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Abstract

The design of alternative urban water supply interventions for a community located in a low-income country

requires detailed and precise knowledge of the nature, frequency and intensity of various characteristic

water end-uses of the community. Without the availability of this characteristic water use information,

high resolution metering experiments are the usually preferred methods to measure the water use volumes.

However in the developing world, these high resolution experiments are not an available option. Leaving

the imprecise household interviewing process of data collection as the only option. This paper presents a

novel methodology that improves and expands on the socially collected water uses data, through the use

of stochastic modelling process of the water use volumes to estimate the total monthly water use of the

community. The methodology not only improves the estimates of water use volumes but also provides a

mathematical modelling description of the household water uses in the community.

1. INTRODUCTION

It is becoming accepted that conventional urban wa-
ter supply systems across both the developing and
developed world are struggling to sustain provision
of appropriate water services to their users. The
unsustainable behaviour of these systems is related
to their inherent weaknesses such as delivering high
quality potable water to all the users who require
only a small fraction of the water for potable end
uses like drinking or cooking (Sharma et al., 2013).
As a result of this unsustainable behaviour, the cen-
tralised (or conventional ) urban water service model
is being ruled out as the most appropriate solution
for urban water supply (Zhang et al., 2007; Sharma
et al., 2010, 2013) in either the developing or the
developed world.

This failure of the conventional urban water sup-
ply service model has led many authors, such as
Porto et al. (2007); Bdour et al. (2009); Blackmore
and Plant (2008); Fidar et al. (2010); Memon et al.
(2005); Sharma et al. (2010); Zhang et al. (2007) to
advocate for alternative urban water supply service
models to improve sustainability. Such alternative

urban water system service models are centred on
a fit-for-purpose water distribution principle (Cook
et al., 2009; Sharma et al., 2013) that requires the
supply of water to be driven by the quality require-
ments of each specific end-use the water is intended
for (Sharma et al., 2010). Such design of an urban
water intervention requires the total water use in the
community to be broken into a series of streams of
the various water end-uses (Philip, 2011).

In urban communities of low-income countries,
this kind of design is challenging due to the un-
availability of water end-use information that is
specific to these communities. However, in urban
communities of the developed world, water end-use
information is collected through high resolution
metering experiments, as demonstrated in Al Amin
et al. (2011); Athuraliya et al. (2008, 2012b); Beal
and Stewart (2011); Dziegielewski et al. (2000);
Heinrich (2007); Heinrich and Isaacs (2008); Jethoo
and Poonia (2011); Keshavarzi et al. (2006); Lu
and Smout (2010). In the developing world, high
resolution metering of end-uses would be inappro-
priate and impractical owing to its relatively large
resources requirements. Hence, social survey meth-



ods are the only feasible approach to estimate water
end use volumes in these communities.

Employing social survey methods to estimate vol-
umes of water end use, generates water use impre-
cise and uncertain data despite its ease. The method
involves asking residents to recall their water use in-
stead of physical measurement leading to inaccurate
results (Athuraliya et al., 2008; Otaki et al., 2008).
This paper therefore, provides a methodology that at-
tempts to improve the accuracy of socially-generated
water end-use data to generate a more representative
and expanded quantification of water end-uses of a
low-income urban water community.

2. METHODS

2.1. Introduction

The methodology being suggested in this paper in-
volves (1) the collection of representative water use
data (both water end-use and billing data) of a low-
income community, (2) then using this data to gener-
ate and calibrate a stochastic water end-use demand
model of the community.

2.2.  The Water Use Community

An urban community from south-west Uganda
(Mbarara town), which has an urban resident pop-
ulation of 192,000 was employed as the case for
this study. The town is supplied with piped water,
sourced from a river traversing the town, with a sup-
ply coverage rate of about 82% (that is percentage of
mains water users against the total town population).
Of the mains water users, the study however focused
on the resident water user population (who represent
about 80% of the mains water user population).

