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Abstract

The characteristics of random gas and service water consumption of individual consumer groups
(quantity, intensity, simultaneity, etc.) are probability variables in the mathematical sense. In schedul-
ing gas and service water consumption, the chances of the realisation of the characteristics and the
probability distribution also have to be determined. The authors relate the determination of sched-
uled values to the extent of assumption of risk. In the study they present new methods based on the
theory of stochastic processes for describing the gas consumption of individual consumer groups and
for determining the probability distribution of consumption values. They also show correlations to
describe gas and service water consumption as the basis of the total heat load of gas appliances and
cold or hot water fixtures.
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1. Introduction

It is a well-known fact that the service water and gas consumption of a residential
area or urban sector is generally not uniform, however, it shows very great fluc-
tuations within a day and the consumption levels per days, weeks and months are
different as well. Generally, the nature of consumption within a day shows sub-
stantial fluctuation, including a.m. and p.m. peak periods, low consumption level
between these periods and modulations superimposed on the peaks and valleys.

The actual causes of consumption fluctuations by parts of the day and week
in the domestic sector are well known and are to be shared for in the hygiene and
organisation of work and living conditions of the population.

The pattern of consumption fluctuation may follow certain constancy and
regularity but the superimposed modulations are entirely of random character and
cannot be predicted with accuracy.

Finally, the case is that consumers will generally be involved in the service
water and gas consumption at random times and will consume water or gas with
varying intensity and for random periods. Therefore, both the resulting consumption
intensity and its volume show random variations.
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For this reason, when designing and operating service water or gas supplying
installation, the random character of the consumption cannot be neglected. At
the same time it should be pointed out that up to the present, no comprehensive
theoretical study of this subject has been carried out.

The following should be studied in the course of selecting and designing the
operation of service water or natural gas supplying equipment:

– the consumption in a certain period (peak period), consumption per minute,
consumption per hour or the total volume of the daily consumption,

– the whole daily pattern of the consumption intensity, the pattern of workday
and weekday consumption,

– certain derived characteristics, the tendencies of the nonuniformity and simul-
taneity factors, etc. The process of service water and natural gas consumption
as a phenomenon will be described by means of the above characteristics.

2. Currently Used Methods for the Sizing Calculation of Service Water and
Natural Gas Consumption

Methods for the determination of service cold and hot water as well as natural gas
consumption provide a deterministic value for the sizing – applicable for the design
of the connection pipeline – calculation of the volume flow and do not give any
information as regards what risks are attached to these values.

For thecalculation of short time cold water consumptionas regards the con-
cept of unit of water out-flow concerning the technical regulation MSZ 04-132-91
is introduced, but the previous technical directive and the application of technical
instructions also include this expression. According to the definition a volume mass
of 0,2 l/s water flows out as a result of the pressure difference of 5 kPa (approx. a
5 m high water jet) on the unit of water out-flow (N = 1). By applying this the
sizing volume flow is:

V̇ = 0.2
√
ΣN + k ·ΣN. (1)

The relation shows that the water out-flow equivalent value expressed by almost
square root operates simultaneously out of the analysed user group characterised by
the total

∑
N water out-flow equivalent value. In order to determine the volume flow

the simultaneously operating water out-flow equivalent values have to be multiplied
by the volume flow of the unit of water flow (0.2 l/s). As the sizing consumption
derived from the consumption per person, which linearly increases with the number
of consumers, in case of a certain number of consumers it will be higher than the
simultaneous consumption close to square root. Therefore, the creators of the
regulation have applied a correction (k ·ΣN). Thus the basis of the method is the
determination of the simultaneous consumption.

