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 

Abstract— Considering fecal contaminations of drinking 

water sources resulted from the storm runoff in the view of 

global access to safe drinking water, Fecal contamination varies 

with time while its monitoring is often rare.It is from this 

acumen,Rainwater harvesting systems (RWH) has become a 

prevalent water saving and conservation means across the 

world. In many cities, a pre-determined rainwater tank size is 

mostly selected without a detail water balance modelling at the 

location. Nevertheless, to attain a maximum use from a RWH 

system at a given location, it is required to design the scheme 

based on the site-specific environments (e.g., local rainfall and 

loss characteristics) and further pertinent design constraints. 

There have been limited studies on regionalization of RWH 

system, which can account for the spatial variability in rainfall, 

loss and water demand characteristics over a given region to 

provide site-specific design of RWH system storage capacities. 

This paper presents RWH approach to advance a set of design 

curves, which supports in the assortment of an adequate RWH 

system at a given location. Rwandan rainfall data from its 

agency Meteorological Agency across the western and northern 

regions are used to develop and test the proposed approach. It 

has been found that there is a significant variation in rainfall 

characteristics across the regions and that a common tank size 

across these regions does not present a satisfactoryresult. It has 

been found that a 5-kL tank can achieve a consistency (i.e., 

percentage of days the RWH can encounter the given demand) 

of 31% - 93% for four people reliant on the location in the 

region and the types of water used. The developed regional 

design curves could result in an increased water savings; 

Theanticipated approach can be adapted to other cities across 

Rwanda and the world which contemporaryhas a high rainfall 

slope. 

Index Terms— Design curves, rainwater tank, water savings, 

Reliability, Quality of harvested rainwater.  

 

I. INTRODUCTION 

Global access to safe drinking water is tracked by the Joint 

Monitoring Program for Water Supply and Sanitation (JMP) 

of the WHO and UNICEF as the proportion of the population 

using an improved drinking water source.It is notably that 
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Water demand across most of the cities around the globe is on 

rise due to urban expansion and climate variability and 

changes wherean improved source is one that, by nature of its 

construction, adequately protects the source from outside 

contamination, particularly fecal matterTable.1[1].This 

indicator is a proxy for safety and does not account for actual 

contamination; This is a notable shortcoming as safe drinking 

water is defined by the WHO as water which does not 

represent any significant risk to health over a lifetime of 

consumption[2], and fecal contamination is considered to be 

the main threat to public health[3].A systematic review found 

that 38% of water quality studies of improved sources in 

low-income regions report at least a  of water samples 

contain fecal contamination[4].When accounting for fecal 

contamination, estimates suggest that more than 1.8 billion 

people consume drinking water from a contaminated 

source[5-7].As such, monitoring of fecal contamination is 

considered by the JMP to be one of the next steps in 

improving global monitoring of access to safe drinking 

water[3].Fecal contamination of drinking water is monitored 

using fecal indicator bacteria (FIB)[2].Escherichia coli (E. 

coli) is currently recognized by the WHO and the JMP as the 

best FIB for monitoring fecal contamination of drinking 

water and thermotolerant coliforms (TTC) are suggested as 

an acceptable alternative[2, 3]. The WHO guideline value for 

E. coli in drinking water is none detectable in any 100-ml 

sample[2]. In the United States, the Safe Drinking Water Act 

requires drinking water systems to be analyzed for total 

coliforms between once a month for the smallest systems and 

480 times per month for the largest. All positive samples 

must then be tested for the presence of E. coli or TTC[8]. Due 

to limited resources, especially affecting developing 

countries, this level of sampling is not always achievable. 

Instead, FIB monitoring is often conducted using one-off or 

infrequent sampling, with up to a few sampleseach 

year[3].Unrepresentative sampling timing could impair the 

accuracy of fecal contamination estimates in these areas, as it 

is possible for FIB to be present only during occasional 

contamination events since microbial contamination varies 

with time and FIB generally do not survive longer than 28 to 

84 days[9].Of particular concern is sampling during only one 

season. Season can refer to either astronomical divisions of 

the year (winter, spring, summer, autumn) or to divisions 

based on climatic periods (e.g., wet season(s), dry season). 

