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Abstract: This study investigates the effectiveness of a pseudo sub-daily timestep model, which uses
6-hourly variable demands and daily rainfall values split into four equal 6-hourly portions. To assess
the achievements through such sub-daily model, simulations were conducted using 6-hourly YBS
(yield before storage), 6-hourly YAS (yield after storage), daily YBS and daily YAS models using
rainfall data from a station near Melbourne (Australia) city under different input conditions. Results
from the developed models were compared with the results of an earlier developed hourly timestep
model, which considered hourly rainfall data and hourly variable rainwater demands. From the
results, it is found that the results of YAS models are more accurate compared to the results of YBS
models. Considering only potential water savings, daily YAS model results are very similar to the
6-hourly YAS model results.
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1. Introduction

Rainwater harvesting systems have been in use for many centuries in different parts
of the world where decent rainfall amounts are common and other suitable water sources
are scarce [1-6]. With the development of urban areas having centralised the water supply
system, at one stage, the primitive rainwater harvesting systems became less important,
except in remote areas where other sources of water are either scarce, not easily accessible
or expensive. However, in recent years, rainwater harvesting has again gained attention as
the urban water authorities are struggling to cope with the ever-increasing water demands
due to urban population increases. In addition, the effects of climate change and increases
in rainfall variability, which affect surface water sources, exerted further pressure on the
urban water supply. However, a complete dependence on harvested rainwater is not
likely, mainly due to the quality issue. Moreover, in most cases, the quantity would not
be enough to meet the total household demands. Water supply authorities are promoting
the installation of household rainwater tanks to alleviate the total potable water demand,
which comes with robust water treatments and costs. In the contemporary world, as the
sustainability focus receives priority, domestic rainwater tanks are becoming an integral
part of new city design. In a non-urban setup where space is usually abundant, optimisation
of rainwater tank size is not crucial. However, in a typical urban setup, the space is limited,
and expensive optimisation of rainwater tank size is important, which has resulted in many
relevant studies.

As the salient features of rainwater harvesting analysis are the water savings potential
and the optimum size of the tank, most of the authors focused on exploring either the
optimum size or water savings potential through certain tank size(s) [1-9]. As in some
periods of the year the installed rainwater tank may not be able to satisfy the intended
demand, some researchers studied the reliability of the rainwater tank in augmenting water
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supply [10-12]. As rainwater tank installation and maintenance costs are significant in
many regions, some researchers studied the economic feasibility of rainwater tanks in
specific regions considering rainwater availability and the price of potential water savings
in specific regions [1,10,13-16].

Rainwater tanks not only save the potable water, they also save energy; through
the savings of potable water, the energy used to produce and deliver that potable water
is saved indirectly. With the ever-increasing demands of energy, such indirect energy
savings help the energy suppliers, and, consequently, there have been several studies on
this subject [17-20]. Some studies even considered optimized energy consumption and
scheduling for different home appliances [21,22]. However, most of the end-users do not try
to comprehend such energy savings. Moreover, in many regions, the currently low cost of
water coupled with high cost of rainwater tank installation makes it economically unfeasible.
Imteaz et al. [23] presented a detailed study showing the relationship between the increase
in water price and reductions in the payback period of rainwater tank installation costs.
They have shown that the payback period reduces exponentially with the increase of
water price. Nonetheless, it is to be noted that rainwater tanks render great intangible
benefits towards global sustainability. To overcome users’ unwillingness to implement
rainwater tanks, some authorities offer different incentives to end-users, which resulted
in several studies on appropriate incentives [15,24,25]. To the above-mentioned negative
factors, a further dilemma has recently been added, namely, the unknown consequences
of impending climate change, which will likely result in significant changes in rainfall
intensity and distribution. Several researchers focused on evaluating rainwater savings
potential and reliability under future climate change scenarios [26-29].

