days in a year when water demand is satisfied are 19 days for the
historical period, 28 days for R1, 22 days for R2 and 27 days for R3. While for combined
use, it is reduced to 18 days for historical period, 25 days for R1, 19 days for R2 and 25 days
for R3. It is clearly evident that during winter months (June-August), water demand is not
met for most of the days in a month, which can be due to low rainfall during these months.
However, water supply is increasing in the future due to more rainfall in these months.
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Figure 13 depicts the percentage change in average monthly rainfall for the future
period compared to the historical period. The majority of positive changes occur in the first
three months for all locations, while the majority of negative changes occur in the last eight
months for all locations except Brisbane, Canberra, and Darwin. Except for Darwin, almost
every location shows a negative trend during the winter months of May–July. This trend
suggests that RWH will be more useful, particularly during the summer months. However,
in order to effectively use the harvested rainwater, the system must be capable of capturing
enough rainfall during the wet season (December–April). Sydney is the only city among
all locations that shows a negative change throughout the year for all three scenarios (R1,
R2, and R3). When compared to other months, December–March results have the most
positive rainfall changes.

Figure 13. Cont.
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Figure 13. Changes in monthly average rainfall at the eight Australian capital cities from 2022–2039
in comparison to the historical rainfall average.

4.6. Water Scarcity

Figure 14 depicts monthly water scarcity for all of the cities selected for TLD, irrigation,
and combined uses for both the historical and future periods. Climate change effects on
the RWH system can be seen in terms of the percentage change in water scarcity for each
location in relation to different climate models (R1, R2 and R3). Water scarcity is used to
evaluate the performance of a RWH system. A higher water scarcity value indicates that
the system is unable to meet the projected water demand; a lower water scarcity value,
on the other hand, indicates that the system is performing well. This study examines the
water scarcity for various cities in relation to projected future rainfall values from the model
output in order to detect potential future changes in the standard RWH system’s water
scarcity. Figure 14 shows that Darwin has the highest water scarcity values during the
second half of the year (June–November) for all four scenarios for TLD usage (historical,
R1, R2 and R3). From December to May, Adelaide and Perth have the most water scarcity.
During the months of June to October, however, Brisbane, Canberra, and Sydney experience
little water scarcity. Hobart and Melbourne are the only cities that will face 1% water scarcity
throughout the year in the future. Overall, water scarcity is decreasing in future for majority
of the locations.

Figure 14. Cont.



Water 2022, 14, 3123 19 of 26

Figure 14. Water scarcity for all eight selected locations for both the historical and future period for
TLD, irrigation and combined uses.
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Water scarcity is quite high for both historical and future periods for irrigation and
combined usage when compared to TLD use. This could be due to increased irrigation
water demand. Most locations are expected to have less water scarcity in the future, with
the exception of Darwin, Perth, and Sydney, which have a slight increase in water scarcity
for R3. This denotes that there will be more rainfall in the future than there is now. This is
consistent with the findings of Lo et al. [15], who examined rainfall patterns in Colombo on
daily, monthly, seasonal, and annual time scales. The analysis of Colombo’s future rainfall
data reveals that several extreme weather events with very heavy rainfall are likely in the
future. These major events, however, may not occur very frequently. The majority of the
GCMs used in this study predict increased rainfall in the future. The non-residential RWH
system will be more affected than the residential RWH system. Similar to Lo et al. [15],
it was discovered that there would be more rainfall in the future. In comparison to the
historical period, Hobart will not face water scarcity in the future. From June to October,
Brisbane, Darwin, and Sydney face severe water shortages. During November–May,
however, Adelaide and Perth face the worst water scarcity.

Tables 2–4 show the results for dry, wet, and average years (based on annual total
rainfall), reliability, and water savings of the RWH system for TLD and irrigation use for
both historical and future periods. This study was conducted for a 5 m3 rainwater tank
for indoor and outdoor use. According to Table 2, for the driest years, reliability ranged
from 59% to 99%, and water savings ranged from 21 to 34 m3. While reliability for the
future period ranges from 61% to 100% for R1, 55% to 100% for R2, and 78% to 100% for R3.
Similarly, water savings for R1 range from 21 to 34 m3, for R2 from 19 to 34 m3, and for R3
from 27 to 34 m3. Brisbane has the lowest reliability (59%) of the eight selected locations,
while Sydney has the highest reliability (99%). In the case of irrigation, reliability ranges
from 39% to 78%, with water savings ranging from 21 to 52 m3. Reliability for the future
period ranges from 76% to 100% for R1, 46% to 100% for R2, and 81% to 100% for R3.

For an average year, as shown in Table 3, reliability ranges from 69 to 95%, and water
savings range from 24 to 33 m3. Reliability for the future period ranges from 80 to 100% for
R1, 56 to 100% for R2, and 75 to 100% for R3. Canberra has the highest reliability (95%),
while Perth has the lowest (69%). In the case of irrigation, reliability ranges from 30% to
69%, with water savings ranging from 15 to 92 m3. Reliability for the future period ranges
from 82% to 100% for R1, 48% to 100% for R2, and 88% to 100% for R3.