Seasonal variation of fecal contamination is an issue because 
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although water quality is thought to usually be worse during 

the wet season [3],drinking water surveys, like household 

surveys Wright et al.[10],are often conducted in the dry 

season for logistical reasons such as accessibility of areas 

with unpaved roads. An understanding of seasonal trends in 

fecal contamination could help shape guidelines for sampling 

plans to decrease the chance of inaccurate and misleading 

fecal contamination data and enhance interpretation of 

available data. A known effect size in any trends (i.e., by how 

much does the contamination vary) could be used to assess 

the representative nature of past data if the sampling periods 

of those data are also known. While studies have shown that 

water quality parameters in surface waters Ouyang et 

al.[11],as well as some unimproved drinking water sources in 

developing countries,Wright.[12]follow seasonal patterns, it 

is from that fact Rainwater harvesting (RWH) system is 

considered to be one of the popular water supply management 

initiatives under sustainable urban water management to save 

potable water. Implementation of RWH is being promoted in 

many cities to address the increasing water 

demand[13-15].RWH can offer multiple benefits including 

expansion of mains supply for potable (e.g. drinking and 

cooking) and non-potable uses (e.g. toilet flushing, laundry 

and gardening), drought contingency dealings and urban 

flood management by detaining the peak flow[16-22]. 

 

 

Table 1 Classification of drinking water source types according to JMP 

Improved drinking water sources 

 

 

 

 Piped water into dwelling, yard or plot  

 Public tap or standpipe  

 Tube well or borehole  

 Protected dug well  

 Protected spring 

 Rainwater collection 

Unimproved drinking 

 water sources 

 

 Unprotected dug well  

 Unprotected spring 

 Cart with small tank or drum  

 Tanker truck 

 Surface water (river, dam, lake pond, stream, canal, 

irrigation channel) 

 Bottled water*(Bottled water* is considered as 

unimproved if the household does not use 

drinking-water from an improved source for cooking 

and personal hygiene). 

 

Overview of Rwanda 

It is Situated in East Africa, just south of the equator and 

bordered by Uganda, Tanzania, the Democratic Republic of 

Congo (DRC) and Burundi, Rwanda is the most densely 

populated nation on the African mainland with a population 

exceeding 12 million inhabitants and an area of 26,340 km2. 

Rwanda is known as “Pays des mille collines” (the country of 

a thousand hills) and its mountainous topography creates a 

wide diversity of climatological and ecological environments 

from the lush cloud forests of the mountainous west to 

semi-arid savannahs in the eastern lowlands.On seasonal 

timescales rainfall in tropical East Africa (within about 100 of 

the equator) istypicallybimodal inmost regional environments 

from humid uplands to arid lowlands. However, the timing of 

the bimodality depends on latitude and the annual evolution 

of the Intertropical Convergence Zone[23, 24]. Locations 

close to the equator tend to have two rainy seasons in 

March–May (the “long rains”) and September–December 

(the “short rains”), while locations further from the equator 

have climates closer to unimodal rainfall pattern. Locations a 

little north of the equator tend to have a longer dry period 

during the boreal winter and receive comparatively little rain 

from December to February while having a shorter and/or less 

dry period during the boreal summer (June–August). 

