www.czasopisma.pan.pl P N www.journals.pan.pl

=

Index 351733 DOI: 10.24425/ace.2023.146090

FACULTY OF CIVIL ENGINEERING
COMMITTEE FOR CIVIL AND WATER ENGINEERING

ISSN'1230-2945 Vo], LXIX ISSUE 3 2023
© 2023. Wojciech Ciezak, Malgorzata Kutytowska. pp. 445-456

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
License (CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits use, distribution, and reproduction @ ® @ @
in any medium, provided that the Article is properly cited, the use is non-commercial, and no modifications or adaptations are made. BY _NC__ND

ARCHIVES OF CIVIL ENGINEERING

Research paper

Application of exponential smoothing method
to forecasting daily water consumption in rural areas
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Abstract: The size and distribution of water demand within a given structural unit is the basis for
the proper operation and planning of the expansion and modernization of the water supply system’s
elements. In rural areas, particularly in municipalities adjacent to urban-industrial agglomerations,
a change in the use of tap water has been increasingly observed. The water consumption for animal
breeding or agricultural use, typical of these areas, has been decreasing and even disappearing. Water
has been increasingly used for domestic purposes in single- and multi-family housing as well as for other
purposes such as watering lawns and filling residential swimming pools. Taking this into account, this
paper presents observations regarding daily water consumption in a municipality adjacent to Wroclaw
together with an analysis of the possibility of using the exponential smoothing method for the short-term
forecasting of daily water consumption. The analyses presented in this paper were carried out using
STATISTICA 13 software.
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1. Introduction

In order to optimize and control water distribution in rural areas it has become necessary
to determine the actual water distributions and to forecast water demand on this basis. It
is crucial to know the pattern of water consumption not only for forecasting but also for
proper hydraulic maintenance [1]. It has been increasingly observed that the usage of
water mains in rural areas, particularly in municipalities adjoining large urban-industrial
agglomerations, changes. Water consumption for agricultural and animal rearing purposes,
typical of rural municipalities, has been significantly decreasing and even disappearing.
On the other hand, water has been increasingly used for domestic purposes in single-
and multi-family dwellings as well as for watering greenery (lawns) and filling residential
swimming pools. As the population in these areas grows, so does the demand for water
mains. As a result and due to climate changes (increasingly longer rainless periods with
intensified insolation and high air temperature) water deficits increasingly often occur
in spring-summer periods [2, 3] and smart buildings are necessary to optimize water
consumption [4].

Because of the higher water demand in the municipalities adjacent to large agglomera-
tions, which entails increased water production and using proper materials for water pipes
which reliability is relatively high [5], water companies look for new solutions concerning,
among other things, the optimal control of such processes as: the tapping and distribution
of available water resources, proper maintenance of technical condition [6] as well as the
distribution and treatment of water [7]. Water sources in Poland and worldwide are limited
and water recovery will be needed in future, so sewage inflow should also be considered
as the important factor influencing the environment and our future life [8]. In order to
ensure the efficient control of these processes a calibrated hydraulic model of the water
distribution network and a predictive model of water consumption are required [9].

Water consumption and the demand for it by consumers, as well as sewage runoff, have
acomplex deterministic-random character. Thus they are subject to certain regularities onto
which random properties are superimposed. Since predictive models are increasingly often
used in operational practice in water distribution system operation simulation algorithms to
determine an optimal real time control (RTC) strategy, they must enable one to quickly make
forecasts on the basis of a possibly small number of easily available predictors. Furthermore,
the forecasts should include information about the changing number citizens and climate
warming [10] as well as about changes of demand pattern caused by holidays [11].

Stochastic models, introduced in an algorithmized form into the control process man-
agement structure, are used for the current and short-term forecasting of water consumption.
Most often auto regressive integrated moving average (ARIMA) models and time series
exponential smoothing methods are used for this purpose [12]. ARIMA class models map
the static and dynamic properties of stationary series and certain classes of nonstationary
series, interpreted as the result of white noise passing through a finite-dimensional discrete
linear filter. They are characterized by different properties, but use a uniform notation
and identical methods of estimating parameters for different model types and subclasses.
Forecasting methods based on exponential smoothing algorithms are easily applicable in
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practice and do not require the analysed time series to be assumed stationary. Artificial
neural networks can be an alternative to the above methods. Owing to their several fea-
tures they can be a useful tool for analysing and forecasting time series of short-duration
water consumption. The use of artificial neural networks is attractive mainly due to their
ability to approximate any nonlinearities and fine-tune the adopted structure on the basis
of experimental data or other training images. Moreover, neural model building consists in
exploring the available data sets, which provides a basis for the fully automatic estimation
of the model describing the observed regularities and correlations. Hence the use of neural
models does not require the knowledge of the form of the function describing an existing
regularity. Consequently, neural models can be applied in all the cases where the precise
laws describing the shaping of the investigated relationships are not known [13, 14].