In practice the calculation ofdaily service water consumptionis often based
on the daily consumption of one person (‘unit consumption per person’) (q̇h). The
value of daily consumption per person multiplied by the number of people (n) will
give the degree of daily consumption.
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The consumption of service cold and hot waterin respect of a short time –
usually an hour – can be determined in relation to the daily average consumption.
The consumption in the peak periods can be calculated with the help of the coeffi-
cient Z of irregularity dependent on the number of users (number of flats), which
is defined as the ratio of peak consumption and average daily consumption:

V̇ = Z · q̇h · n

24
. (2)

In case of pipe gas supply the basis of the deterministic method is the determina-
tion of the total possible gas consumption (gas load) decreased with the factor of
simultaneity. For this the gas load of the units of the surveyed user groups has to be
summarised first, then this sum has to be multiplied by the factor of simultaneity:

V̇m = e ·
n∑

i=1

V̇Ni , (3)

where
V̇m – is the designed gas load,
e – is the factor of simultaneity,
n – is the number of gas units joining to the analysed pipe section,
V̇Ni – is the nominal gas load of the gas consumeri .

The method of the determination ofthe factor of simultaneityaccording to
the practice applied in gas technology is as follows:

– in case of units used in the kitchen:

e = 0.9
4
√

n
(4)

– in case units used in the kitchen + bathroom:

the factor of simultaneity up to 20 flats is provided in tabular form,
over 20 flats the relation as regards the kitchen is applicable leaving the
bathroom users out of consideration.

The weakness of the above methods is not only that they do not provide any
information as regards the degree of risk in respect of the given results, but it is also
a concern that they were developed decades ago and no changes have been made
to the relations ever since, while due to the changed life style and economy in the
past period – especially in the last ten years following the change of the political
system – the consumption habits have considerably changed, probably decreased.
Therefore, an indefinable degree of over-designing can be observed in the design
of the service water and gas systems, which also has economical consequences:
bigger size of pipes is necessary and the size of the units and equipment planned to
be installed onto the analysed pipe section is also larger than desired.

Due to this it seems necessary to develop and implement modern designing
methods that also take the tools of probability theory into consideration.
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3. Probability Calculation Models of the Consumption Process

The description of the service water and gas consumption process by means of
probability calculation may be carried out in two ways, i.e. the following may be
studied:

– the process nature of consumption on the basis of the theory of stochastic
processes in the sense of which the following distribution is searched for

P (Q(τ )) ; P
(
Q̇(τ )

) ; (5)

where: P() – Probability distribution function and
τ – Time, as a mathematical variable
Q(τ ) – Consumed water or gas volume, as a function of time
Q̇(τ ) – Consumption intensity, as a function of time

– the state character of the consumption based on ‘static’ models as well as the
probability distribution of consumption in a finite period or the distribution
of the simultaneity of consumption. Therefore, in this case the following
relationships should be disclosed

P (Q (τ0, τ )) (6)

and
P

(
Q̇ (τi )

)
. (7)

The most up-to-date inspection method which provides most information and which
is at the same time the most complicated one, is based on the theory of the stochastic
processes. The probability distribution of service water and gas consumption as a
stochastic process is a function of time and includes it explicitly. The consumption
fluctuations by parts of the day can be described only on the basis of this concep-
tion. In the sense of probability the model will give information concerning the
consumption process at any time.

The static models are not suitable for the above purposes. The main difference
between the static models and the stochastic process models is that a distribution
below

P (Q (τ0, τ1)) (8)

discloses nothing on the process behaviour beyond the particular period, moreover
the behaviour within this period can only be described in the case of a process which
is homogeneous in time with the use of the conclusions to be drawn from the static
model (Q (τ0; τ1) – Consumed water or gas volume in the time interval(τ0; τ1)).

In course of the description of service water and gas consumption by means
of probability calculation, the theory of stochastic processes will be taken as a basis
in our paper and the random water and gas consumption will be treated as a process.
The employment of the static models is an established field, which generally covers
the application of well-known statistic means.
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3.1. Analysis of Consumption Process if the Consumers Consume at Random
Times, Have Identical Consumption Intensities, and Can Be Characterised by

‘0–1’ Connection State

3.1.1. Probability Distribution of the Gas Volume Consumed at Any Period

The process of random water or gas consumption is a so-called secondary stochastic
process. In the process of consumption in any time interval the consumers will enter
into consumption independently of each other.

The probability of the events of entering into consumption is described by the
Poissonprocess as follows, on the basis of the principle of independence

P(k, t) = �(t)k

k! e−�(t), (9)

where

�(t) =
t∫

0

λ(u)du (10)

is the expected value of the connections occurring within the(0, t) time interval.
Therefore, the density of consumption (density of events) is generally a function of
time.