Locations a little south of the equator (including Rwanda) 

tend to have a longer dry period during the austral winter with 

comparatively little rain from June to August while having a 

shorter and/or less dry period during the austral summer 

(December–February)[23].For Rwanda specifically, one 

study of historical station rain gauge data (up to the early 

1990s) found that a little over 40% of the annual rainfall 

occurred in the March–May season between 30 and 40% 

occurred in the September–December season, and about 

15–20% occurred in January and February with June–August 

typically having only about 5% of the annual rain Muhire et 

al.[25].Another study found that the pluviometric coefficient 

(ratio of monthly rainfall to annual rainfall) is more spatially 

heterogeneous across the country in February and October 

than in other months potentially suggesting a role of 

additional sources of moisture (e.g., advection from the 

Congo and/or Atlantic). At other times of year the 

pluviometriccoefficient is morehomogenous. There has been 

regional hydro-climatic variability on multi-decadal 

timescales[25-28].On shorter inter-annual timescales, the El 

Nino–Southern Oscillation (ENSO) and the Indian Ocean 

Dipole (IOD) play a significant role in the rainfall patterns of 

Rwanda in particular and East Africa more generally[25, 26, 

29-31]. 

II. CURRENT STUDIES 

Australian Bureau of Statistics [32]reported that around 38 
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GL of water was saved in 2013 across the New South Wales 

(NSW) state in Australia by RWH system. Coombes[22, 

33]found that the installation and use of 5 kL rainwater tanks 

has the potential to defer augmentation of water headworks in 

the Greater Sydney region beyond 2054. The Building 

Sustainability Index (BASIX) requirements in NSW cover 

water and energy usage and thermal comfort performance to 

all new residential dwellings and additions costing AU$ 

50,000 or more[34].According to BASIX, a RWH system 

must be installed in all the new dwellings to save at least 40% 

water. To assess water savings in Sydney by a RWH system, 

Rahman et al. [35]showed that a 5 kL RWH system could 

save between 54 and 69.5 kL of water per annum at a 

reliability ranging from 38 to 69% when rainwater is used for 

toilet, laundry and irrigation in a detached house. 

Furthermore, Hajani and Rahman[36]showed that a 1 kL 

RWH system providing water to toilet and laundry with a roof 

catchment area of 200 m2 had a reliability of 73% in Sydney 

which increased to 98% reliability and a potable water 

savings of 33 kL per annum for a 5kL tank. Ghisi[37]found 

that around 48-100% potable water demand could be met 

through implementing a RWH system depending on 

geographic location in Brazil. Around 0.27%-19.7% potable 

water savings in residential sector in Jordan by using RWH 

system was reported by Abdulla and AlShareef [38].In 

Germany,Hermann and Schmida [39]estimated the potential 

reduction in water demand by 30-60% when using 4-6 m3 

tank for toilet flushing. The results obtained by Rahman et al. 

[35]in Sydney supports the findings of Coombes and Kuczera 

[40],who conducted an annual water savings performance 

analysis in Western Sydney region considering RWH systems 

providing water to toilet, laundry, hot water and outdoor uses. 