Taking the above into consideration, this paper presents findings concerning the daily
water consumption in one of the municipalities adjacent to Wroct aw and an analysis of
the possibility of using the exponential smoothing method for the short-term forecasting of
daily water consumption.

2. Materials and methods

2.1. Characterization of area under study

The rural municipality of Czernica was selected for the analysis of daily water con-
sumption in the years 2015-2018. This municipality is situated in the east part of the Lower
Silesian Province and in the north-west part of the Wroctaw County (Fig. 1). The Czernica
Municipality partially enters into the functional zone of the City of Wroctaw, constituting
a part of the Wroctaw agglomeration.

In 2018 the municipality had 14 400 inhabitants. Within this area there are 13 village
council administrative units [15, 16].
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Fig. 1. Location of Czernica Municipality in Wroctaw agglomeration
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The close proximity to Wroctaw has resulted, especially in recent years, in the rapid
development of single-family housing and in a change in the villages’ character — from
agricultural (there are average and poor arable lands within the municipality area) to housing
estate residential, entailing a relatively large annual population growth in the municipality
(Fig. 2).
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Fig. 2. Population in Czernica Municipality in 1991-2018

As the population has increased, so has the water demand. The average daily water
demand in the considered area has increased from 2088.1 m3/d in 2015 to 2555.3 m3/d
in 2018 (an increase of 467.2 m3/d — 22.4%). Not only the population growth, but also
the development of service centres, shops and educational facilities and the continuous
development of the industrial zone in Dobrzykowice have contributed to the increase in
water consumption. The water consumption from the water-pipe network in the Czernica
Municipality in the years 2015-2018 is illustrated in Fig. 3. Investigations concerned 4
years of exploitation of water pipe network. Historical data of water demand in the past are
not available.

The water pipes system supplying consumers in the area under study consists of the
Czernica Municipality group water main into which water flows from the Nadolice Wielkie
Water Treatment Plant and from the Wroctaw water grid (Wroctaw Municipal Company
LLC) via a booster station. The water main is owned by the Czernica Municipality and
managed by Czernica Municipal Services Company LLC. All the Municipality’s villages
(about 99% of the households) are connected to the water supply system.

The considered water pipe network of the group water distribution system is made of
mainly PVC pipes and in a smaller proportion of PE pipes, with nominal diameters ranging

from 90 to 225 mm. The network’s water mains form a circumferential-terminal system
(Fig. 4).
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Fig. 4. Water-pipe network structure in the Czernica community

The total length of analysed water-pipe network (water mains and distribution pipes)
was equalled to ca. 238 km. The water losses, including network flushing, amount to about
15% of the average daily water demand. This value is satisfactory and correct, and is
caused by relatively low failure frequency resulting from good materials used for building
and proper maintenance.
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2.2. Methods of forecasting daily water distributions

The time series of daily water consumption in the Czernica Municipality in the years
2015-2018 were used to build predictive models. There is lack of daily net water con-
sumption directly in all consumers. It was assumed that in the carried out analysis the
amount of water registered by flowmeters in pumping stations is taken into account. It
was assumed that water losses in the analysed water systems (below 15% of daily average
water demand) did not disrupt the pattern of daily water consumption by consumers. The
effectiveness of the exponential smoothing method in forecasting the values of the time
series was evaluated.