The community like most urban centres in the devel-
oping world, consists of a heterogeneous resident
population. The heterogeneity (related to their water
use behaviour) was schematised by categorising
the user population into two main groups: house-
connected water users and yard-tap-connected water

users. House-connected water users, who are 33%
of the mains supplied resident population, repre-
sent households that receive water directly in to the
house, and thus employ in-door water appliances
like flushing toilets, showers, and hand-wash basins.
Yard-tap water users, who are 67% of the mains
supplied water users, represent households that re-
ceive water by means of an outdoor tap, and thus
use the water through hand-held containers. Such
water users also employ on-site sanitation facilities
like pit latrines implying that they do not employ
any in-house water appliances. This heterogeneity
is shown diagrammatically in figure 1.

The community is located in a tropical climate zone,
which receives both a rainy and a dry season. In the
dry season, it is expected that the water use intensity
greater in the community compared to the rainy sea-
son. Therefore, in this study the water use data was
collected during the dry season, but the analysis was
carried for each of the wet and dry season indepen-
dently. The water use in the wet season is assumed
to reduce within the mains water use but increase
through localised household rain water harvesting.

2.3. Data Collection

Two forms of data were employed in this study: (1)
socially collected water end-use data, (2) and the
measured household monthly water consumption
accessed from the local water utility operator operat-
ing the piped water supply system in the community.

The water end-use data was collected by means of
household interviews from a sample of randomly
selected household water users (a sample size 425)
during the dry season. The nature of the end-uses
for each group was defined with the aid of local
socio-economic experts and are shown in figure 1.
For each end-use, data was collected (1) of its wa-
ter use intensity (or volume), and (2) of its frequency.

Secondly to ease the measurement of the volume or
intensity of water used, water users were asked to



estimate their usage intensity in units of jerry cans (
or in terms of cans or basins employed in the area).
The local water users in the area have a better sense
of the number of cans they employ than in terms
of litres or cubic metres. For end-uses like toilet
use (for house connections), hand washing (for both
yard tap and house connections), showering (for
house connections) that require further parameters
to complete the end-use computation, data from
the high-resolution metering study by Athuraliya
et al. (2008) in Australia was employed. This data
was chosen because it was a reasonable match this
community, given that both communities experience
similar day temperatures. Further, as an assumption,
all the end-uses were assumed to have a penetration
rate of 1.0, with all the water users employing them
on a daily scale or weekly scale.

The other set of data employed in the study, the mea-
sured monthly consumption (or utility billing data)
was accessed from the national utility, the National
Water and Sewerage Corporation. In this community,
like many other urban communities in the develop-
ing countries, all mains supplied water users are
metered and hence their monthly consumption is
regularly monitored by the utility.

2.4. Stochastic Modelling

The water use modelling is similar in principle to
pulse demand modelling works in Buchberger and
Wu (1995); Buchberger and Wells (1996); Rauch
et al. (2003); Memon et al. (2005); Haarhoff (2006);
Blokker et al. (2010); Creaco et al. (2016), but closer
in detail to works by Haarhoff (2006); Blokker et al.
(2010). In general the modelling involves the gener-
ation of water use volumes, through the aggregation
of respective water end-uses (across different house-
holds) to generate the overall water demand of the
community. In this study though, socially collected
water use data is used as an input to the stochastic
model, and also the study is applied to a low-income
community. The pulse demand models mentioned
earlier (as summarised in Rathnayaka et al. (2011);

Creaco et al. (2016)) focus on applications in high-
income communities.

The methodology employed to model and calibrate
the water end-use volumes for each group in the
community is schematised in Figure 2. The com-
ponents (that is the frequency and or the intensity)
of each end-use were represented as a probability
distribution model. Since data collected through
household interviews is susceptible to human errors
(or is uncertain), the probability distribution model
of each water end-use component was considered
to represent its uncertainty or statistical spread.
However, the position and spread parameters of
the probability distribution model adopted for each
water end-use component was calibrated to improve
the predictability of the overall water end-use model
in estimating the overall monthly water use of the
community. Thus, the calibrated end-use stochastic
models are taken to represent the actual end-use
volume distribution of the water users in that town.

