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ABSTRACT
The diurnal water use patterns are of interest to hydraulic modellers, as these patterns are required

for the design of water distribution systems. An extensive body of literature is available with regard

to daily, weekly and seasonal diurnal water use patterns of typical suburban houses. However, the

characteristics of South African low-cost houses, the socio-economic status of the consumers and

the level of water service to such houses differs from typical western suburban houses reported on

elsewhere. Notable differences include the limited access to heated water and negligible garden

irrigation at the low-cost houses. Knowledge of water use in low-cost houses, which are prevalent in

South Africa, is limited. To reduce this lack of knowledge, approximately 2.5 million flow records

were collected over a period of 3 years from a sample of 14 low-cost houses as part of this empirical

case study. Subsequently, a diurnal water use pattern was constructed for the selected low-cost

houses at 15-minute and 1-hour resolution. The diurnal pattern is useful for hydraulic modellers

when data that represent extended period time simulation of water networks in low-cost housing

developments is required.
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INTRODUCTION
Government subsidised low-cost housing developments,

with access to water services, are common in developing

countries as a means to address the housing needs of the

poor in an effort to meet the 2015 Millennium Development

Goals (United Nations ) and later the Sustainable

Development Goals (United Nations Development

Programme ). Designers of the related water services

for new developments rely on accurate water distribution

system model results, which may be negatively affected by

inappropriate guidelines for estimating water use. In the

case of South African low-cost houses, the published water

use guidelines pre-date the specific housing type under con-

sideration, and thus may not be applicable to this unique

housing type. Diurnal water use patterns are required by

hydraulic modellers to conduct extended period time
simulations of water distribution systems. However, water

consumption data for low-cost houses are especially hard

to obtain, even more so at a resolution of an hour or less.
VARIATION IN WATER DEMAND AND RELATED
DEMAND PATTERNS

The average annual daily demand (AADD) is widely used

for problems relating to research and design of water ser-

vices in South Africa; a comprehensive description of the

AADD is provided by Strijdom et al. () and was adopted

in this article without change. Many factors affect the diur-

nal variation of household water use. The time of the day

when a consumer demands water drives the diurnal water
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use pattern, which is attenuated by an increased number of

consumers as water use events are super-imposed.

Monthly water use variation is often reported to illustrate

seasonal fluctuation (Jacobs & Haarhoff ; Du Plessis

et al. ; Makwiza et al. ). However, Ghavidelfar

et al. () reported on the summer and winter seasons

exclusively, to explain seasonality. In a similar manner, the

summer and winter seasons were segregated in this study

as representing the high and low water use periods, respect-

ively. Also, workdays have a distinct water use pattern and

differ from non-working days. On non-working days (Satur-

days and Sundays in South Africa), water use patterns are

spread more evenly throughout the day, since people

spend more time at home during the day. For this reason,

weekdays and weekend days were also separately classified.
PEAKING FACTORS

Peak flow at any hydraulic model node could be obtained by

multiplying the peak factor with the long-term average flow,

typically the AADD. Peak factors are useful in developing

countries where data availability may limit water network

modelling to steady-state analyses. In steady-state models,

the hourly peak node outputs are typically used as a represen-

tation of the system peak load case (Ghorbanian et al. ;

Strijdom et al. ). Johnson () noted that the 15-

minute peak would approximate the actual instantaneous

peak flow in a pipe network. Peak factors are discussed in

more detail by Diao et al. (), Zhang et al. (), Barrufet

() and Tessendorff (). However, in an extended

period simulation, the node outputs are modelled more accu-

rately over a stipulated period of (say) 1 week with an array

containing the hours and flow rates (node outputs) over the

entire modelling period. Of course, the peak hour factor (as

ratio of the daily average flow rate) would be the maximum

of the 24 values in the hourly based diurnal water use pattern.
STUDY OBJECTIVE

A temporal measurement resolution of 15 minutes was

required for this study to construct a diurnal pattern that

would capture the peak flow rate and enable compilation
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of an hourly based diurnal pattern. The main objective of

this study was to derive diurnal water use patterns for a

sample of low-cost houses, based on measurements at a tem-

poral resolution of 15 minutes. As part of this research,

weekday and weekend diurnal water use patterns, as well

as diurnal summer and winter water use patterns, were sep-

arately investigated.
LOW-COST HOUSING IN SOUTH AFRICA

A low-cost house (LCH), as it pertains to this study, needs to

be placed in context. Figure 1 shows photographs of typical

South African low-cost houses – the design, layout, house

size and the plot size are relatively homogeneous. The floor

area of an LCH is approximately 40–50 m2, with relatively

standard house designs of 8 m × 8 m and 8 m × 6 m being

common. The total plot area varies between 128 m2 and

240 m2 (Shackleton et al. ; Fransolet ). Plots are

almost always rectangular, with typical sizes of 20 m × 12 m,

16 m × 10 m or even as small as 16 m × 8 m being common.