Exponential smoothing has become very popular as a method of forecasting many
types of time series of deterministic-random phenomena. It allows one to determine future
values (forecasts) by calculating a moving average of a certain kind, where the current
and immediately preceding observations are assigned a greater weight than appropriately
older observations with an exponentially declining trend. The method was independently
proposed by Brown and Holt in the middle of the last century [17] and later modified
by Winters [17]. Brown’s model is applicable to time series which do not show any
(upward) trend and the fluctuations in their values are the result of only random factors.
Holt’s model is used to smooth time series showing upward linear trends, in which only
random fluctuations occur. The Winters model is applicable to forecasting the values of
time series showing both (linear, exponential or damped) trends and seasonal and random
fluctuations [17, 18]

Since the time series analysed in this paper shows an upward linear trend (Fig. 3), the
effectiveness of forecasting its values was tested (for a linear trend without seasonality) using
the exponential smoothing method in accordance with Holt’s linear model. Short range
forecast was proposed (day by day) which influence on possibility to neglect seasonality.
In the model the forecast was determined from equation [19]:

2.1 ye=F,+(t-n)-S, t>n

where:
¥, — a forecast of variable y over time ¢,
F,, — the smoothed value of the forecasted variable,
S, — a trend increment estimate,
n — the number of terms in the time series,
and the following model equations were assumed:

(2.2) Fio=a-yi+(1-a) (Fr2+S:2)
(2.3) Si1=8-(Fioi—F)+(1-8) -85
where:

F;_; — the smoothed value of the forecasted variable over time ¢ — 1,
S;_1 — the smoothed value of the trend increment over time  — 1,
a, B —smoothing parameters taken from interval [0, 1].
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For the calculation of a forecast for the first observation the initial values (trend) were
assumed according to the formulas:

2.4) Fo=yi —%
(2.5) So=On—y1)/(n=1)

The accuracy of the forecasts made was determined using the following absolute
measures [20,21] mean error (ME), mean absolute error (MAE), mean squared error
(MSE), root mean squared error (RMSE). Also from statistical point of view Theil index
is necessary to calculate:

Theil index
- MSE
2.6) P=
>y
t=1
and relative percentage measures
MAE
2.7 VMmaEg% = — - 100%
y
RMSE
(2.8) VRMSE% = —— - 100%
y

where:
y; — variable y over time ¢,
y; — a forecast of variable y over time ¢,
y — the average of the time series:

=

2.9 y==-) W

t=1

S|

n — the number of terms in the time series.

Statistical analyses of residual series were carried out to test the adequacy of the
predictive model. It is assumed that if a model is correct, then as the series size is increased,
the terms of the series will become uncorrelated and will be subject to approximately
a normal distribution with an average equal to zero, and to finite variation N (0, o2), i.e.
they will approach the white noise series. Thus tests of predictive model adequacy for
the observed time series are tests of the residual series concordance with the white noise
process. Considering the above, the distribution of residual frequencies and tests of the
goodness of fit with the normal distribution were carried out. The analyses presented in
this paper were carried out using STATISTICA 13 software.

3. Selected results of analysis

The practical effectiveness of forecasting daily water consumption in the selected
municipal water pipe system by means of the exponential smoothing of time series in
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accordance with Holt’s linear model is illustrated by the analytical results presented in
Table 1 and in Fig. 5 and in Fig. 6.

Table 1. Measures of accuracy of forecasts made for time span 2015-2018

Exponential smoothing (Holt’s linear model): Fjy = 1866, Sy = 0.2566, @ = 0.977, 8 = 0.000
Measure of accuracy Unit Value
Mean error, ME m3/d -0.00063
Mean absolute error, MAE m3/d 151.8
Mean squared error, MSE m3/d 54870.8
Root mean squared error, RMSE m3/d 234.2
Theil index, /> - 0.01016
Relative absolute percentage error, VpMAE©, %o 6.69
Relative means squared percentage error, VRMSE% %o 10.32
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Fig. 5. Actual and forecasted daily water consumption in 2018 in Czernica Municipality

The analyses showed that in the prediction period the absolute value of actual daily
water consumption in the considered water pipes system on average deviated from the
forecast by 151.8 m?/d while the root mean squared error amounted to 2342 m*/d.

The relative forecast errors are at a satisfactory level — the relative absolute percentage
error amounts to 6.7% while the relative mean squared percentage error is equal to 10.3%.
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Residuals = 1461*38.5498*Normal(Average = -0.0006; Sigma = 234.3255)
Residuals: D = 0.1092; p < 0.0100; p-Lillieforsa < 0.01; SW-W = 0.9041; p = 0.0000
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Fig. 6. Residual frequency distribution of the adopted model for generating forecasts

Water demand modelling with such low errors could be considered as proper tool for water
companies.