All the above-mentioned studies require a reliable tool to be used for estimating
rainwater tank outcomes. It is to be noted that among the prevailing analysis methods for
rainwater harvesting, a continuous water balance model is most widely acceptable due to
its accuracy and easy to use [30]. However, the timestep of such modelling simulations
is a crucial factor; like other mathematical modelling tasks, longer timestep simulations
do not produce accurate results. Nowadays, with the availability of proper scientific
instrumentations, in order to achieve accurate results, most of the studies on rainwater
harvesting use daily timestep models; although, in some cases, researchers were compelled
to use monthly timestep models due to the unavailability of daily rainfall data [2,7]. Imteaz
and Boulomytis [30] discussed the shortcomings of such monthly timestep analyses. Daily
timestep models are also not free from potential inaccuracies due to two major factors:
(i) a constant water demand is considered for the whole day; whereas water demands
significantly vary throughout the day; and (ii) a bulk amount is deducted as demand from
the stored water either at the end of the day or at the beginning of the day, both of which
are likely to cause inaccuracies. The analysis which considers deduction of demand after
adding the runoff is called “yield after storage’ (YAS) and the analysis which considers
deduction of demand before adding the runoff is called ‘yield before storage’ (YBS). Several
studies reported that the YAS algorithm underestimates water savings; whereas the YBS
algorithm overestimates potential water savings [3,31], which can be only ascertained
through using a sub-daily /hourly timestep model. Zhang et al. [3], comparing the results
of daily and hourly timestep models, reported that in regard to water saving efficiency, a
daily model using YAS provides underestimations up to 9.3%; whereas a daily model using
YBS provides overestimations up to 4.9%. However, for most of the regions, hourly rainfall
data is not available, which prevents use of the hourly timestep model. To overcome this
issue, this study proposes to use a pseudo sub-daily timestep model and compares the
pseudo sub-daily timestep model results with hourly timestep model results to explore
the reliability of using such a sub-daily timestep model. Finally, the achieved accuracies
are compared with the accuracies of daily timestep models using both the mentioned
algorithms (YAS and YBS). Accuracies were assessed both in regard to potential water
savings and reliability. The research question here is whether a pseudo sub-daily model is
superior to a daily timestep model and, if yes, with which algorithm?
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2. Methodology and Data

The operating algorithm of a daily water balance model has been used and described
in several studies such as [9,32]. Earlier, the daily water balance algorithm used in
Imteaz et al. [9] was modified to incorporate hourly rainfall data and hourly variable
rainwater demands. The details of the development of hourly timestep model are described
in Imteaz and Boulomytis [30]. In brief, the operational sequence of the calculations is as fol-
lows: the main input data is rainfall (i.e., daily, 6-hourly or hourly), and from the incoming
rainfall amount, a certain percentage is deducted, which comprises all the associated losses
(evaporation, spillage and/or leak). The runoff from the roof is calculated by multiplying
roof area with the rainfall excess (after deduction). This incoming runoff volume is added
with the accumulated runoffs in the tank (with specific volume) from earlier time periods.
From the stored water in the tank, the user-specified demand is deducted in each timestep.
In the YAS method, this deduction is performed after adding the runoff from the current
timestep; whereas, in the YBS method, this deduction is performed before adding the
runoff from the current timestep. If, at any timestep, the accumulated rainwater becomes
more than the specified tank size (i.e., tank is full), the subsequent runoff amounts will no
longer be added with the accumulated stored water, and will instead be considered lost
(i.e., overflow) from the system. On the other hand, if the stored water in the tank becomes
zero, no more deductions will occur from these zero amounts (i.e., stored water will not be
calculated as negative), and in such case the specified rainwater demand is expected to be
fulfilled from normal town water supply. The model eventually calculates the total of such
water needed in a year for the selected scenario. In the hourly timestep model, in addition
to providing hourly rainfall data, hourly variable demands are also provided. A typical
hourly distribution of demands (as % of total daily demand) is shown in Figure 1 as per
Beal [33].
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Figure 1. Diurnal distribution of typical household water demand.

