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The paper presents a short review of methods for calculation of peak domestic water use
in individual homes (dwellings), apartment blocks and villages. A new formula for calcu-
lating maximum flows to and from settlings with a number of dwellings not greater than
1440 is developed. The values of the peaking factors are simultaneously related to an
averaging over time and over ensemble (number of dwellings). The scope is limited to a
cold indoor water consumption (excluding fire flows). A comparison of the proposed
approach with existing methods of estimation of design flows for plumbing and water
systems is also presented.

1. Introduction

Domestic water use has been explored for many years, mainly for design and opera-
tion purposes. It is frequently treated as a random variable, however in many cases it is
at least partly determined and can be estimated using a deterministic approach. The
domestic water use is shaped by multiple factors, namely, the number of users, their
habits and individual demands, water pressure, water prices etc.

The unit (per equivalent person) consumption of water varies from 50 to 300 L/d
EP. One may observe daily two or three peaks (morning, early afternoon and eve-
ning) in water demand in typical rural settlings (excluding industrial demands).
From the beginning of nineties of the last century a decreasing trend in water use has
been observed in Poland and in many other countries. The most important causes of
that were: a broader application of water meters, higher water prices and technical
possibilities to save water using e.g. the flush stop button at a water closet. In rural
areas the low consumption of water and low sewage outflow have created problems
with sewage conveying and treatment.

One can distinguish an instantaneous, hourly or daily peak demand. As a rule, the
longer the averaging period the lower the peak flow. According to [2] the instantane-
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ous peak demand is the maximum amount of water necessary to meet the peak short
term demand rate which may occur several times a day, usually occurring during the
peak hour period. It may last for several minutes [2], however in Polish literature it is
considered as a flow lasting for one up to 10-15 seconds. It is used for sizing plumbing
installations, water meters, storage tanks in hydro-pneumatic systems etc..

Maximum hourly demand is the greatest amount of water which will be used in any
hour during the day. It is often used for sizing water mains, pumps etc.

Maximum daily demand is the greatest amount of water a system will use in one
day. It is established on the base of 1-3 years, provided that the system had not changed
significantly in the period. Small residential water systems typically have their daily
maxima 1.5 to 2.0 greater than the average daily flow. The smaller the water system, the
greater the ratio of the maximum to average daily demand. It is used for sizing water
intakes and capacity of the water treatment facilities equipped with two-stage (the first in
awell, the second — after water treatment) pump installations.

2. Review of calculation methods

There are several methods to size pluming installations and water systems. The basic
problem at dimensioning is to establish a design flow. Approaches to solving the
problem can be divided into three categories: empirical, rational (deterministic) and
probabilistic (stochastic) methods. Sometimes economical aspects are also taken into
account to establish an acceptable risk level.

For developing empirical models derived from experimental data one can use statis-
tical regression techniques, time series analysis (e.g. ARIMA [9]), Kalman filtering,
evolutionary strategies and artificial neural networks. Experimental data are based on
measurements of water flows to typical users; e.g. Georgia Environmental Protection
Division in its standards [2] gives typical values of instantaneous peak demand for
residential communities in the range from 10 to 500 connections (table 1).

Tab. 1. Instantaneous (peak) demand for residential communities acc. to GEPD [2]
No. of connections, Ny 10 30 50 70 100 200 300 500
Q max s L/Imin 151 220 363 435 530 776 965 1268

Zhang [18] found a power regression which describes the data in the form:

Qmaxi = 434 N€?154 [L/mm] (1)

where N,,— number of equivalent dwellings (connections).

The mean peak flow per one dwelling (connection or individual house) can be calcu-
lated dividing Eq. (1) by the number of dwellings

Q,..;=434N_* [L/minED] @)
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A peaking factor is defined as the ratio of the maximum to a long-term average
value. Dividing Eq. (1) by the mean yearly flow, expressed in L/min, Zhang obtained the
following formula for the peaking factor [18]:

Qmaxi — 402 (3)
0. (0.001N, )"
where N, — number of equivalent persons. The mean yearly flow Q,, was calculated assuming 379
L/d EP (including indoor and outdoor water use) and 2.7 persons per connection (EP/ED).

Orlowska [6] used numerous domestic water demand measurements made by Koral
[5] and herself in the years 2002-2004 to elaborate the following regression function for
dwellings in two large Polish towns, similar to that given in the standard [7]:

O =4(Xa,) +C [Ls] @
where Q... — instantaneous water use, 4, B, C — constants, g, — the sum of standard flows (load-
ing units).

The value of the exponent C for dwellings with individual hot-water preparation is
equal to 0.96, i.e. the function is almost linear. Eq. (4) is valid for the number of dwell-
ings 20 < N, <330.