A more elaborate description of the water end-use
model employed in this study, including its mathe-
matical details, calibration and validation methods
are provided in Appendix A (in the supplementary
material).

3. RESULTS

3.1. Model Calibration and Validation

The results of the calibration procedure are shown in
figure 3 for both yard-tap water users and for house-
connected water users, in the dry season. The aim of
the calibration exercise was to use the water end-use
model to predict the monthly water consumption
for each of the yard-tap and the house-connected
water users in the community. Hence, confirming
the appropriateness of the developed water end-use
model in representing overall water consumption in
the community.

For all the months simulated, the measured monthly



water consumption values were within the interquar-
tile range of the model simulations as shown in fig-
ure 3a for yard tap water users and figure 3b for
house-connected water users. The cumulative fre-
quency distributions were also compared graphically
as shown in figure 3c and in figure 3d, and analyti-
cally using the Kolmogorov-Smirnov test. The fig-
ures show that both the simulations and the measured
consumption data are comparable numerically and
statistically (with Kolmogorov-Smirnov test 2z =0
at 5% significant level) for all the groups. Hence, it
can be concluded that fitted probability distributions
(of the water end-use components) are an optimal
representation of the water end-use in the commu-
nity.

3.2. Characteristics of the Community
Water End-Use

3.2.1 Global Distribution of the Community
Water Uses

Supplementary material figures A3, A4, and A5
show the results of the probability fitting process of
the socially collected water consumption end-use
data of the community, as well as the parameters of
their respective distributions. The strength of the fit
was measured with aid of the correlation coefficient
(not reported in the figures) which was moderately
high (> 0.8) for most of the end-uses, and hence
showed good model representation of the end-uses
by the probability distributions.

The results showed that the majority of the commu-
nities’ water end-use frequencies and volumes or
intensities required highly-skewed probability distri-
butions such as log-normal or gamma, and in a few
scattered cases with Normal and Weibull probability
distributions. This implied that the highest propor-
tion of the residential water users in the community
consists of lower-end water users, with very small
proportions of very large water-users.

3.2.2 Distribution of Household Size

The number of adults per household, in this study,
was fitted to a log-normal distributions (in figure
A3(a) for yard tap users, and in figure A4(a) for
house connected users), with a geometric mean
of 4.1 persons per household (for yard-tap con-
nected users) and of 4.8 persons per household (for
house-connected users). This study also showed that
house connected water households contain relatively
higher number of adults than yard tap connected
water users.

3.2.3 Distribution of Bathing (or Showering)

Bathing (and or showering) frequency was modelled
with a Weibull distribution in yard tap households
(in figure A3(b)) and as Log-normal in house con-
nected households (in figure A4(e)). The average
frequency of bathing or showering in both groups
was observed at about 2.0 times per day, which is
higher than the average frequency of 0.7 recorded
for a Dutch community in Blokker et al. (2010) or
0.73 per person per day in Athuraliya et al. (2012a).
This is one of the major cultural (and may be due
to climate) differences between communities in sub
Saharan Africa and those of the developed world.
The volume of bathing, on the other hand, used in
the yard tap connected water users was estimated
at an average of about 27 litres per person per day
which is comparable to studies carried out in other
African countries as reported in Thompson et al.
(2001); Otaki et al. (2008); Nyong and Kanaroglou
(1999).

3.2.4 Distribution of Dish Washing

The frequency of washing dishes (shown in figure
A3(c) and figure A4(c)) for both yard tap and house
connection water users was approximated with a ge-
ometric mean of 2.0 per household per day (and 2.5
for yard connected households). This frequency rate
relatively higher than that observed in developed
communities in Athuraliya et al. (2008) and Blokker
et al. (2010), of about 0.3 — 0.5 per household per



day. This significant difference could be because
of the use of dish washing machines in the devel-
oped world verses typical hand-dish-washing in this
community. Dishes are washed more frequently in
the developing world but at lower volumes than in
the developed world. The volume of dish washing,
on the other hand, for yard tap users was measured
at approximately 24.4 litres per household which is
moderately higher than other studies in the develop-
ing world recorded in Thompson et al. (2001); Otaki
et al. (2008); Nyong and Kanaroglou (1999).