Gardens are generally absent or poorly maintained, although

edible backyard garden crops are cultivated on a small scale

at some houses, also using rainwater in cases where rainwater

tanks were provided as part of the housing development

(Dobrowksy et al. ; Fransolet ).

Low-cost houses typically have access to basic services

such as potable water in-house, sewer (one toilet connected

to a gravity sewer per house), electricity and roads (Goebel

; Govender et al. ). However, an LCH would have

no access to piped hot water, unless installed subsequently

by the homeowner. In some developments, such as the study

area, hot water is made available via a solar geyser (Greyling

). Many consumers in low-cost houses would qualify as

indigents based on the relatively low household income. An

indigent water allocation of 6 kL per month per household,

unique to South African disadvantaged communities, thus

applies. This concept of ‘free basic water’ was initiated by

the South African Government in 2001 (Smith ). The

rising block tariff structure for indigents would include a

block of 0–6 kL at no charge – the first 6 kL would be free

regardless of whether more water was consumed.

Various terms have been used over the years to

describe low-cost housing in South Africa. The term



Figure 1 | Typical low-cost houses in South Africa.
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RDP-housing was coined in the period following the first

democratic election in 1994 when low-cost houses

were first constructed. The newly elected government’s

‘reconstruction and development programme’, commonly

called RDP, resulted in low-cost houses in the related

housing developments being called ‘RDP houses’

(Cameron ).

Lodge () estimated that between 1994 and 2001,

about 1.1 million LCH units were built in South Africa,

suggesting that households living in an LCH made up

almost 15% of the total number of households in South

Africa in 2001. According to the South African Govern-

ment (Department of Human Settlements ), a total

of 2,975,197 low-cost houses were completed between

1994 and 30 December 2017, implying a sustained con-

struction rate of slightly more than 10,000 units per

month. The relatively high and sustained rate of
://iwa.silverchair.com/washdev/article-pdf/9/3/513/635578/washdev0090513.pdf
construction highlights the need for unique hydraulic

model input parameters, in order to properly plan and

design the relevant water infrastructure for low-cost

housing developments.
MOTIVATION

Various studies presenting water use patterns, conducted

internationally and within South Africa, are summarised in

Table 1. None of the studies included houses that could be

characterised as low-cost houses, as described in this

study. Also, the South African studies are outdated and

some publications even pre-date construction of the first

LCH. The prevalence of low-cost houses in South Africa

and commitment to a sustained construction rate of LCH

developments, linked to the absence of available hydraulic
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model input parameters for water network modelling in

LCH areas, points to a substantial gap in the available

knowledge base.
Table 1 | Selection of studies reporting diurnal patterns for residential houses

Study location Study direction Reference

Australia Impact of diurnal water use
patterns on water supply
network design

Lucas et al. ()

New Zealand Monitoring summer and
winter end-uses and
studying improved
efficiency of such

Heinrich ()

Australia Combined water use pattern
from water mains and
rainwater harvesting in 20
households

Umapathi et al.
()

North
America

Study of end-use patterns for
1,188 houses, across 12
study sites

Mayer & DeOreo
()

North
America

Updated study based on the
previous study by Mayer &
DeOreo ()

DeOreo et al.
()

Australia Comparing actual measured
end-use results with survey-
based estimates

Roberts ()

Australia Quantifying the influence of
residential water use – with
different star-rated products
– on average diurnal water
use patterns

Carragher et al.
()

Nepal Developing water
consumption patterns from
measurements of rooftop
water tanks

Guragai et al.
()

South Africa Investigation into seasonal
variation and water
demand patterns in South
African cities

Garlipp ()

Gauteng,
South Africa

Investigation into water usage
in households within four
different income brackets

Stephenson &
Turner ()

Pretoria,
South Africa

Investigation into water usage
in high-, medium- and low-
income households

Van Vuuren &
Van Beek ()

South Africa Influence of elasticity of
water, pressure, income and
stand area on water usage

Van Zyl et al.
()

South Africa Estimation of the effect of
stand area and stand value
on water use patterns

Husselmann &
Van Zyl ()
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METHODOLOGY