Within the(0, t) time interval the consumers enter into consumption at random
timestk having uniform distribution. All the consumers entering into consumption
at tk times, will consume for randomχk periods. The distribution of the period of
connection is

H(x) = P (χk ≤ x) . (11)

As a probability variable, the consumption of a consumer untilt time entering into
consumption at any time(0 ≤ ti ≤ t), is

f (t − tk, χk) (12)

and its distribution function is

P ( f (t − tk, χk) ≤ x) = h(t, x). (13)

If in the time interval(0, t) numberk of consumers entering occurred, the value of
consumption, i.e. the volume of consumption within the(0, t) period at timet will
obviously be

Q(t) =
∑

k

f (t − tk, χk) . (14)

It is our objective to formulate the distribution function

P (Q(t) ≤ x) = G(t, x). (15)
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One way of formulating the distribution function (15) is to examine the characteristic
functions.

Under the condition that the connection of the consumer into the water or
gas supply occurred at timeu (0 ≤ u ≤ t), according to TAKÁCS’s theorem, the
characteristic function of the distribution function (13) is as follows [1], [2], [3]:

ϕ(t − u, ω) =
∞∫

−∞
eiω f (t−u,x)dH(x). (16)

As the distribution function ofu is�(u)/�(t), therefore, utilising the theorem for
the hypothetical expected values, the characteristic function of the consumption
which started at random time and measured at timet , is

ψt(ω) = 1

�(t)

t∫
0

ϕ(t − u, ω)d�(u). (17)

If in the time interval(0, t) the number of connections into the supply system
was ‘k’, the sum of the consumption values would be the sum of number ‘k’, of
independent probability variables, the characteristic function of which is

(ψt (ω))
k

and finally the characteristic function of the searched for distribution function (15)
is

�(t, ω) =
∞∑

n=0

e−�(t) (�(t))
n

n! (ψt(ω))
n . (18)

From the complex range the characteristic function can be transformed back into
the real range by using of the so-called inversion integral. Through the inversion of
the characteristic function (18) the probability distribution (15) of the consumption
process will be obtained.

The distribution function (15) can be formed directly by means of set and
probability algebraic means.

If the examination of the consumption process is started at a timeτ0 when

Q̇ (τ0) = 0

and, as has already been mentioned the connections to the water or gas supply occur
as aPoissonprocess, it can be written reasonably as follows:

G(t, x) = P (Q(t) ≤ x) = e−�(t) + �(t)

1! e−�(t) · P

(
χ1 ≤ x

1 · q̇

)
+
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+ �(t)2

2! e−�(t) · P

(
χ2 ≤ x

2 · q̇

)
+ . . .+ �(t)k

k! e−�(t) · P

(
χ k1 ≤ x

k · q̇

)
+ . . .∞,

(19)
whereq̇ – the consumption intensity of a consumer.

As a probability variable, the average connection period of the consumers is

χ k = χk,1 + χk,2 + . . .+ χk,k

k
. (20)

The density function (10) of the average connection period, as a probability variable,
is

gk(y) = µk · yk−1

(k − 1)! e−µy · 1

k
(21)

and its distribution function is

Fk

(
χ ≤ x

k · q̇

)
= 1

k

x/k·q̇∫
0

µk · yk−1

(k − 1)! e−µy · dy. (22)

By means of the distribution function, the expected value of the average connection
period can be computed:

M
(
χk

) = 1

µ
. (23)

By transforming same for water or gas consumption1
µ

· q̇, the expected value of
distribution is

M (Q(t)) = �(t) · q̇ · 1

µ
. (24)

As concerning the actual consumption, there is a physical upper limit of consump-
tion, i.e. this is the case where all of the consumers consume gas continuously
within the inspected period, the following relationship is valid:

P (Q(t) ≤ Qmax) = 1. (25)

Therefore, by curtailing formula (16) the real distribution is

Gx(x) = G(x)

G (Qmax)
if x ≤ Qmax andGx(x) = 1 if x > Qmax. (26)

The expected value of consumption on the basis of the curtailed distribution is

Mx (Q(t)) = �(t) · q · 1

µ
· 1

G (Qmax)
. (27)
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3.2. The Determination of the Value of Consumption with the Given Risk from the
Measurement Results

As the consumption of service water and pipe gas shows considerable and random
fluctuation the question can also be put forward in the following form: what is
the probabilityP of the consumption not exceeding a givenQ value? As regards
to the sizing consumption the question can also be asked as follows: what is the
consumptionQ that is not reached of the real consumption of probabilityP?