3.2.5 Distribution of other Water End-Uses

The frequency of laundry events in the community
was comparable to other countries, the laundry water
use in developed countries had a geometric mean of
0.3 times per day (and 0.4 — 0.7 times per day for
the developed world as reported in Athuraliya et al.
(2008) and Blokker et al. (2010)). The laundry use
volume or intensity of water end-use this study gen-
erated a geometric mean of 54.0 litres per capita for
house-connected water users while in the developed
world the corresponding value is 50.1 — 93.0 litres
per capita per day. Both external water use and gen-
eral cleaning end-uses could not be compared to doc-
umented end-uses of the developed world. However,
it should be noted that the external water end-use
data could not be fitted to a model, and in addition
the external water end-use required a negative bino-
mial distribution (not shown in figures) to cater for a
42% penetration rate in the usage of external water
services.

3.3. Improved Estimation of Water End-
Uses

The final calibrated end-use volumes are detailed
in table 1 showing the spread and median of the
simulated end-use volumes for both yard-tap con-
nected water users and house-connected users. The
house connected households were evaluated to have
a median total consumption of approximately 586.2
L/household.day (109.2 L/capita.day) while yard

tap households have a median consumption of 347.9
L/household.day (60.2 L/capita.day). These con-
sumption values are comparable to other end-use
studies documented in the literature as shown in
figure 4. For house connections, small to medium
cities in comparable tropical climate were measured
to have total household water consumption in the
range 77 — 130 L/capita.day as described in Nyong
and Kanaroglou (1999); Keshavarzi et al. (20006);
Athuraliya et al. (2008); Lu and Smout (2010). For
Yard Tap consumers, the studies concentrating on
water users in rural setting of low to medium de-
veloping countries in Fan et al. (2013); Nyong and
Kanaroglou (1999); Keshavarzi et al. (2006); Jethoo
and Poonia (2011), were measured to have end-use
consumption of 68 — 123.5 litres per person per day.
However, these household end-use consumptions
should be compared with caution.

For both house-connected water users and yard-
tap users, showering or bathing was evaluated as
the largest household end-use (45.5% in the house-
connection users, and 43.8% in yard tap-connected
users). This was followed by toilet use in house-
connected users and hand-washing in yard-tap users.
Also, it can be inferred from table 1 that the pro-
portions of non-potable water end-uses were 82.8%
in yard-tap and 77.7% in house-connected users.
A sognificant proportion of water end-use in this
community is of non-potable nature.

Finally, this study also revealed that the hand-
washing in yard-tap water users, and showering (as
well as hand-washing) in in house-connected water
users were the most uncertain (in terms of variabil-
ity) water end-uses. This high level of variability is
therefore expected to sequentially the reliability of
any grey water grey water harvesting interventions.



4. DISCUSSION

4.1. Water end-use estimation methodol-
ogy

White et al. (1999) states that one of the limitations
of characterising the end-use behaviours and vol-
umes of a community is the lack of reliable data on
how and where water is being used. Survey data of a
sample of the end-uses employed in the community
can in general be collected for a community with
relative ease and with lower resources compared
to high-resolution metering exercises. Survey data
collection therefore, would be a suitable approach
for estimating water end-use characteristics of a low-
income community. However, since water end use
survey data is imprecise, and cannot accurately mea-
sure all community water end uses (Athuraliya et al.,
2008; Otaki et al., 2008), then such end-use data
collected through survey exercises should be applied
in urban water design assessments with caution.
This is particularly true for low income communi-
ties, and this paper therefore has presented a novel
methodology to compensate for this limitation. The
methodology improves on the accuracy of end-use
data collected by social surveys by describing the
end-use data through calibrated probability distri-
bution models that describe the statistical spread of
water end-use in the community.