For the stakeholders who do not have hourly rainfall data, this study proposes the
use of a pseudo sub-daily model and data. For the sub-daily model, a 6-hour timestep is
considered and the demands distribution presented by Beal [33] is converted to 6-hour
blocks: midnight to 6 am, 6 am to 12 noon, 12 noon to 6 pm and 6 pm to midnight. Table 1
shows the six-hourly distributions of daily total demand as percentage. Daily rainfall can
be spread in numerous different ways; with the current knowledge, it is not possible to
split daily rainfall data to similar sub-daily blocks. As such, for the current study, the
daily rainfall data was split into four equal blocks (i.e., 6-hourly). Such an assumption
will at least alleviate the errors incurred due to daily deductions or additions of a bulk
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amount either at the beginning of the day (YBS algorithm) or at the end of the day (YAS
algorithm). Sub-daily models were also developed using both the algorithms, i.e., 6-hourly
YAS (demand deducted after the addition of rainfall) and 6-hourly YBS (demand deducted
before the addition of rainfall).

Table 1. Distribution of daily total demand in 6-hourly blocks.

Period % of Total Demand
Midnight—6 a.m. 5

6 a.m.—12 noon 42

12 noon—6 p.m. 29

6 p.m.—midnight 24

Midnight—6 a.m. 5

Hourly rainfall data for several recent years from 2004 to 2020 were collected from
the Australian Bureau of Meteorology (http:/ /www.bom.gov.au/climate/data/) (accessed
on 1 January 2023) for a location near northwest of Melbourne, Australia. Daily rainfall
data is freely downloadable from the mentioned website; however, hourly data can be
collected from the same organisation through special request. The selected rain gauge
station is located at Essendon Airport, about 10 km northwest of Melbourne CBD. To
explore the variations in results due to different weather conditions from the collected
rainfall data, three years were identified as dry, average and wet years. In most of the
studies [9,10,23,24,26,28,30] where weather variations are investigated, the three distinct
conditions (dry, average and wet) were considered. In very rare cases (i.e., [34]) more
than three weather conditions (dry, mild dry, average, mild wet and wet) were considered.
Consideration of five weather variabilities is justified when there are many years of data
(in the mentioned study there was 100 years of data). However, in the current study, as
there was only 17 years of data, three weather conditions were considered. In Australia,
the dry, average and wet years are defined as the years having close to 10 percentile, 50
percentile and 90 percentile annual rainfall amount, respectively. For the selected station,
based on historical annual rainfall data, the 10 percentile, 50 percentile and 90 percentile
rainfall amounts are 422.7 mm, 603.8 mm and 758.8 mm, respectively. The selected years
and the corresponding annual rainfall amounts are presented in the Table 2. For use in the
daily timestep model, hourly rainfall data for the selected years were converted to daily
rainfall data by simply adding the amounts in each 24 h.

Table 2. Selected years and corresponding annual rainfall amounts.

Weather Year Annual Rainfall (mm)
Dry 2019 406.0
Average 2017 551.6
Wet 2011 731.0

Overall characteristics of the rainfall station, as well as historical rainfall information,
are provided in Table 3. Figure 2 shows the annual (Figure 2a), monthly (Figure 2b) and
daily (Figure 2c) rainfall data series for the selected years.

Table 3. Station and historical rainfall information.

Parameter Value

Station latitude and longitude 37.73° Sand 144.91° N
Station elevation 78 m

Historical mean annual rainfall 587 mm

Highest annual rainfall 817.9 mm

Lowest annual rainfall 350.4 mm
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Figure 2. (a) Annual rainfall timeseries for the study period. (b) Monthly rainfall timeseries for the