The calculated value of the Theil index is close to zero (0.01016) which indicated
that the forecast is not loaded and the model is flexible. Also the statistical analysis of
the residual series indicates that the predictive model is well fitted to the character of the
investigated daily water consumption process.

Only the difference between the statistics: MAE and RMSE, which may indicate rel-
atively large errors, raises some doubts as to the model used. Therefore the errors of all
the generated forecasts were subjected to analysis and some of the errors were found to
reach 25-50%, resulting in the above mentioned difference between the measures. Pro-
posed method of forecasting is one of the easiest. Probably in the future the modelling of
water demand should be expanded using other prediction methods as e.g. machine learning
techniques which should influence on avoiding high models’ error.

4. Conclusions

Thanks to the current computer techniques and the increasingly wider range of available
computer software it has become possible to use novel algorithms for forecasting. The
rapid development of computerization supplied measuring systems with continuous data
transmission (most often to a control room) for the purposes of current control and archiving
various parameters in computer databases, which has significantly facilitated forecasting.
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As a result, more and more attempts have been made to implement novel methods helping
to improve the optimization of such processes as: water distribution, water and sewage
treatment, etc. This has had a huge impact on the economics of water utility companies.
It should be noted, however, that even extensive archival data and the best forecasting
methods may prove insufficient to generate forecasts with a satisfactory level of reliability
if the operator lacks sufficient knowledge about the given process.

The one rural municipality was chosen for the analysis of daily water consumption in the
time span 2015-2018. During four years of investigations the water demand significantly
increased (ca. 22%). The exploitation data of water consumption were used to make the
predictive model based on exponential smoothing. The relative forecast errors could be
acceptable from engineering point of view — the relative absolute percentage error equals
to 6.7% and the relative mean squared percentage error amounts to 10.3%. Water demand
predictions with such errors could be considered as promising tool for water companies.

The presented results and analysis of the effectiveness of the current forecasting of daily
water consumption indicate that prediction by means of exponential smoothing according
to Holt’s linear model is of relatively high quality. The errors in forecasted daily water
consumption values are at an acceptable level, as confirmed by the calculated measures of
the accuracy of the forecasts made. Only in few cases, when the series values would change
rapidly, it was observed that the predictive model did not follow the actual values.

The topic indicated in the paper seems to be very important and will be expanded
in future authors’ investigations. Water demand depends on many random factors and its
forecasting is crucial due to proper management in water companies.
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Zastosowanie metody wygladzania wykladniczego do prognozowania
dobowego zuzycia wody w obszarach wiejskich

Stowa kluczowe: prognozowanie, sie¢ przewodow, wygltadzanie wykladnicze, zuzycie wody

Streszczenie:

Wozrost zapotrzebowania na wode¢ w gminach przyleglych do duzych aglomeracji, a co za tym
idzie wzrost produkcji wody, zmuszajg przedsigbiorstwa wodociggowe do szukania nowych rozwig-
zan dotyczacych miedzy innymi optymalnego sterowania takimi procesami jak: ujmowanie i rozdziat
dyspozycyjnych zasobéw wodnych, dystrybucja oraz oczyszczanie wody i Sciekdw. Aby zapewnié
skuteczne sterowanie tymi procesami wymagany jest mi¢dzy innymi skalibrowany model hydrau-
liczny sieci dystrybucji i model prognostyczny poboru wody. Do biezacego i krétkoterminowego
prognozowania poboru wody wykorzystywane sg modele stochastyczne, wprowadzane w postaci
zalgorytmizowanej do struktury zarzadzania procesem sterowania. NajczeSciej stosowane sg scal-
kowane modele autoregres;ji i §redniej ruchomej ARIMA oraz metody wygladzania wykladniczego
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szeregéw czasowych. Modele klasy ARIMA odwzorowuja wtasciwosci statyczne i dynamiczne szere-
gbw stacjonarnych i pewnych klas szeregéw niestacjonarnych, interpretowanych jako wynik przejscia
bialego szumu przez dyskretny filtr liniowy skoriczenie wymiarowy. Charakteryzuja si¢ one réznymi
wlasciwos$ciami przy jednolitym zapisie formalnym oraz identycznych metodach estymacji parame-
tréw dlaréznych typéw i podklas modeli. Metody prognozowania oparte na algorytmach wygtadzania
wyktadniczego sg fatwe do praktycznego zastosowania i nie wymagaja zalozenia o stacjonarnosci ana-
lizowanego szeregu czasowego. W niniejszej pracy przedstawiono obserwacje dotyczace dobowego
zuzycia wody w jednej z gmin przyleglej do Wroctawia wraz z analiza mozliwosci zastosowania me-
tody wygtadzania wyktadniczego do krétkoterminowego prognozowania dobowego poboru wody.
Analizowany w pracy szereg czasowy wykazuje tendencje wzrostu liniowego, wigc sprawdzono
skuteczno$¢ prognozowania jego wartosci przy zastosowaniu metody wygladzania wyktadniczego
z uwzglednieniem trendu liniowego bez sezonowosci — wg modelu liniowego Holta. W celu spraw-
dzenia adekwatnosci modelu prognostycznego wykonano analizy statystyczne dotyczace szeregu
reszt. Zaklada sig, ze jeSli model jest prawidlowy, to wraz ze zwigkszeniem liczebnosci szeregu
elementy szeregu stang si¢ nieskorelowane i beda w przyblizeniu podlegaé rozktadowi normalnemu
o Sredniej réwnej zeru oraz skoriczonej wariancji — N (0, o?), czyli zbliza si¢ do szeregu biatego
szumu. Testy zwigzane z adekwatnoscia modelu prognostycznego do zaobserwowanego szeregu cza-
sowego s3 zatem testami zgodnoSci szeregu reszt z procesem bialego szumu. W tym kontekscie,
dla przyjetego modelu prognostycznego wykonano rozklad czgstosci reszt wraz z testami zgodnosci
z rozktadem normalnym. Przedmiotowa sie¢ wodociggowa grupowego systemu dystrybucji wody
zbudowana jest z przewodéw o Srednicach nominalnych od 90 do 225 mm, gléwnie z PVC oraz
w mniejszej czgdci z PE. Gléwne przewody sieci tworza uktad obwodowo-koricéwkowy. Straty wody
wraz z plukaniem sieci ksztaltujg si¢ na poziomie ok. 15% Sredniego dobowego zapotrzebowania
na wode. Przeprowadzone analizy wykazaly, Ze Srednio, w okresie predykcji, rzeczywiste wartosci
dobowego poboru wody w analizowanym systemie wodociggowym odchylaly si¢ co do bezwzgled-
nej wartosci, od prognoz, o 151,8 m>/d, natomiast pierwiastek bledu Sredniokwadratowego wynidst
2342 m3/d. Wzgledne bledy prognozy ksztaltujg si¢ na zadowalajacym poziomie — procentowy
wzgledny blad absolutny wynosi 6,7%, natomiast procentowy wzgledny blad Sredniokwadratowy
jest réwny 10,3%. Obliczona warto$§¢ wspdtczynnika Theila jest bliska zeru (0,01016), jak réw-
niez analiza statystyczna szeregu reszt wskazuje na dobre dopasowanie modelu prognostycznego do
charakteru rozpatrywanego procesu dobowego poboru wody. Jedynie réznica pomiedzy statystykami
MAE i RMSE moze wskazywac na btedy o stosunkowo duzych warto$ciach budzi pewne watpliwosci
co do zastosowanego modelu. Dlatego poddano analizie biedy wszystkich wygenerowanych prognoz,
ktéra wykazata, Ze pojedyncze z nich osiggaja wartosci od 25% do 50%, co powoduje wspomniang
réznice miedzy okre§lonymi miernikami. Zaprezentowane rezultaty oraz analiza efektywnosci bie-
z3cego prognozowania dobowych poboréw wody wskazuja na relatywnie dobra jakos$¢ predykcji
za pomoca metody wygladzania wyktadniczego z wykorzystaniem modelu liniowego Holta. Bledy
prognozowanych warto$ci dobowego poboru wody ksztaltuja si¢ na akceptowalnym poziomie co
potwierdzaja obliczone mierniki doktadnosci uzyskanych prognoz. Jedynie w nielicznych przypad-
kach, wéwczas gdy wartosci szeregu zmienialy si¢ w dynamiczny sposéb, zaobserwowano, ze model
prognostyczny nie nadgza z prognoza za warto$ciami rzeczywistymi.
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