They calculated that rainwater tanks of 1 kL-10 kL for a range 

of 1-5occupants connected to roofs with areas of 100 m2, 150 

m2 and 200 m2 resulted in a mean annual mains water savings 

of 25 kL-56 kL (16%-11%), 32 kL-87 kL (20% - 17%) and 37 

kL-114 kL (23%-22%), respectively. Case studies in 

Newcastle, Australia by Coombes et al. [41, 42]evaluated 

RWH systems for their potential water savings. They 

collected surface run-off data from 27 residential sites in four 

separate underground rainwater tanks with sizes ranging from 

9 kL to 15 kL. By using water for hot water system and toilet 

flushing, they estimated an internal water saving of 

approximately 45%. Similarly, Coombes et al. [42]analyzed 

the performance of a RWH system with a roof catchment area 

of 115 m2 and found that over a period of one year (November 

2000 to November 2001), a total of 27,800 L of rainwater was 

used from the tank, resulting in a 52% reduction in mains 

water use. The requirement for different tank sizes across a 

city was also identified by Khastagir and Jayasuriya [43], who 

calculated the required rainwater tank sizes for achieving a 

90% reliability in water supply in Melbourne, Australia. They 

used RWH systems to supply water for toilets and gardens 

based on different roof catchment sizes ranging from 100 to 

200 m2 and concluded that there is a considerable difference 

in required tank size (1.1-2.5 kL for a 200 m2 catchment) due 

to the spatial variability of rainfall across the Greater 

Melbourne region. These results were supported by Imteaz et 

al. [44]who compared the reliability of a RWH system in 

Melbourne and found that due to high variability in rainfall 

for both the dry and average years, the calculated reliabilities 

were very similar for Central Melbourne, with 60% demand 

being met and for South-East Melbourne, with 80% demand 

being met. Similarly, Ghisi et al. [45]tested the potential 

water savings in the residential sector of south-eastern Brazil 

with the use of a RWH system. Using data from 195 cities 

across the region and water demands of 90-300 L/d, they 

concluded that the potential for potable water savings varied 

from 12 to 79%. They also noted that cities with higher 

potable water demand needed rainwater tanks with a lower 

volume due to the lower dependence on non-potable water. 

The volume of rainfall does not necessarily reduce the 

potable water savings in that case. Ghisi and Souza 

[46]calculated the potential for potable water savings using a 

RWH system across thirteen cities in the world with different 

climates. Using roof catchment areas of 100, 200 and 400 m2 

and water demands of 50, 100, 150 and 200 L/p/d, they 

concluded that cities with higher annual rainfall but with 

distinct wet and dry periods do not achieve the same potable 

water saving as those with consistent rainfall and therefore 

they need larger tanks to account for a higher variability in 

rainfall. This conclusion is similar to Coombes and 

Kozarovski[33]who analyzed the performance of rainwater 

tanks across different climate zones in NSW and stated that 

significant potable water savings is possible even in low 

rainfall areas and that these savings increase with water 

demand. However, Coombes and Kozarovski [33]suggested 

that an increased water demand rather than an increased tank 

size has the potential to enhance potable water savings. 

Although there have been many researches on water savings 

aspects of RWH systems at individual locationsthere is a lack 

on regionalization studies to seek optimization of tank size to 

reflect the effects of local conditions, e.g., rainfall, loss and 

demand characteristics over a large region. To overcome this 

research gap, an approach is proposed here, which selects a 

large number of locations in a region to generalize the RWH 

system design. Regionalization data for eastern Australia has 

been adopted in this researchand considered as the samples to 

other areas of hydrology such as in flood data analysis 

(e.g.,Haddad and Rahman, [47];Zaman et al.,[48], rainfall 

analysis HaddadJohnson et al., [49]and rainfall runoff 

modelling e.g. Caballero and Rahman, [50]. The adopted 

regionalization data in this study enables characterization of 

regional behavior of rainfall water savings and reliability of a 

RWH system over a large region, andthe proposed approach 

delivers easy for use of design curves to determine adequate 

rainwater tank size at any random location within the study 

region based on reliability, desired water savings and local 

rainfall of western regions of Rwanda. 

Methodology and data 

We have implemented a behavioral model 

(yield-before-spillage (YBS) type) to simulate long term 

performance of a RWH system (1 kL-20 kL tank size) across 

the western region of Rwanda. According to the studies 

ofHajani and Rahman [36],we have attempted to generalize 

the performance of a RWH system across the western region 

by using rainfall data from 10 different rainfall stations. This 

failed to capture effectively the spatial variability in the 
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rainfall and performance of RWH system across the region, 

which is characterized by a high degree of spatial rainfall 

variability. To overcome this limitation, we used daily 

rainfall data fromdifferent locations across the region. 

Furthermore, we express the research findings via a 

simplified color-coded graph, which efficiently depicts the 

general relationship among mean annual rainfall (MAR), 

reliability, water savings and tank size for a given type of 

water use across the region.Our adopted definition of 

reliability (eq (1)) is similar to that of Basinger et al. [51]and 

is the ratio of days where the RWH system can supply the 

intended demand without mains top-up (Ndm) against the total 

number of days simulated in the modeling exercise (Nsim). 