For a wet year, Darwin has the lowest reliability (81%) for the historical period, while
Canberra, Melbourne, and Sydney have the highest (100%) reliability. For the future period,
Perth (84%), Perth (76%), and Darwin (74%), respectively, have the lowest reliability for R1,
R2, and R3, whereas Sydney has the highest reliability of 100% for R1, R2, and R3. In the
case of irrigation, reliability ranges from 54% to 91%, with water savings ranging from 23
to 79 m3. Reliability for the future period ranges from 86% to 100% for R1, 60% to 100% for
R2, and 89% to 100% for R3.
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Table 2. Summary of dry year rainfall, reliability and water savings for all the eight cities for both the historical and future period (TLD and irrigation use).

TLD

City
Historical R1 R2 R3

Dry
Year

Rain
(mm)

RL
(%)

WS
(m3)

Dry
Year

Rain
(mm)

RL
(%)

WS
(m3)

Dry
Year

Rain
(mm)

RL
(%)

WS
(m3)

Dry
Year

Rain
(mm)

RL
(%)

WS
(m3)

Adelaide 2006 270 90 31 2028 430 89 31 2038 238 67 23 2030 378 79 27
Brisbane 2019 230 59 21 2039 1173 96 33 2022 953 90 31 2028 872 99 34
Canberra 1957 295 94 32 2022 943 99 34 2022 932 100 34 2022 653 99 34
Darwin 1985 934 67 23 2032 582 61 21 2022 429 55 19 2030 1314 78 27
Hobart 2006 347 100 34 2027 494 99 34 2038 599 100 34 2037 438 100 34

Melbourne 1997 308 85 29 2038 541 100 34 2032 380 98 33 2038 544 100 34
Perth 2006 480 98 33 2037 373 75 26 2037 306 69 24 2022 485 91 31

Sydney 1957 620 99 34 2029 557 90 31 2029 457 85 29 2022 639 93 32

Irrigation

City
Historical R1 R2 R3

Dry
Year

Rain
(mm)

RL
(%)

WS
(m3)

Dry
Year

Rain
(mm)

RL
(%)

WS
(m3)

Dry
Year

Rain
(mm)

RL
(%)

WS
(m3)

Dry
Year

Rain
(mm)

RL
(%)

WS
(m3)

Adelaide 2006 270 35 36 2028 430 96 13 2038 238 60 18 2030 378 87 5
Brisbane 2019 230 30 21 2039 1173 98 7 2022 953 75 21 2028 872 86 16
Canberra 1957 295 32 40 2022 943 100 0 2022 932 100 5 2022 653 100 0
Darwin 1985 934 42 42 2032 582 81 15 2022 429 46 6 2030 1314 85 8
Hobart 2006 347 69 32 2027 494 100 0 2038 599 100 0 2037 438 100 0

Melbourne 1997 308 38 42 2038 541 100 3 2032 380 85 22 2038 544 98 8
Perth 2006 480 46 40 2037 373 76 17 2037 306 52 16 2022 485 81 14

Sydney 1957 620 47 52 2029 557 90 7 2029 457 61 32 2022 639 88 6
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Table 3. Summary of average year rainfall, reliability and water savings for all the eight cities for both the historical and future period (TLD and irrigation use).

TLD

City
Historical R1 R2 R3

Avg.
Year

Rain
(mm)

RL
(%)

WS
(m3)

Avg.
Year

Rain
(mm)

RL
(%)

WS
(m3)

Avg.
Year

Rain
(mm)

RL
(%)

WS
(m3)

Avg.
Year

Rain
(mm)

RL
(%)

WS
(m3)

Adelaide 1987 510 93 32 2023 587 97 33 2037 438 94 32 2031 575 98 33
Brisbane 1966 753 94 32 2023 1597 100 34 2035 1472 100 34 2029 1618 100 34
Canberra 1988 648 95 33 2027 1171 100 34 2034 1260 100 34 2038 1027 79 27
Darwin 1947 1574 81 28 2027 1477 80 28 2028 1063 56 19 2025 2497 75 26
Hobart 1983 598 90 31 2039 596 98 33 2028 743 100 34 2035 612 97 33

Melbourne 2004 592 95 33 2025 665 99 34 2029 573 98 34 2033 692 92 31
Perth 1962 761 69 24 2034 524 82 28 2024 453 89 31 2024 650 90 31

Sydney 1985 1176 90 31 2031 809 100 34 2028 675 99 34 2031 935 100 34

Irrigation

City
Historical R1 R2 R3

Avg.
Year

Rain
(mm)

RL
(%)

WS
(m3)

Avg.
Year

Rain
(mm)

RL
(%)

WS
(m3)

Avg.
Year

Rain
(mm)

RL
(%)

WS
(m3)

Avg.
Year

Rain
(mm)

RL
(%)

WS
(m3)

