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ABSTRACT

Estimation of annual average water demand figures is critical for the design and
evaluation of water distribution systems. This study evaluated the metered water
consumption of more than 67 000 non-domestic consumers in six categories from cities
and towns in South Africa. It was found that lognormal distributions provide good
descriptions of the annual average daily demand (AADD) distribution in each category.
The land use categories Business Commercial, Industrial, Agricultural holdings and
Sports & Parks displayed similar median AADDs of between 1.5 and 1.7
Kl/property/day. Educational properties used substantially more water (4.7
Kl/property/day), while Government & Institutional properties used substantially less
water (0.7 kl/property/day). A step-wise regression analyses showed that property size
has the greatest impact on water demand for most categories. Finally, a novel
statistically based method is proposed for estimating the average AADD of a given

number of properties based on an acceptable risk of non-exceedance.
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INTRODUCTION

Accurate estimation of annual average daily demand (AADD) is important for the
design of municipal water distribution systems. AADD values normally form the basis
for water supply component sizing including pipelines, storage reservoirs, pump
stations and water treatment plants. AADD estimates are also important for the sizing of
wastewater distribution and treatment systems.

It is useful to distinguish between domestic and non-domestic consumers in the

analysis of water demand. Domestic demand is driven by human needs and behaviour,



and can be estimated from historic data and factors such as development level, property
size, income and climate.

In comparison, non-domestic demand is highly variable and is primarily driven
by the type of activity practiced on the property. For example, a drinks factory and
storage depot may have similar property sizes, turnovers and staff numbers, but will
consume vastly different quantities of water.

Non-domestic consumers include industrial, commercial and institutional (ICI)
users, parks and agricultural holdings (large properties often used for small scale
agriculture).

While studies have found relationships between non-domestic demand and
parameters such as property size, developed area, economics, water rates and water
restrictions (McCuen et al, 1975, Kollar and Brewer, 1977; Stephenson and Turner,
1996; Van Vuuren and Van Beek, 1997; Zhou and Tol, 2005; Reynaud, 2003), these
models require information at individual property level. They are less suitable for new
areas where the types of non-domestic users that will be established are unknown, or
existing areas where the types of developments may change over time.

In recent years, municipal data management tools have become common in
South African municipalities, giving researchers access to a large quantity of metered
consumption data (Jacobs and Fair, 2012). This data formed the basis for a number of
studies on water demand, which identified influencing parameters, investigated typical
demand ranges and proposed new design guidelines for the estimation of domestic
demands (e.g. Stephenson and Turner, 1996; VVan Vuuren and Van Beek, 1997; Jacobs
et al., 2004; Husselmann and Van Zyl, 2006; Van Zyl et al, 2008; Griffioen and Van

Zyl, 2014), but did not consider non-domestic consumption.



In this study, metered consumption data of more than 67 000 non-domestic
properties were linked to various databases and analysed in six categories. The aims of

the study were to:

e Estimate the statistical properties and distributions of the data in each category;

¢ Identify the main factors that influence non-domestic water demand in each the
category; and

e Develop a method to estimate the average consumption of a given number of

non-domestic properties for a chosen level of confidence.

While detailed guidelines for the water demand of different non-domestic uses are often
given in table form, these guidelines are only useful if the types and properties of these
users are known. However, this is not the case for new developments and even in
existing developments the types of non-domestic consumers are not fixed, but change
over time. Thus this study approached non-domestic consumption using a statistical
approach, rather than at individual property level.

It is hoped that the result of this study will encourage similar research in other
countries, allowing for comparison of non-domestic demand parameters and improved

estimation of non-domestic demands.

METHODOLOGY

The data set used in this study is the same as that used by Van Zyl et al (2008)
for a study on domestic water demand. It included water meter readings from forty-
eight municipal treasury databases totalling more than 2.5 million records in four
metropolitan areas (Johannesburg, Tshwane, Ekurhuleni and Cape Town) and 151 other

cities and towns. The data is described in detail in Van Zyl et al (2008).