The water savings is the total amount of harvested water used 

in a year on average (the yearly average is calculated as the 

sum of water savings over all the simulated years divided by 

the number of simulated years (Nsim). 

                                           (1) 

The model accounts for a number of variables including 

tank size, daily rainfall, losses (accounts for factors such as 

gutter overflow and depression losses), daily water demand, 

mains top-up and tank spillage. The model uses water balance 

equations to calculate the reliabilities and water savings as 

defined below: 

                             (2) 

            (3) 

Where Dt is the daily water demand in m3 for each day; St-1 

is the final storage in the tank (m3) for the previous day; Rt is 

the release from the rainwater tank for each day (m3) and It is 

the inflows into the rainwater tank from the roof catchment 

each day (m3). The spill from the rainwater tank (SPt) is also 

necessary to calculate the current day storage in the rainwater 

tank based on equations (4) and (5) 

 

 (4) 

                    (5) 

where SMAX is the design storage capacity of the tank (m3). 

The final storage for each day (St) is calculated using 

equations (6) and (7), 

                                                     (6) 

                                     (7) 

There are few limitations with the adopted model as it uses 

a daily time step. Coombes et al. [52]indicated that for RHW 

system modelling the preferred method is continuous 

simulation at a sub-daily time step such as PURRS developed 

by Coombes[53]. Hardy et al. [54]supported this and 

suggested that a continuous simulation at a sub-daily time 

step would give more accurate results of volume sensitive 

systems. Furthermore, Coombes and Barry [55]established 

that a daily time step using average water demands 

underestimated the mains water savings compared to sub 

daily time step and climate dependents water demand. 

However, there is only limited water demand data at 

sub-daily time steps, and hence it is not feasible to adopt 

sub-daily time step in many applications. The second 

limitation of the adopted model is its simplistic nature of 

indoor and outdoor water demand calculation. The model 

uses an indoor blanket water demand and disregards several 

influential factors including household income, temperature, 

rainfall depth and frequency. These factors have been 

reported to be important in water demand modelling by 

Coombes and Barry [56]andCoombes et al. [57]. The impacts 

of these factors on water savings and reliability have not been 

incorporated in this study, which will be undertaken in a 

future study. Our model uses an irrigation demand of a 

maximum of 10 mm per m2 of lawn area per day. In the 

adopted model, if the daily rainfall exceeded 10 mm, 

irrigation demand was kept zero on that day, and after a heavy 

rainfall event (daily rainfall exceeding 50 mm), irrigation 

demand was kept zero for a number of subsequent days (one 

day for each 25 mm of rainfall). However, it is assumed that 

use of daily time step would not undermine the accuracy of 

the results as far as practical application is concerned. The 

outputs from the model were imported into R-Studio where 

the design curves were created comparing the reliabilities and 

water savings of different locations in western region of 

Rwanda for different tank sizes.We use daily rainfall data 

from rainlocations across the western region.The daily 

rainfall data for these locations have been obtained from the 

Rwandan Meteorological Agency. For this study, the mean 

annual rainfall (MAR) across the selected locations ranged 

from 600 to 1400 mm with an average of 959 mm. This 

shows a high degree of spatial variability in MAR across the 

region.There are several combinations of water use adopted 

for the calculation of the daily demand, including toilet and 

laundry use, irrigation, and a combination of the former two. 