Adelaide 1987 510 39 64 2023 587 92 5 2037 438 70 33 2031 575 88 14
Brisbane 1966 753 41 65 2023 1597 100 5 2035 1472 87 20 2029 1618 89 13
Canberra 1988 648 60 58 2027 1171 100 0 2034 1260 97 11 2038 1027 91 10
Darwin 1947 1574 51 48 2027 1477 82 9 2028 1063 48 9 2025 2497 86 11
Hobart 1983 598 60 57 2039 596 100 0 2028 743 100 3 2035 612 100 0

Melbourne 2004 592 78 33 2025 665 98 1 2029 573 95 31 2033 692 99 0
Perth 1962 761 57 15 2034 524 84 14 2024 453 69 22 2024 650 90 22

Sydney 1985 1176 54 92 2031 809 92 14 2028 675 65 44 2031 935 93 12
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Table 4. Summary of wet year rainfall, reliability and water savings for all the eight cities for both the historical and future period (TLD and irrigation use).

TLD

City
Historical R1 R2 R3

Wet
Year

Rain
(mm)

RL
(%)

WS
(m3)

Wet
Year

Rain
(mm)

RL
(%)

WS
(m3)

Wet
Year

Rain
(mm)

RL
(%)

WS
(m3)

Wet
Year

Rain
(mm)

RL
(%)

WS
(m3)

Adelaide 1992 832 87 30 2036 838 94 32 2024 617 90 31 2024 813 100 34
Brisbane 1950 1241 96 33 2034 2108 100 34 2036 2041 99 34 2036 2183 90 31
Canberra 1950 1066 100 34 2037 1568 100 34 2024 1583 100 34 2026 1516 99 34
Darwin 1974 2244 81 28 2034 2756 90 31 2034 1989 83 29 2023 3550 74 26
Hobart 1946 1004 93 32 2036 737 99 34 2031 933 100 34 2030 808 100 34

Melbourne 1992 871 87 30 2036 1071 99 34 2036 799 98 33 2037 837 100 34
Perth 1955 1165 90 31 2036 738 84 29 2036 583 76 26 2029 881 99 34

Sydney 1950 1944 100 34 2037 1123 100 34 2030 974 100 34 2037 1343 100 34

Irrigation

City
Historical R1 R2 R3

Wet
Year

Rain
(mm)

RL
(%)

WS
(m3)

Wet
Year

Rain
(mm)

RL
(%)

WS
(m3)

Wet
Year

Rain
(mm)

RL
(%)

WS
(m3)

Wet
Year

Rain
(mm)

RL
(%)

WS
(m3)

Adelaide 1992 832 54 79 2036 838 97 20 2024 617 76 25 2024 813 92 18
Brisbane 1950 1241 64 53 2034 2108 100 0 2036 2041 88 21 2036 2183 89 8
Canberra 1950 1066 66 73 2037 1568 100 0 2024 1583 100 0 2026 1516 99 0
Darwin 1974 2244 59 29 2034 2756 98 9 2034 1989 69 12 2023 3550 93 5
Hobart 1946 1004 91 23 2036 737 100 0 2031 933 100 0 2030 808 100 0

Melbourne 1992 871 54 79 2036 1071 99 0 2036 799 91 24 2037 837 100 0
Perth 1955 1165 65 23 2036 738 86 14 2036 583 60 22 2029 881 87 20

Sydney 1950 1944 83 69 2037 1123 94 7 2030 974 69 34 2037 1343 94 7
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5. Conclusions

The performance of a RWH system under changing climate conditions is investigated
in this paper for Australia’s eight capital cities. Historical rainfall data from 1945 to 2019
are used, as well as projected rainfall data for three climate change scenarios (R1, R2, and
R3) from 2022 to 2039. Three water demand cases are considered, TLD, irrigation and
TLD plus irrigation (combined). According to the three climatic models, Perth and Sydney
will experience the highest average annual rainfall reduction ranging from 14.5% to 42.5%,
whereas Brisbane and Canberra will experience an increase in average annual rainfall
(58.3% to 114.9%). Brisbane, Melbourne, Canberra and Hobart show the highest increase
in the average annual number of rainy days in future period (2022–2039) as compared to
the historical values. The reliability of a RWH system (for TLD water use) shows little
change between historical and future periods for all the eight locations and for all the three
climatic change scenarios. For TLD use, water savings are expected to decrease in the
future (2022–2039) for all three models ranging from 2% to 4% for R1, 1% to 9% for R2 and
2% for R3. For different water uses, RWH performance varies quite differently across the
eight selected locations for both the historical and projected future rainfall data. It should
be noted that the performances of a RWH system for the future period as found in this
study are expected to vary if different climate change scenarios are realised. It should be
noted that there are errors in the projected daily rainfall data. To assess the impacts of these
errors, three different future rainfalls (R1, R2 and R3) are adopted to estimate water savings,
reliability and other outputs for the given RWH system. To carry out a detail uncertainty
analysis, advanced technique such as Monte Carlo simulation or other methods can be
adopted. The results of this study can be used to select an appropriate tank size to cater
for the future climate at different capital cities of Australia, and hence it could be a useful
water management guide to water authorities across Australia.
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