According to Polish standard PN-92/B-01706 [7] an instantaneous flow can be calcu-
lated as:

PF =

Opo: =0.682(Y,q,) " ~0.14 [L/s] )

where Y.q, — the sum of loading units. (Note that here C = 0.45 instead of 0.96).
A relevant peaking factor can be expressed in the form:

0.682 (Y q,) " 014 06823 g, )" —0.14 N0
NN, .4, N(?d’SSNp/dq[J
where Yg,; — the sum of discharge units in one dwelling, N,,,— number of persons per dwelling, g,
— daily water consumption by one person in L/s EP.

A design curve given in the new standard PN-EN 806-3 [8] can be approximated by
Eq. (4) for4=0.1, B=0.53 and C=0.1 L/s.

Rational methods incorporate a specific representation of the activities (scenarios)
which result in water consumption at each residence. Predictions of water demand can
then be made by modeling the expected changes in the number of these activities and the
unit consumption for each of them [10].

PF = (6)

Probabilistic approach treats the water use as a random variable with an assumed
probability distribution. The most popular is so called fixture (discharge) unit method
developed by Hunter [3]. It is based on assumption, that the number of simultaneously
working fixtures has a binomial distribution. The guarantee value applied in his famous
Hunter’s curve was 99% (probability of exceedence Pr = 1%). He introduced a notion of
a discharge unit which was assigned to a typical tap. However, at his time the flow rate
to a flush tank was 0.25 L/s and to a bathtub 0.5 L/s, and nowadays these values are
twice lesser. A similar approach to that elaborated by Hunter was proposed later by
Shopensky and Yurieva [11]. It is known and still used in Poland as “the new Soviet
method”.

For random variables the maximum can be theoretically infinite. In practice we ob-
serve a finite but very often not well established the highest value called maximum
maximorum. In such a case one should consider a truncated probability distribution of
the random variable. If the maximum maximorum and minimum minimorum occur very
rarely, a theoretical probability distribution, like a normal or log-normal, can be applied
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[12]. Then the maximum flow can be determined in terms of exceedence probability,
typically in the form:

Qmax = Qav + tPrGQ (7)

where Q,, — average peak value, #p, — frequency factor, i.e. a function dependent on the exceedence
probability level Pr for a given probability distribution, oy — standard deviation.

Zaleski [16, 17] elaborated a simulation model of water supply for dwellings of dif-
ferent types which gave flows distributed according to the normal distribution and
Tiukalo [13] — to the beta distribution with four parameters. They used a notion of a
characteristic (representative) flow to (from) a single dwelling, proportional to the total
flow to (from) all dwellings under consideration. These theoretical schemes were veri-
fied mostly using data on hot water use, but they are rarely used in practice.

Buchberger and Wu [1] developed a model of indoor water use assuming that resi-
dential water demands occur as a non-homogeneous Poisson-rectangular-pulse process.
Later on Zhang [18] described peaking factors of water demand using similar assump-
tions. They treated the maximum demand as a rare event with an assumption that for a
longer averaging period, pulses with different starting times may overlap. Then, the total
water use is the sum of the joint intensities from the coincident pulses. Finally, they
obtain a general formula of the form:

pr-B o (8)

where B — variability in water use at a typical dwelling, N — number of dwellings, C — a measure of the
time weighted average total demand by a typical dwelling during the daily period of maximum water use,

It has occurred that the peak indoor water use follows a Gumbel Extreme Value Type
I distribution. The above presented formulae (1-6 and 8) exemplify averaging over
ensemble.

There are also formulae to calculate flow rates averaged over different time intervals.
Jones [4] processed empirical data gathered during a research project conducted by
USDA and Johns Hopkins University in 1964-65 on domestic water use in private and
public water systems. He found the following correlations:

0, = [L/min] )
T

where Q, - flow rate of peak demand in an individual home, t - peak use period in minutes (1 <t <
1440 min). The values of parameters B and b are presented in table 2.

Tab. 2. Values of parameters in equation (9) [4]

Flow rate
Parameter Quraxr With probability of | Mean peak
in Eq. (9) exceedence, Pr, % (daily)
1.0 25 5.0 Q.
B 82.5 727 65.2 37.0
b 0.481 0.488 | 0.494 0.526

On the basis of data given by Jones [4], taking B = Q,,, and b= 0.5, one can estimate:
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O (10)

aT_

where Q,,— mean peak demand averaged over time period 7, 0, — mean peak demand averaged over 1
minute, 7., - number of minutes in averaging time period. For 7, = 1440 it gives Qu = Qua = 0.026 Q.