The performance of different sized rainwater tanks was 

examined to enable selection of an optimum rainwater tank 

size for a given application. Variations in input data were 

considered to provide a greater range of performances for the 

RWH system such as different site areas, and numbers of 

users/house occupants. The numbers of occupants used for 

the assessment vary from 4 to 6 people. Total site areas of 350 

m2, 450 m2 and 550 m2 with catchment (roof), lawn and 

impervious areas for each size are considered, as can be seen 

in Table 2. The adopted roof areas are similar to the areas 

used by BMT WBM Pty Ltd and Aither Pty Ltd [32]who used 

roof areas of 180 m2, 228 m2 and 276 m2 for their analysis of 

RWH systems in Western Sydney. The water demand values 

for the different uses depend on several factors; For this study, 

the adopted demand data are slightly different than those of 

Hajani and Rahman [36]. Toilet and laundry use took into 

account the volume of water used in each toilet flush and 

washing cycle as well as the amount of usage each day. For 

this study the volume of the toilet was set at a 3-star water 

efficiency and labelling standards (WELS) rating of 6 L per 

flush. It was assumed that each person uses a toilet 6 times in 

a day, an equivalent water use of 36 L/p/d, which is 5 L/p/d 

smaller than the adopted value of 41 L/p/d. It is also assumed 

that a washing machine with a volume of 80 L per wash is 

used at a frequency of once per day.In the modelling, the 

runoff loss is modelled by a run-off coefficient (to account for 

losses for the factors such as gutter overflow and a loss due to 

first flush). A run-off coefficient is set at 0.85, which is within 

the range found by van der Sterren et al. [58],and within the 

typical estimates of 0.8 and 0.95 for roof catchments[39, 43, 



https://doi.org/10.31871/IJNTR.7.6.12                              International Journal of New Technology and Research (IJNTR) 

                                                                                  ISSN: 2454-4116, Volume-7, Issue-6, June 2021 Pages 51-60 

 

                                                                                      55                                                                                 www.ijntr.org 

 

59-61].The first flush volume is based on Hajani and Rahman 

[36],which is set at 50 L. However, this is consistent only for 

a roof area of 250 m2 that requires 20 L of the first flush per 

100 m2 of roof area. 

Table.2 Different site areas used in modelling RWH system 

Total Site Area (m2) Roof Area (m2) Lawn Area (m2) Impervious Area (m2) 

350 

450 

550 

150 

200 

250 

150 

200 

250 

50 

50 

50 

III. RESULTS 

The reliability and water savings were calculated with the 

total period of rainfall data available for each of the 

selectedsites across western region of Rwanda using areas of 

250 m2, 250 m2 and 50 m2 for roof, lawn and impervious parts, 

respectively. The reliability and water savings for different 

rainwater tank sizes and water usage can be seen in Figs. 1-3, 

with each scale colored with the corresponding MAR. As an 

example, for Fig. 1(a), one needs to find the MAR at the 

desired location, and select the color corresponding to the 

MAR value from the vertical axis (on the right side of the 

graph) and then for a given tank size (from the horizontal 

axis), the reliability can be found from the vertical axis (left 

side). Fig. 1(a) displays the reliability for toilet and laundry 

usage for different rainwater tank sizes for different rainfall 

locations, whilst also comparing with the MAR. From this 

figure it is seen that for a 5-kL tank, the reliabilities vary with 

the MAR from 49% to 93% with an average of 80%. Fig. 1(a) 

also shows that the reliability increases with the MAR, 

though there are some larger reliability values for lower MAR 

for the larger rainwater tank sizes, which is likely due to 

greater spatial variability in rainfall across the region. For 

example, an area with more uniformly distributed daily 

rainfall is likely to provide higher reliability compared with 

an area having less uniformly distributed rainfall even though 

both the areas have the same MAR values. Fig. 1(b) displays 

the water savings per year for the reliability found in Fig. 1(a) 