Approximately 438 400 non-domestic consumer records were extracted from the
database, and subjected to a number of verification tests to exclude anomalies. The

remaining 67 291 records were then separated into six land use categories, namely:

Business Commercial;

e Industrial;

e Government & Institutional,

e Education, including schools, universities and other educational buildings and
their grounds;

e Agricultural holdings, which are large properties serviced by municipal water
distribution systems. Agricultural holdings may be used for small scale farming,
although alternative sources of water would often be used for this purpose.
These properties are also called ‘small farms’ or ‘residential farms’;

e Sports & Parks;

Information on possible factors influencing non-domestic demand was collected
from various sources and linked to the demand data to allow correlations to be analysed.
This information was obtained from municipal treasury databases (property area,
property value and improvements, monthly meter readings), the South African Weather
Service (rainfall, average daily minimum and maximum temperatures) and a manuscript
on the surface water resources of South Africa (Midgley et al., 1994).

The AADD for each record in the database was estimated from twelve
consecutive months of monthly consumption values. This means that seasonal demand
variations did not influence the values, and errors due to differences in reading dates or
erroneous reading would be small. The meter readings exclude demand from other

sources, such as boreholes and grey water.



To ensure the integrity of the data, three data cleaning phases were
implemented. In the first phase, records with inconsistent readings or dates (e.g. due to
meter replacements or clock-overs) and records with less than 12 consecutive months of
data were excluded. In the second phase, records or properties identified as unmetered,
vacant, pre-paid, duplicate (including more than one type of land use) or not classified
as one of the target non-domestic categories were excluded. In the third phase, stands
with unrealistically high or low property sizes or values (municipal valuation of the

property) were excluded as detailed in Table 1.

Table 1. Ranges of property areas and values included in this study.

Land Use Category | Property area (m?) Property Value (Euro)
Business Commercial 20 - 50 000 1 400 — 7 000 000
Industrial 20 - 50 000 14007000000

Government & 1 400 — 1 400 000

100 - 50 000
Institutional
Educational 100 - 75 000 1 400 — 1 400 000
Agricultural holdings > 5000 1400 — 700 000
Sport and Parks 500 - 100 000 1400 — 1 400 000

The final database contained the following parameters for each record:

e Land use code and suburb;

e AADD, based on 12 consecutive months of consumption;




e Property size;

e Property value (including improvements);
e Urbanisation level (city or town);

e Geographic location (coastal or inland);

e Mean annual precipitation;

e Mean annual evaporation;

e Average minimum daily temperature;

e Average maximum daily temperature.

The database was then used as basis for analysing non-domestic demand

characteristics and influencing factors.

NON-DOMESTIC DEMAND CHARACTERISTICS

In the first phase of the study, the statistical characteristics of the non-domestic
demand categories were calculated. It was found that log-normal distributions fit the
data remarkably well as shown on the distribution density and cumulative distribution
functions in Figures 1 and 2 respectively. Although the lognormal distributions didn’t fit
the data perfectly (the Kolmogorov Smirnov test rejected normality in the data), they
clearly provide reasonable descriptions of the data and are mostly conservative for

larger demands.

Table 2 summarises the mean, median and lognormal distribution parameters of the

different categories.

Table 2. Statistical descriptors and lognormal distribution parameters of the different

non-domestic demand categories



Category No of data | Mean AADD Median AADD | Lognormal distribution
points parameters
(kl/property/d | (kl/property/d
ay) ay)
Mean Standard
deviation
Ln(kl/property
Ln(kl/property
/day)
/day)
Business 30 850 6.83 1.52 0.4392 1.592
Commercial
Industrial 10 851 13.99 1.72 0.5345 1.754
Government & 12731 5.07 0.67 -0.2634 1.399
Institutional
Educational 2 146 13.29 4.71 1.4251 1.714
Agricultural 9612 3.56 1.56 0.3631 1.241
holdings
Sports & Parks 1101 9.05 1.67 0.4044 2.033
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Figure 1. Demand frequency distributions for the non-domestic categories a) Business
Commercial, b) Industrial, c) Government & Institutional, d) Educational, €)
Agricultural holdings and f) Sports & Parks. In each graph the X-axis represents the

natural logarithm of the AADD, and the Y -axis the number of properties.
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Figure 2. Cumulative distribution functions with lognormal distributions for different
non-domestic categories. Solid lines show the data and dotted lines the lognormal

distributions.