A quantitative research study was undertaken to obtain

water use data from low-cost houses in an LCH develop-

ment. An empirical data analysis of the recorded water use

was performed to produce diurnal water use patterns for

low-cost housing, based on 20 sample houses. Water use

was recorded at intervals of 15 minutes over a period of

40 months, allowing typical standard hourly diurnal pat-

terns to be constructed.
COLLECTION AND PROCESSING OF DATA

Case study site

The LCH area of Kleinmond in the Western Cape Province,

South Africa was identified as meeting the requirements for

this study. A total of 20 houses were identified for installa-

tion of data recording equipment. The actual addresses of

houses in the study sample were masked by hypothetical

numbers. The plot sizes and the household sizes were deter-

mined by means of GIS-mapping, followed by site visits and

a corresponding consumer survey. The average house floor

area in the sample was 48 m2, with an average household

size of 3.9 people per household (PPH). The highest perma-

nent occupation in the study group was seven PPH in a

48 m2 house, which leaves 7 m2
floor area per person on

average.

Data loggers were installed at the 20 pre-identified

houses and the flow rate was measured during the period

of 28 September 2012 to 16 February 2016. The latest

data reported in this article were downloaded on 16 Febru-

ary 2016. It was envisaged that more data would be

recorded during 2017, but the battery voltage of most

devices had dropped below acceptable levels and the

record was terminated in February 2016. The data were trans-

mitted to, and retrieved from, a GSM-based online remote

monitoring system called MyCity (www.mycity.co.za).

Each record contained a house number, water meter

number, data logger number and the measured flow rate

with the corresponding time and date of each measure-

ment. The recording period interval for this study was

http://www.mycity.co.za
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15 minutes, implying that ∼2.4 million records were col-

lected for analysis.
Data sorting and filtering

The data record for all houses included numerous zero

values, reported by water meters registering no flow during

a 15-minute period. Consecutive zero readings were

common, as expected, and corresponded to times when no

water would be used during that particular time. All days

with zero readings for the whole 24-hour period were

excluded from the analysis. In some cases, the system com-

munication broke down temporarily and reported no flow

rate. The data for all non-zero days were subsequently fil-

tered to remove days with notable periods of missing data.

It was considered appropriate to remove days with periods

of more than 2.5 hours of missing readings (about 10% of

a day).

Houses with fewer than 250 recorded days in total were

also excluded from the study because the segregation of sea-

sonal patterns would be compromised in cases where data

did not span all seasons. Consequently, six houses (H10,

H11, H15, H16, H17 and H18) were excluded. The follow-

ing patterns were built for the remaining 14 houses:

• the average diurnal water use pattern, calculated over all

7 days of the week;

• the average diurnal weekday and weekend water use pat-

terns; and

• the average winter and summer water use patterns.
DEVELOPING DIURNAL PATTERNS

The filtered database included fields for date, time and flow

rate, with a table of 96 flow rate values, one per 15-minute

period, for each house, per day. A diurnal pattern was sub-

sequently derived for each house in the study sample.

Each pattern was classified according to (i) weekdays

versus weekend days and (ii) peak-summer versus mid-

winter. Ultimately, 56 unique diurnal patterns were derived

for the 14 houses, with a summer weekday, summer week-

end day, winter weekday and winter weekend day per

house.
://iwa.silverchair.com/washdev/article-pdf/9/3/513/635578/washdev0090513.pdf
RESULTS AND DISCUSSION

Minimum night flow verification

Leakage at any house in the study sample would induce

notable inaccuracy and required an investigation. The

minimum night flow (MNF) was evaluated by inspecting

the diurnal patterns. It was assumed that an MNF of

�15% of the total daily water use was reasonable

(McKenzie et al. ). All the houses in the sample,

except house H06, satisfied the MNF condition. After

an investigation into the flow patterns for house H06,

a constant single leak event lasting 61 days was ident-

ified in the time series. The water use pattern for

house H06 exhibited a relatively high MNF of 4.32 L per

15-minute interval (average flow rate of ∼17 L/hour),

which was equal to 77% of the total daily use during

this period. The MNF value was deducted from all

the 15-minute interval values of house H06 over the

61-day period and the resulting values were used for the

subsequent analysis. All other houses had relatively

insignificant MNF and the data were used without any

changes.
Average diurnal patterns

The average diurnal water use patterns for all the ana-

lysed houses, together with the weighted average

diurnal pattern, were plotted with MS Excel as presented

in Figure 2. Two distinct water use peaks were observed.