In a community of the developing world, monthly
metering of all water utility water users is a com-
mon practice, which makes available a representa-
tive dataset of monthly consumption of the com-
munity. This study has illustrated how this readily
available dataset can be utilised to improve the es-
timation of water end-use approximations within a
community. Monthly consumption billing data is
hardly ever employed in end-use volume estimations,
due to the limitations of accurately describing the
temporal evolution of daily consumption to monthly
values, as observed by Rathnayaka et al. (2011);
Mayer et al. (1999). Hence, its employment in this
study to calibrate the aggregation of end-use models

is a novel approach.

4.2. Mathematical Modelling of Water
end-use in a low-income community

In general, the mathematical model concept em-
ployed in this study to represent water end-use (as
a building block for overall water demand) is not
novel. In scientific literature, models of a similar na-
ture were employed in Rauch et al. (2003); Haarhoff
(2006); Jacobs and Haarhoff (2006, 2007); Jacobs
(2007); Blokker et al. (2010, 2011) and reviewed
in White et al. (1999); Rathnayaka et al. (2011).
However, these models were applied to high income
communities that are socially different from low in-
come communities studied in this paper. Therefore,
to adopt this concept to a low-income community
these models had to be tailor-made by aggregating
water end-uses that are specific to the low-income
community.

Nonetheless, due to the high volume of data required
for the development of water end-use models, and
also due to the limited availability of community
data in low-income communities. A novelty is intro-
duced by this study related to how the study over-
comes these challenges of data limitations to develop
and calibrate a water end-use model of a community
in the developing world.

4.3. Water end-use estimations

The results of the analysis of end-use water consump-
tion evaluated in this study are comparable to other
studies as shown in figure 4, although these com-
parisons should be interpreted cautiously. Firstly, it
is recognised that house-connected households in
Uganda significantly different to typical households
in the developed world, the nature of their end-uses
are not entirely the same. In the Ugandan com-
munity studied here, house connected households
employ water for general household cleaning which
is not represented in the end use structure of the
developed world household communities.



Further, in the developed world communities, the
households employ significant amounts of water for
out-door irrigations (during the summer) which con-
tributes the majority of outdoor water usage. While
in this Ugandan community, (1) external water use
is limited, and (2) where it is employed, it is used
mainly for car washing instead of irrigation. The
yard tap connected users, on the other hand, in this
community, do not employ water for toilet flushing
which is the major difference from house-connected
users. Even for similar end-uses like the indoor
water uses, this study has shown that there are still
significant differences in the water consumption
end-use parameters.

The differences in water end-use parameters drive
the major differences between the household end-
use proportions of both communities, as shown
in figure 4. In this community, due to the high
frequency of showering, this is the largest propor-
tion of the overall household water use (43.8% in
yard-tap users, and 45.5% in house-connected user)
compared to only 24% in most developed world
communities. This implies that integrated urban
water interventions that target showering or bathing
or hand-washing will most likely lead to a more
significant impact on the performance of urban
water systems in the developing world than in the
developed world.

In addition, the developed methodology provides a
way of describing water use in a community of the
developing world, a more holistic description of wa-
ter use in the community than what the socially col-
lected end-use data can provide. The water end-use
mathematical model and the methodology generated
suggested by this study can be employed or extended
in the design and assessment of urban water systems,
especially in uncertainty or sensitivity analysis, and
or, in studies that require a breakdown of water use
for different water uses.

5. CONCLUSION

This paper has demonstrated a novel approach for
simulating and evaluating water end-use volumes
in an urban community of a developing country, by
improving the accuracy of the household surveyed
end-use data, through a stochastic modelling simu-
lation. The modelling approach involved grouping
the community into two heterogeneous subgroups
(house-connected users and yard-taps users). Then
for each subgroup, probabilistic regression models
were developed for each category of water end-uses.
The probability models for all the end-uses were
then aggregated to generate the monthly consump-
tion of the group, which was then calibrated - using
the group’s measured monthly billing as the "true"
consumption, to get representative end-uses volumes
and distributions for the community.

The evaluated water end-use volumes of the com-
munity revealed that, most of the end-uses ( their
components of frequency and intensity) displayed
highly-skewed distributions (log-normal) character-
istics. This implied that the majority of water users
in the community are low-capacity water users. The
approach also showed that a typical household in
the community has consumption volumes of 109.2
L/cap/day for house connected user and 60.2 for
yard connected users.