and it can be seen that for a 5-kL rainwater tank, the annual 

water savings range from 35 kL/yr, to 66 kL/yr, depending on 

the reliability. It is seen that the higher reliability correlates 

well with increased water savings as expected. The water 

savings corresponding to the average reliability of a 5-kL 

rainwater tank is 57 kL/yr.The reliability and water savings 

for irrigation use across the region is seen in Fig. 2(a) and 

(b).The reliability for irrigation use is lower than that of the 

toilet and laundry use, and also results in a greater range of 

reliabilities. It is seen in Fig. 2(a) that the reliability for a 5 kL 

rainwater tank ranges from 35% to 77% with an average of 

58% for irrigation use. The water savings for irrigation use 

across the region is seen in Fig. 2(b). For a 5-kL rainwater 

tank, the annual water savings range from 27 kL to 73 kL (52 

kL for the average reliability). Fig. 3(a) and (b) displays the 

water savings for a RWH system for combined use i.e., toilet, 

laundry and irrigation. The reliability varies greatly across the 

region as seen in Fig. 3(a). A 5-kL rainwater tank can meet 

the combined demand with a reliability varying from 31% to 

70%, with an average of 52%. It is seen in this figure that the 

reliability does not exceed 90% for any tank size at any 

location across the region, which means that there is no 

enough rainwater to meet demand at 100% of the days unless 

special demand management is made, such as the 

self-imposed water restrictions as explained byvan der 

Sterren et al. [58]. The reliability for combined use is lower 

than that of the other two uses, though the potential for water 

savings increases with the combined use as shown in Fig. 3(b). 

The water savings for a 5 kL rainwater tank ranges from 45 

kL to 95 kL (73 kL for the average reliability). As can be seen 

in Figs. 1-3, there is a large variation in reliabilities and water 

savings for the different locations in the region. This suggests 

that a single rainwater tank size is not appropriate for the 

region. The correlation between the reliability and MAR was 

examined for a 5-kL rainwater tank. The results show that the 

reliability is moderately correlated with the MAR, as 

represented by equations 8-10.

 

                                                             (8) 

                                                                (9) 

                                                               (10) 
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Fig. 1 (a) Reliability 

for a RWH system for different MAR across western region for toilet and laundry use (black curve represents average reliability 

across all the locations) (b) Water savings for a RWH system for different reliabilities for toilet and laundry use. 

Fig. 2 (a) Reliability for a RWH system for different MAR across the region for irrigation use (black curve represents 

average reliability across all the locations), (b) Water Savings for a RWH system for different reliabilities for irrigation use. 

 

Where RTL, RI and RC are the reliabilities (%) for toilet and 

laundry use, irrigation use and combined use, respectively 

and MAR is the mean annual rainfall (mm). Fig. 4 presents 

the regression relationship between reliability and MAR (for 

a 5-kL tank) as represented by equations (7)-(9), which shows 

that reliability of a RWH system generally increases with the 

MAR. All the tank sizes considered in this study except for 1 

kL tank (for all the roof and lawn configurations) has the 

ability to deduct 40% of potable water demand. It is noted that 

for 1 kL tank size, can be metonly by selecting a native garden 

for a 600 m2 share size, with 250 m2 roof and 250 m2 garden 

areas. 

 
Fig. 3. (a) Reliability for a RWH system for different MAR across the region for combined use (toilet, laundry and irrigation) 

(black curve represents average reliability across all the locations), (b) Water Savings for a RWH system for different 

reliabilities for combined use (toilet, laundry and irrigation). 
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Figure 4: Plots showing correlation between reliability and MAR 

IV. DISCUSSION 

The developed design curves, presented in Figs. 1-4 for 

three different types of water usages, can be used easily to 

select an optimum rainwater tank size at any arbitrary 

location within the westernregion of Rwanda by following 

the below steps: 

 Select the desired use of rainwater and the 

corresponding design curve. For toilet and laundry 

use select Fig. 1for irrigation useselect Fig. 2and for 

toilet, laundry and irrigation use select Fig. 3 

 Select a candidate tank size in the range of 1 kL-20 

kL. 

 Based on the MAR color indicator and candidate tank 

size, read the reliability of the candidate tank size 

from Fig. 1(a) orFig.2a or Fig.3a by drawing a 

horizontal line through the MAR color indicator. 

 For the obtained reliability and tank size, estimate the 

mean annual water savings in kL/year. 