These peaks represent the typical morning and evening

water use peaks, also reported for suburban houses

in developed countries. The highest morning peaks

for single, individual houses were about twice as high

as the averaged value for all 14 houses combined.

Analysis of the weekdays versus weekend days showed

that weekday and weekend-day diurnal patterns were

dissimilar. The weekday morning peak was lower than

the weekend morning peak, whereas the weekday eve-

ning peak was higher than the weekend evening peak.

Furthermore, the duration of the weekday morning

peak was shorter than the weekend morning peak, as

could be expected.



Figure 2 | Average pattern developed, together with all individual diurnal house patterns.
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Average summer and winter diurnal patterns

The summer and winter average diurnal water use patterns

were similar, as can be seen in Figure 3, suggesting no outdoor

water use and insignificant influx of summer holiday visitors.

Since LCH property sizes are relatively small, houses cover

the largest part of the property, leaving limited space for gar-

dening – also, privileges such as swimming pools and

irrigated gardens that have been found to drive seasonal

peaks, are exotic to the relatively poor communities addressed
Figure 3 | Segregation of summer and winter diurnal water use patterns.
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in this research. The absence of outdoor use coupled to the

relatively constant nature of indoor water use (DeOreo et al.

) provides an explanation for the absence of a seasonal

difference.

Dimensionless 24-hour pattern

An average dimensionless 24-hour pattern was derived for

all LCH units and all days in the study sample. The 15-

minute PF (peak flow) values for the average diurnal pattern



Figure 4 | Dimensionless 24-hour pattern for the low-cost houses.
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and the hourly values were superimposed in Figure 4. The

values are expressed as multiplier factors. The multiplier fac-

tors were obtained by dividing each of the hourly flows,

from the weighted average pattern, by the average flow.
Discussion – diurnal pattern

The newly developed pattern appears to be very similar in

shape to residential diurnal patterns reported elsewhere

(Table 1) for typical suburban houses in developed urban

areas, despite notable differences in the characteristics of

the houses and in the socio-economic status of the consu-

mers. The pattern derived during this research study shows

a distinct peak occurring in both the morning and evening.

The morning and evening peaks of the derived pattern

have hourly peak factors of 2.197 and 1.663, respectively,

meaning that water use during the peak hour is about

double the daily average.

A follow-up survey confirmed that most of the consumers

in the study area were employed and had children who

attended formal schools, thus explaining the typical morning

peak. At the time of the study, three of the houses had electri-

cal water heating systems installed in addition to solar

systems, whereas the others used the solar heaters (water

was reportedly lukewarm or even cold on some mornings

and on rainy days). Despite the limited access to hot water
://iwa.silverchair.com/washdev/article-pdf/9/3/513/635578/washdev0090513.pdf
and other differences noted above, the diurnal pattern dis-

plays a clear and notable morning peak and evening peak.

Although sewer flow was not monitored as part of this

study, the results could provide insight into sewer flow pat-

terns as well. Sewer flows, in separate sewer systems,

could be assumed to closely follow indoor water use pat-

terns (Du Plessis et al. ). The diurnal water use pattern

presented in this article could provide a reasonably accurate

estimate of the diurnal sewage flow pattern.
CONCLUSION

Water use was recorded every 15 minutes for approxi-

mately 3 years in a relatively small study sample of 20

low-cost houses in the Western Cape, South Africa. The

data were collated, filtered and subsequently investigated

with respect to daily variation. In addition, weekday

versus weekend day, as well as summer versus winter

water use patterns were investigated. The resultant diurnal

water use patterns for low-cost houses presented in this

article are the first report of this nature in academic litera-

ture. The diurnal patterns found when plotting the 15-

minute data and the 1-hour averaged data are practically

similar, as were the winter and summer diurnal patterns.

The diurnal patterns for weekday and weekend days were

notably different. The dimensionless 24-hour diurnal
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pattern agrees with the general characteristics of water use

patterns and peaks reported by others, with similar timing

of the characteristic morning and evening peaks in subur-

ban areas of developed countries.

The research could be elaborated on in future by extend-

ing the study sample. A need exists to study the effects of

densification, where backyard shacks have been erected

on low-cost housing plots. Backyard shacks are a common

way for homeowners to generate additional income,

especially for those who are unemployed, but in this study

area, no backyard shacks were present. In view of further

research, it could be hypothesised that the socio-economic

status of occupants would notably impact the results, with

the peaks being less pronounced and differently timed for

regions with a relatively high unemployment level.
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