Due to the long high-end tail of lognormal distributions, the mean demands are
considerably larger than the median demands in each category. The median demands for
the different categories are compared in Figure 3. The figure shows that Business
Commercial, Industrial, Agricultural holdings and Sports & Parks have remarkably
similar median demands of between 1.5 and 1.7 kl/property/day.

Figure 2 confirms the similarity of the median values, and further shows that the
distributions of Sports & Parks, Industrial and Business Commercial properties are also
similar. While agricultural holdings have a similar median demand as the other three
categories, it has significantly lower variability.

The two outermost demand distributions are Educational on the higher side, and
Government & Institutional users on lower the side, with median demands of 4.71 and

0.67 kl/property/day respectively.
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Figure 3. Median demands of non-domestic categories

To remove the impact of property size on the demand distributions, the AADD
of each property was divided by its size to obtain the unit demand (measured in
L/m?/day). The cumulative distributions are shown in Figure 4 and the mean and
median values in Figures 5.

While Government & Institutional users had the lowest consumption per
property (Figure 3), Figure 5 shows that they had the highest median demand per unit
area. The median demand per unit area of educational users ranks much lower
compared to its demand per property, most likely due to the large stands with school
playgrounds, parking and sports facilities that are common at these institutions.

An interesting result is that the demand per unit area of agricultural holdings is

by far the lowest of all the non-domestic categories.
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Figure 4. Cumulative distributions of non-domestic demand per unit area.
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Figure 5. Mean and median demands per unit area for non-domestic categories




FACTORS INFLUENCING NON-DOMESTIC DEMAND

To analyse the various factors influencing non-domestic water demand, a stepwise
multiple regression analysis was performed on the data, using the independent variables
listed in the Methodology section, and including the natural logarithms of the property
area and property value parameters. Table 3 shows the number of statistically
significant parameters identified, as well as the three most important parameters for
each category.

Property size emerged as the most important factor in all categories except for
Business Commercial and Agricultural holdings. For Business Commercial, property
size was the second most important factor (after property value), and for Agricultural

holdings, the third most important factor (after property value and temperature).

Table 3. Most important factors influencing non-domestic demand

Category No of data No of Most important Cumulative
points significant factors
adjusted R?
parameters
Ln(property value) 0.230
Business
24 810 8 Ln(property area) 0.283
Commercial
Location 0.303
Ln(property area) 0.313
Industrial 8 000 8 Property value 0.330
Location 0.345




Ln(property area) 0.336
Government &
8 259 8 Ln(property value) 0.373
Institutional
Property value 0.387
Ln(Property area) 0.408
Education 1447 5 Development level 0.422
Property value 0.437
Ln(property value) 0.096
Agricultural Ave minimum
8 895 6 0.113
holdings temperature
Property area 0.118
Ln(Property area) 0.137
Ave minimum
Sports & Parks 367 4 0.176
temperature
Development level 0.191

MODELLING THE MEAN DEMAND OF k STANDS

The final aim of the study was to develop a model to predict the mean demand of k
stands of a category at a given level of confidence. The theoretical question of finding a
high quantile for a given probability level (95% was used in this study) of a sum of a

given number of random variables seems to have received little attention in the




statistical literature in the case where the distribution of the random variables is
unspecified. This fact was pointed out early by Watson and Gordon (1986), who
investigated the relationship between the quantiles of a sum of two independent random
variables and those of its components.