 Select the smallest tank size among all the candidate 

tank sizes that achieves the desired reliability and 

water savings. It should be noted that water savings 

should be the main target than the reliability where 

mains water supply is available however, for 

pre-urban areas, where mains water is unavailable, 

reliability should be the main target to ensure 

continuity of water supply. 

The results presented in Figs. 1-3generally agrees with 

Rahman et al. [35]who found a slightly greater reliability 

value using a smaller roof area for combined use. The water 

savings from a 5-kL tank from this study are compared with 

three similar studies in Table 3.It can be seen that the water 

savings for a 5-kL tank found here for combined use (45-95 

kL) lie within the results reported by Coombes and Kuczera 

[40](37-114 kL). The water savings in this study for 

combined use (average 73 kL) are larger (by about 20%) than 

those reported by Hajani and Rahman [36](average 61 kL). 

For a 5-kL tank and combined use, Rahman et al. [35]found 

an average water savings of 59 kL, which is 73 kL in this 

study (about 24% higher). These results show some 

differences in water savings by different studies. Since water 

savings and reliability of a rainwater tank depend largely on 

MAR at the site of interest, the differences noted in Table 

3are expected as MAR varies widely from site to site and the 

reported studies adopted different sets of sites to calculate 

water savings and reliability. However, the above three 

studies (Hajani and Rahman, [36]; Rahman et al., [35]; 

Coombes and Kuczera,[40]focused on rainwater harvesting 

in Sydney by selecting only a handful of rainfall stations e.g. 

10 stations by Rahman et al., [35]. Since the Greater Sydney 

region has an area of about 12,000 km2 and ischaracterized by 

a high rainfall gradient. 
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Table 3Comparison of water savings (in kL) in Sydney region for a 5-kL tank [minimum-maximum (average)] 

Water use This 

study 

Rahman et al. 

(2012) 

Hajani and Rahman 

2014a 

Coombes and 

Kuczera (2003) 

Toilet and laundry 35-66(57

) 

33-35(34) 33-34(33) - 

Irrigation 27-73(52

) 

43-57(48) 46-54(51) - 

Combined (i.e., toilet 

+ laundry + irrigation) 

45-95(73

) 

54-69(59) 56-62(61) 37-114(-) 

 

our study selected many locations to adequately capture the 

spatial variability of rainfall across the western region of 

Rwanda. Furthermore, our study presents the research 

findings via simplified color-coded design curves, which 

efficiently depicts the general relationship among MAR, 

reliability, water savings and tank size for three different 

water usages covering the entire region. In this study, it is 

found that a single rainwater tank size such as 3 kL cannot 

achieve optimum water savings in areas of low MAR in the 

region in many pre-urban sites of country, reliability is quite 

important as there is no mains water supply and hence a larger 

tank size is desirable to ensure the continuity of water supply. 

For municipal where mains water is available, water savings 

aspect is more important than the reliability to minimize 

pressure on water supply system. To achieve a greater water 

savings across the country, the existing water policy permits 

revision is needed where custom design of a RWH system 

should be targetedwhere given household should be 

mandated based on the local rainfall and water demand 

characteristics. This will allow relaxation of water 

restrictions frequently imposed by water supply authority in 

Rwanda. The results of this study would be useful for RWH 

system implementation in the whole country if used. 

V. CONCLUSION 

This study investigated the performance of rainwater 

harvesting (RWH) systems for different locations across 

western region in Rwanda with the aim of developing design 

curves to find adequate tank size based on reliability, water 

savings and local rainfall. Using the daily rainfall data at the 

selected locations, it has been found that there is a great 

variation in mean annual rainfall across the selected locations 

and that no common tank size can be selected for the region. 

It has been found that there is a moderate correlation between 

the tank reliability and mean annual rainfall. The findings of 

this study would provide guidance in selecting an adequate 

tank size given the mean annual rainfall and water demand at 

any arbitrary location within the region. Furthermore, the 

developed methodology can be adapted to other geographic 

locations to find an adequate rainwater tank size. 
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