The simulated end-use volumes of house-connected
users (who were assumed to be comparable to de-
veloped country communities) were found to be
relatively lower than comparable communities in
the developed world. At the same time, the yard-tap
users (who were assumed to be relatively compara-
ble to rural communities) were found to have higher
end-use volumes than rural communities. The princi-
pal differences in the water end-use behaviour were
found to be hidden in (1) the presence or absence of
certain end-uses in this community verses developed
country communities, (2) within similar end-uses,
some of the end-use parameters were significantly
different, reflecting a difference in water use culture



of both communities. This study therefore concludes
with a caution that water end-use characteristics of
one community should be employed carefully in the
assessment or design of decentralised systems of
another community, otherwise to misleading results
will be generated.

The study has shown that showering (or bathing)
water end-use is, on average, the largest household
water use for both house-connected users and yard-
tap connected households, but it was not the most
uncertain. In yard-tap customers, hand-washing was
the most uncertain household water end-use, while
showering was the most uncertain water end-use in
the house-connected water users.
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Figure 1: A schematisation of the water user groups in the community

Table 1: Details of the computed water use volumes for both the yard-tap users and the house connected users

House Type End uses per HH” (litres) per capita (litres) %  adm*
min median max min median max
Bathing 117.1 152.7 200.1 21.6 26.4 337 438 0.54
Hand Washing 55.7 78.9 172.1 9.1 13.7 313 227 1.47
Yard Taps Laundry 19.7 26.8 344 32 4.7 6.2 7.7 0.54
P Washing Dishes  68.6 77.4 89.7 10.5 134 182 223 0.27
General Cleaning  8.39 12.0 164 14 2.1 2.9 34 0.67
Total 347.9 60.2
Toilet Flushing 87.6 131.4 213.2 179 24.5 394 214 0.96
Showering 123.9 280.0 486.0 27.1 52.1 875 455 1.29
Hand Washing 26.3 435 88.0 5.3 8.1 159 118 1.41
House Connections  Laundry 13.2 19.1 278 23 3.6 53 3.1 0.76
Washing Dishes ~ 81.8 105.7 142.6 129 19.7 27.1 17.2 0.58
General Cleaning 5.0 6.6 89 09 1.2 12.9 1.1 0.59
Total 586.2 109.2

"HH - household
*adm - absolute deviation from median
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monthly water consumption on record, (c) Measured Monthly
(m3/month) ‘ consumption (billing)
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Figure 2: The Modelling methodology approach applied
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[*] The order or nature of the month was not a subject of the research apart from the number of
households measured in that month, each month was simulated independently. That is why the months are
not labelled on the x-axis. [**] Total Water Use - represents the total water used up by all the households

Figure 3: Overall calibration process results for total monthly water consumption for yard-tap water users shown in (a)
and (c), and also for house-connected water users shown in (c) and (d).
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A - Australia [Athuraliya et al (2012)]
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NZ - New Zealand [Heinrich (2007)]
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Figure 4: Comparisons between the household water use volumes computed in this study and those from studies in other

international locations (both in the developed and developing world)
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Figure 5: Relative comparisons between the water use volumes in a typical household of a yard-tap user against one of a

house-connected water user

13



14

Table 2: Calibration Parameters

Category Water end-use Factor Remark [Target Parameter]

Yard Taps Bathing 0.7 No. of Jerry cans
Washing Dishes 1.4 No. of Jerry cans
Household Size 1.18 General Increase
Metering Error 0 —

House Connections Toilet Use 0.5 No. of flushes
Showering 0.5 Intensity Volume
Washing Dishes 0.5 Flow Rate
Household Size 1.35 General Increase
Metering Error 0.1-0.2 Uniform Distribution

General Rain Water Use [Dry] 0.15-0.25 Uniform Distribution
Rain Water Use [Wet] 0.23-0.50 Uniform Distribution
Temporal Evolution factor 1.0 -