The problem was recently addressed by Klass and Nowicki (2010), but the
method seems to only provide loose bounds not practically usable for the purposes of
this study. Extensive work is reported by Nadarajh (2008) in the case where the
distribution of the sum is parametrically defined, but the results related to the log-
normal distribution cannot be applied to the consumption data of this study, for which
the lognormal fit appears to be skewed by the weight of the upper tail of the empirical
distributions.

Thus it was decided to adopt a heuristic approach based on discarding the
highest values of the tail of the distribution, and then fitting an approximate model to
the remaining cumulative distribution. In practical terms this means that a design based
on these values will not cater for properties with exceptionally high demands.

The model that was used has the form:
Qe =1+~ 5 (1)

Where gk is the design demand per property, p the expected value of the
distribution, g1 the chosen percentile of the data, and k the number of properties.
The choice of the analytical form of the equation was guided by the following

considerations:

e Compliance with the limit condition gk = qi for k = 1, i.e. when only one
property is selected, the design value should be at the chosen percentile of the

original data.



e A decrease of the design value proportional to 1/v/k, by analogy to the decrease

in the standard deviation.

The threshold value was determined by trading off two objectives: the first to
discard as few data points as possible, and the second to find a suitable fit between the
model and data. To achieve this, a data set was first truncated at a given demand
threshold, and the 95 percentile of the demand then determined as a function of the
number of properties through Monte Carlo sampling. The model parameters giving the
best fit to the 95-percentile curve were then estimated.

This model was only applied to the Business Commercial, Industrial and
Agricultural holdings categories since, unlike the other categories, these stands are
normally grouped together. The demand threshold and model parameters determined for
the three demand categories are summarised in Table 4, and the functions and data are

shown in Figure 6 (for a certainty of 95 % that they will not be exceeded).

Table 4. Model parameters for the 95 percentile curves

Category Demand Fraction g1 H

threshold of data
(kl/property/day) | (kl/property/day)

(kl/property/day) | excluded

Business 50 1.7% 16.340 3.806
Commercial

Industrial 80 1.8% 23.032 5.179
Agricultural 20 1.3% 6.950 2.276

holdings




PROPOSED DESIGN GUIDELINE

The models developed above provide a useful design guideline for Business
Commercial, Industrial and Agricultural holdings developments where stands are

grouped and the details of consumption are not know in advance.

The design mean demand for developments, based on a 95 % certainty of non-

exceedance, may be estimated using the equations:

12.534

Business commercial: qr = 3.806 + N ...(2)
Industrial: qr =5.179 + % ...(3)
Agricultural holdings: qr = 2.276 + % ...(4)

Where gk is the design AADD in kl/property/day and k the number of properties.

The design models, based on Monte Carlo sampling, are given in Figure 6. The
models provide a good description of the demand behaviour, except for Commercial
areas with less than 6 stands, where it is advisable to use the data points themselves.

As an example, consider a new industrial area with 50 stands. From Figure 6, the
design demand can be estimated as 7.7 kl/property/day, or a total AADD of 385 kl/day
for the 50 stands. This is significantly higher than the category mean demand of 5.2
kl/property/day, to accommodate the likelihood of a higher concentration of high-

demand stands in the area.
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Figure 6. Proposed design demand guidelines for Business Commercial , Industrial and

Agricultural Holdings properties

CONCLUSION

This study analysed six categories of non-domestic demand in South Africa based on
metered consumption data for a large number of stands. Basic statistical descriptors and
distributions are reported and compared. The lognormal distribution was found to
provide a good description of the demand distribution in all categories. A step-wise
regression analyses was used to analyse various influencing factors, and property size
was found to be the most important factor.

From the results obtained, guidelines for estimating water demand based on a 95
% certainty of non-exceedance were developed for Business Commercial, Industrial and

Agricultural property areas. It is hoped that this study will encourage comparative



studies in other countries leading to a better understanding of the range of demand

parameters and improved design guidelines for non-domestic water demand.
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