study period. (c) Daily rainfall timeseries for the study period.
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All the developed models (hourly, daily YAS, daily YBS, 6-hourly YAS and 6-hourly
YBS) were separately simulated with the corresponding rainfall data for the selected years,
along with other rainwater tank related data such as roof area, tank volume, rainwater
demand and percentage loss from the rainfall. To explore a best model, several comparisons
are presented in two stages. In the first stage, daily YAS and daily YBS models’ results were
compared with the corresponding hourly timestep model. For these comparisons, three
different tank volumes (2000 L, 5000 L and 10,000 L) and two different rainwater demands
(300 and 400 L/day) were considered. In the second stage, the 6-hourly models” (YAS and
YBS) results were compared with hourly timestep model results, obviously considering the
hourly timestep model as the most accurate. A constant roof area of 200 m? was considered
for all the simulations. As per Imteaz et al. [9], a runoff loss of 10% was considered for all
the simulations. Reliability is defined as the ratio of number of timesteps when harvested
rainwater was able to fulfil the intended demand to the total number of timesteps (i.e., 365
or 366 for a daily timestep model) in a year.

3. Results

Simulated results from the hourly timestep model and daily timestep models (YAS and
YBS) are compared in regard to annual water savings and reliability of fulfilling demand.
It is to be mentioned that annual water savings and reliability are the salient features of
rainwater tank outcomes. Comparisons are shown for different simulations comprising
different combinations of tank sizes and total rainwater demands under three weather
conditions (dry, average and wet).

3.1. Comparison with Daily (YAS and YBS) Models

To explore the accuracy of YAS/YBS models, as mentioned earlier, the daily timestep
models were simulated with the mentioned set of input parameters (roof area, tank size,
rainwater demand) under three different weather conditions. With similar input data, an
hourly timestep model was also simulated, except that, for the hourly timestep model,
daily demand was split into hourly demands (as per Figure 1) spread over 24 h and,
instead of daily rainfall data, hourly rainfall data for the same station and same year were
used. Figure 3 shows the simulated results of annual water savings with the three models
(YAS-daily, YBS-daily and hourly) for rainwater demands of 300 L/day (Figure 3a) and
400 L/day (Figure 3b). As the potential annual water savings amounts are quite large, the
differences among the three look apparently insignificant.

For better visualisation of the differences, Figure 4a,b shows the percent deviation of
each model (YAS/YBS) results compared to the hourly timestep model results. Considering
the hourly timestep model results as standard, the daily timestep models’ results are
compared with the hourly timestep model results. From the figures it is clear that daily
YBS model always overestimates the annual water savings.

Overestimations through YBS model were also reported by Lade et al. [31]) and
Zhang et al. [3]. However, underestimations through the YAS model, as were reported
by Lade et al. [31] and Zhang et al. [3], are not always the case as per the current study;
it depends on the other factors, especially tank size and weather condition. As per the
current study, YAS’s overestimations are mainly for bigger tank sizes. However, for those
overestimations, discrepancies are insignificant (less than 1%). In general, for a smaller
tank size, which is more prone to overflow, the differences are significant. From the figures,
it is found that with the YBS model, the daily timestep model produced discrepancies are
<1% for a 10-kL tank, <2% for a 5-kL tank and <5% for a 2-kL tank; whereas, with the YAS
model, the same discrepancies are <0.5% for both the 10-kL and 5-kL tanks and <2% for a
2-kL tank. As such, it can be concluded that for such water balance modelling, the YAS
modelling algorithm is more accurate than the YBS modelling algorithm. The following
section presents more analysis on the differences between a 6-hourly timescale model, a
daily YAS model and an hourly timestep model. It is to be noted that for an hourly timestep
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model, it is understood that the effect withdrawal after/before storage will be insignificant.
In this study, for the hourly timestep model, the YAS concept was used.
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Figure 3. Potential annual water savings with daily YAS, daily YBS and hourly models for:
(a) demand = 300 L/day and (b) demand = 400 L/day.
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Figure 4. Expected deviations in annual water savings calculations with daily YAS and daily YBS
models compared to hourly model results for: (a) demand = 300 L/day and (b) demand = 400 L/day.