Fig. 1 shows a good agreement between the formula (10) and measurements cited by
Jones [4] for high occupancy homes (on average 4.6 EP/ED, using186 L/d EP). It also
shows the regression function (2) which demonstrates the similar trend as Eq. (10).
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Fig. 1. Comparison of mean measured peak flows with those calculated using Egs. (2) and (10)
A

3. New approach

Assuming that the water flow is a random variable with a given probability distribu-

tion, its variability, as a function of averaging time duration, can be expressed using Eqgs.
(7) and (9) combined in the form:

+1,0
PF;— = Qmaxr = Qm_' Pr QaT = 1 + t C )\/m erm ) @ (1 1)
Qad Qad Qam Tav

where 7,,” - number of minutes, C,. = Gp./O. — coefficient of variability of flow (for a typical
dwelling C.,, = Ggan/Qun = 0.2-0.4 [4] at 7, = 1.0 min; 7, = 1).
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The standard deviation of the mean flow (0y.,) is inversely related to the square root
of the sample size (i.e. Ogar =Ogam /\/rav*). However, the Eq. (10) shows that the same
relationship can be applied to the mean peak values. It implies, that the coefficient of
variability does not depend on the duration of the averaging time period, hence C,, =
const.

One can notice that the structure of the above formula (10) is similar to that of Eq.
(8). According to the Gibbs’ principle of ergodicity, averaging over time is equivalent to
the averaging over ensemble for a sufficiently large data set. The idea of simultaneous
averaging over time and ensemble for our purposes is illustrated in Fig. 2. Both of the
two samples consist of 3 x 5 = 15 measurements.
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Fig. 2. Example of two samples taken from 3 dwellings over 1,, = 5 min (the means out of
15 measurements, equal to 13,6 and 24,4 L/min, are shown in the first row)

Assuming that the ergodicity principle can be applied to our problem, we may intro-
duce both variability sources into one formula, as follows:

+1t,0
PF,,, = Onar _ Quz 100 gur =(1+1¢,C,,) fi (12)

Qad Qad Tav + Ned -1

where Q,,— mean daily flow, T - number of minutes in averaging time period (1 < Ta < 1440),
N,,— number of dwelling units over which the total flow is averaged.

The equation (12) is valid for T + Ny < 1441.
Frequency factors (#p,) can be taken from statistical tables or approximately calcu-
lated using the following relationships:
a) for the normal distribution (approximation with an absolute error < (0.003)

tp.y =1.238 sgn(Pr—0.5)/~In[4Pr (I— Pr)] {1+0.0262,/~In[4 Pr (1—Pr)]}  (13)

where Pr — probability of exceedence in decimals, and

b) for the Gumbel Extreme Value Type I distribution
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T —ﬁ{0.5772+1n1n [1/0-Ppr)] } (14)
T

As can be seen in Fig. 3, for the same exceedence probability Pr < 10%, the normal
distribution provides lower 7p, values than the Gumbel distribution (¢p.y < tp,s), thus the
latter one is more conservative.
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Fig.3. Comparison of frequency factors for normal and Gumbel distributions

4. Discussion

There is a problem, how to determine the smallest values of averaging units, both
time and users. The shortest one is an instantaneous flow averaged over 0.1-1.0 s and the
lowest number of users equals to unity (1 person). However, these values generate flows
with very high variability and they are of less importance from the practical point of
view. Dutch data gathered by Wijntjes [15] showed that the peak flows to single dwell-
ings, averaged over 1.0 min were lower than those averaged over 1.0 s by 13% only.
Thus, as a first approximation, the averaging time equaled to 1.0 min and a typical
dwelling inhabited by 3 persons have been chosen. The number of persons in one dwell-
ing unit and availability of fixtures for the users in the peak period can influence the
variability of the peak water use.

The relationships (12) for Pr= 1% (¢p.y=2,35) and C,,,= 0.3, (3) and (6) for > q,; =
3.0 are shown in Fig. 4.
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Fig. 4. Variability of average flows depending on averaging time and number of dwellings

Polish standard [7] has been recently criticized [5, 6, 14] that it gives too high values
of design flows. Tuz and Dawidowicz [14] presented data on hourly water use in 11
apartment blocks inhabited by 48-169 PE in 20-90 dwellings. The unit water uses in
these dwellings were relatively low, namely: 42-129 L/d PE. It does not necessarily
mean that the total unit water consumption was so low; it depends also on the activities
of the inhabitants (time spent in their dwellings, place of laundering etc.). The values of
hourly peaking factors were very high (6.6-21.8), indicating that hourly flows were
asymmetrically distributed. Unfortunately, the authors did not indicate the probabilities
of exceedence of the O, values.

The relatively good agreement of the proposed formula (12) with empirical relation-
ships is encouraging, however it has to be further validated using comprehensive em-
pirical data.

5. Conclusions

Values of peaking factors diminish and converge over time as well as the number of
identical dwellings to the value of coefficient of variability of the maximum flows from
a single dwelling.

Application of the Gibbs ergodicity principle, to describe variability in water use, al-
lows for estimation of maximum flows to and from individual houses, block apartments
and villages in a wide range of averaging periods.
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The values of effluent (wastewater flow) peaking factors are greater than those re-
lated to the indoor water supply due to retention tanks (bathtubs, toilet flush tanks and
sinks) and relatively high discharge rates when emptying.

There is a need for further verification of the hypothesis about applicability of the
Gibbs ergodicity principle to water use description, on the base of broader empirical
material.
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