This way of asking also means that the consumption exceeds the sizing con-
sumptionQ of probability 1− P, but this excess will happen with the degree of the
planned probability that has been accepted.

In this case we can get the sizing consumption with the help of samples taken
of the masses showing random fluctuation. The samples can be taken through a
large number of measurements.

The mathematical process of the measurement results comprises the following
steps:

– we assume the type of probability rule characteristic of the analysed mass,
– we define the characteristic parameters of distribution,
– we check the assumption with regard to the type of distribution.

It is proved that for the consumption samples gained from the masses of
water and gas consumers the principles of normal distribution are applied. The
normal distribution is determined by two characteristic parameters as independent
variables, such as the expected value (m) and dispersion (σ ).

The distribution function of the normal distribution in its general form is as
follows:

P(t) = 1

2π

t∫
−∞

e−µ/2du, (28)

whereu = (x − m)/σ .
After the statistical process of the measurement data the sizing (peak-) con-

sumption value characterised by the given risk as regards one consumer group is:

Q(P) = m1 · n + tp · σ1 · √
n, (29)

where
m1 – is the expected value on the basis of the results of the series of

measurements carried out in n number of flats,
σ1 – is the determined dispersion based on the measurements,
tp – are the independent variable values belonging to the given

probability p depending on normal distribution.
We have to mention that in case of shorter peak consumption not changing

time-wise and consumption probability uniform as regards the different consumers
determined for the peak consumption per hour are normative and can easily be
calculated [4], [5].



DESCRIPTION OF THE GAS 283

4. Already Existing Methods for the Definition of Sizing Consumption
Developed with the Help of Probability Theory Methods

Being aware of the necessity of the application of the modern methods there are
such sizing methods already in two areas, which have been developed with the
method of probability theory relying on the results of consumption measurements.

4.1. Calculation of the Sizing Heat Demand of Service Hot Water Consumption

In the 80’s in the frame of the development of the modern district heating standards
a calculating method was elaborated that has been created by the process of the large
number of measurement data gained at different spots with the help of probability
theory methods [6], [7], [8], [9]. With the relations resulting like this the heat
performance data necessary for the sizing of the service hot water appliances larger
than 25 flats joining to the district heating can be determined on the given level of
risk.

In technical regulation MI 09.85.0006 the suggested relation as regards the
calculation of the peak consumption per hour is as follows:

Q = A · n + B · √
n, (30)

whereA andB are constant.

4.2. A Method Developed for the Definition of the Sizing Gas Consumption

In order to work out the sizing correlations, we carried out several measurements
that involved various consumer groups at different locations in Budapest. In the
examined buildings we looked at these kinds of consumers:

– only in the kitchen,
– in the kitchen and the bathroom,
– individual heating and kitchen and bathroom.

Looking at the obtained measurement data and taking into account several
kinds of supply security, we established the correlations of standard gas load. These
correlations describe gas consumption as the basis of the total heat load of gas
appliances on the examined gas pipe section. According to our suggestion, the
value of the used volume flow, taken into account at sizing, should be the ten-
minute peak consumption period [10], [11].

For the calculation of this we suggest the following equations for the various
consumer types:
for kitchens

Q̇(10 min) = 0.009Σ q̇H + 0.16
√
Σ q̇H m3/h (31)
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for kitchen and bathroom

Q̇(10 min) = 0.007Σ q̇H + 0.09
√
Σ q̇H m3/h (32)

where:
∑

q̇H – the total heat output of the installed gas appliances.
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