3.2. Comparisons with 6-Hourly (YAS and YBS) Timestep Models

Six-hourly timestep models were simulated with the same set of input parameters
(roof area, tank size, rainwater demand) and rainfall data under three different weather
conditions. Results from the models’ simulations were compared with the hourly timestep
model results, which is the same as mentioned in the preceding section. Figure 5 shows the
simulated results of annual water savings with the three models (6-hourly YAS, 6-hourly
YBS and hourly) for rainwater demands of 300 L/day (Figure 5a) and 400 L/day (Figure 5b).
Similar to that which mentioned in the preceding section, as the potential annual water sav-
ings amounts are quite large, the differences among the three look apparently insignificant.
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Figure 5. Potential annual water savings with 6-hourly YAS, 6-hourly YBS and hourly models for:
(a) demand = 300 L/day and (b) demand = 400 L/day.

For better visualisation of the differences, Figure 6a,b shows the percent deviation of
each model (YAS/YBS) results compared to the hourly timestep model results. Considering
the hourly timestep model results as standard, the 6-hourly timestep models’ results are
compared with the hourly timestep model results. From the figures, it is clear that both
the 6-hourly YBS and 6-hourly YAS models always overestimate the annual water savings,
except in one scenario (in an average year with higher demand and a tank of 5000 L) where
both the models underestimate annual water savings. However, for both models, the
overestimations are insignificant, especially for larger tank sizes.
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Figure 6. Expected deviations in annual water savings calculations with 6-hourly YAS and
6-hourly YBS models compared to hourly model results for: (a) demand = 300 L/day and
(b) demand = 400 L/day.

From the figures, it is found that for both models, under a low demand scenario
(300 L/day), the 6-hourly model produced discrepancies are always <1% for tank sizes of
5 kL and 10 kL. For a smaller tank (2 kL), the 6-hourly YAS model-produced discrepancies
are <1% in average and wet years, and <2% in dry year; whereas the 6-hourly YBS model
produced discrepancies are <2% in average and wet years, and <3% in dry year. For a
higher demand (400 L/day) scenario with a 2-kL tank, the 6-hourly YAS model produced
discrepancies are ~1%, <2% and <3% in average, wet and dry years, respectively. On the
contrary, for the same scenario, the 6-hourly YBS model produced discrepancies are <2%,
~3% and <4% in average, wet and dry years, respectively. As such, it can be concluded
that for such water balance modelling, the YAS modelling algorithm is more accurate
than the YBS modelling algorithm. It is to be noted that Zhang et al. [3] also reported
that YAS modelling results provide more accurate results compared to YBS modelling.
Another observation which is clear from the presented figures is that the YAS model always
underestimates the annual water savings, which is justified via the fact that rainwater
supply starts after overflow (i.e., when tank is full), which provides a relatively larger
volume of overflow and a smaller volume of savings compared with the YBS concept.
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3.3. Comparisons for Reliability Values

Models were simulated to calculate the reliabilities under the same scenarios men-
tioned above with varying tank sizes, demands and weather conditions. Table 4 shows
the calculated reliabilities for all the scenarios using daily YAS, 6-hourly YAS, 6-hourly
YBS and hourly models. The daily YBS model was discarded in this stage as, regarding
potential water savings, the daily YBS model was found to be less accurate than the daily
YAS model, which is elaborated in the preceding sections. From the calculated values, it
is clear that reliability values are very close through the 6-hourly YAS and 6-hourly YBS
models. However, the reliability values are slightly lower than the corresponding reliability
values calculated through the hourly model. The maximum underestimation from all the
studied scenarios is 3.6%. However, reliability values calculated through the daily YAS
model are much lower compared to the hourly model. The maximum underestimation
from all the studied scenarios is 10% and, in most cases, underestimations are more than
5%. As such, it can be concluded that regarding reliability, the daily YAS model is not
quite accurate.

Table 4. Calculated reliability values under different scenarios with different models.

Tank Daily YAS Model 6-Hourly YAS Model 6-Hourly YBS Model Hourly Model
Size CV(:’;jiti}tlifn Daily Demand (L/day) Daily Demand (L/day) Daily Demand (L/day) Daily Demand (L/day)
(L) 300 400 300 400 300 400 300 400

2 Dry 45.2 315 50.1 37.8 50.5 38.6 50.8 39.4
2 Avg 48.5 35.3 54.2 41.0 54.5 414 56.0 43.8
2 Wet 57.3 422 63.2 49.6 63.8 50.3 64.3 52.2
5 Dry 60.3 43.0 62.9 47.3 63.0 47.3 63.3 48.8
5 Avg 60.0 449 64.3 48.8 64.5 49.0 65.6 52.6
5 Wet 71.8 57.8 75.2 62.7 754 63.1 75.7 65.0
10 Dry 65.2 44.7 66.7 48.6 66.7 48.6 67.3 50.5
10 Avg 65.2 49.6 69.3 53.6 69.4 53.7 70.1 56.1
10 Wet 80.3 66.9 82.7 69.8 82.7 69.9 83.0 714

4. Conclusions

It is obvious that calculations with shorter timestep models will produce more accurate
results. However, due to the lack of shorter timestep rainfall data, most of the studies on
rainwater harvesting systems used either daily or monthly timestep. Recently, with the
availability of hourly rainfall data in a few locations, some researchers used the hourly
timestep model. However, for the vast majority of the areas/countries, the hourly data is
not available. On the other hand, using the daily timestep model is not likely to render
accurate results due to the fact that in the daily model, a single amount is considered as
the daily rainwater demand, which is deducted either at the end or beginning of the day;
whereas water demand significantly varies during a day and consideration of such diurnal
variation is not possible without adopting a sub-daily timestep model. As such, in order
to enhance the accuracy of the models’ estimations using daily rainfall data, this study
proposed a pseudo sub-daily model, which uses the daily rainfall data but uses sub-daily
variable demands. Following a water balance modelling technique, the pseudo sub-daily
model was developed for a timestep of 6-h. From a local study, an hourly variation of
demand was converted to a 6-hourly variation, which was used in the developed model
along with daily rainfall data split into four equal amounts. As two prevailing concepts
exist with respect to the operating algorithm, both the YAS and YBS concepts were used
for the development of the 6-hourly model. For the verification of the 6-hourly models,
the results were compared with earlier developed hourly model results. Moreover, to
discuss the improvements detected in the sub-daily model, the results were compared
with daily timestep models’ (YAS and YBS) results. Hourly rainfall data for several recent
years from a rainfall station near Melbourne city was collected from the Australian Bureau
of Meteorology. To assess the potential differences of results due to varying weather
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conditions, three years were selected as dry, average and wet years. Hourly rainfall values
were summed up to facilitate conversion to 6-hourly and daily rainfall values. The models
were simulated with corresponding rainfall data for varying rainwater demands and tank
sizes for the three selected years. For each comparison, the results from the hourly timestep
model were considered the most accurate. From the comparisons, it is clear that in regard
to annual water savings, deviations of daily YBS model results are much higher than
the deviations of daily YAS model results if compared to hourly timestep model results.
Moreover, a similar tendency is observed for 6-hourly timestep models, i.e., YAS model
results are closer to hourly timestep model results. It is to be noted that in regard to annual
water savings, results obtained through a 6-hourly YAS model are similar to the results
through a daily YAS model. However, in regard to calculations of reliability, results of the
daily YAS model are far inferior compared to the results of the 6-hourly YAS model. As such,
it can be concluded that if an hourly timestep model is not possible due to non-availability
of hourly rainfall data, the developed pseudo 6-hourly timestep model should be used
instead of a daily timestep model to achieve higher accuracies in rainwater harvesting
analysis. To use this 6-hourly model, the daily demand value can easily be converted to the
6-hourly demand value using water usage patterns from local water supply authorities.
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