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INTRODUCTION

The basis for the estimation of the functioning 
of the water supply network, through the process 
of computer simulations in normal operation and 
in emergency situations, was the need to examine 
the behavior of system elements to the changes 
in hydraulic parameters, with the assumption that 
SDW works as a time-varying system. Special at-
tention was paid to the temporal variability of the 
water movement. Therefore, the time factor was 
taken into account and selected situations were 
analyzed, when the operation of the system took 
place under emergency conditions, which most 
often result in the poor functioning of the system, 
and above all, cause a shortage in water supplies, 
and thus energy drops in pumping units. Research 
regarding energy produced by pumping stations, 
and specifically, the reduction of their losses, is an 
important research problem in water distribution 
systems. A number of analytical, experimental 

and computational studies have been carried out. 
The time of commencement of the failure (event) 
and its duration are of particular importance for 
determining the negative consequences of the 
failure and the effectiveness of any actions aimed 
at reducing the severity of these events. The abil-
ity to map the dynamic nature of the water sup-
ply system operation is one of the basic proper-
ties that can be obtained with the use of temporal 
and spatial computer simulation [Sitzenfrei et al., 
2013; Studziński, 2014]. 

The main purpose of the manuscript was the 
need to examine the water supply network in 
terms of the failure rate of selected pump units 
and to analyze the decrease in their efficiency 
as a result of the changes. The paper presents 
two representative failures concerning pump 
systems. The obtained results allowed assess-
ing the quality of operation of the considered 
model from the point of view of both the user 
and the operator.
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ABSTRACT
This paper presents the process of the temporal and spatial functioning of the water distribution system in the 
mathematical modeling process. The research was carried out on the Bialystok water network model with par-
ticular emphasis on the efficiency and energy efficiency of the pumping units located on the analyzed water 
distribution system (SDW). The calculations and calibration of the model were performed using the ISYDYW 
software, with particular emphasis on time and spatial distribution. Particular situations were analyzed, especially 
when the system operated in exceptional conditions, which most often resulted in failure, leading to a shortage 
of water supply, and thus energy losses of the pumping units. The obtained results allowed demonstrating the 
auxiliary role of the simulation method in determining and predicting the effects on the existing emergency states. 
Possible scenarios were prepared for the observed changes, both in the entire network and at the selected points 
of the pump systems. Assuming the duration of the failure, its consequences were determined and presented in 
the form of the indicators discussed.
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MATERIALS

Characteristics of work and efficiency of a 
pumping station in a mathematical approach

Characteristics of the capacity and efficiency 
of the pumping station are one of the bases for 
estimating the effectiveness of the water distribu-
tion system [Trębicka, 2018; Zheng et al., 2015]. 
Each pumping station located in the model has its 
own planned work schedule for individual units 
[Vasan et al., 2011]. The value of water consump-
tion by users varies with time. The dependence of 
the amount of water intake on the pressure height 
reflects the impact of its deficiency on the value 
of water intake. The performance characteristics 
of the pumping station have a specific range and 
are valid within the two extreme values of head 
[Knapik, 2000]. A polynomial in the form of:

𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑛𝑛 ∗ (𝐴𝐴𝐴𝐴 + ℎ𝑝𝑝𝑝𝑝 ∗ (𝐵𝐵𝐵𝐵 + ℎ𝑝𝑝𝑝𝑝 ∗ 

∗ (𝐶𝐶𝐶𝐶 + ℎ𝑝𝑝𝑝𝑝 ∗ 𝐷𝐷𝐷𝐷))) 

 

𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ��𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝�
𝑝𝑝𝑝𝑝

 

 

ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
∑ �𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝�𝑝𝑝𝑝𝑝

𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

 

𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
∑

8.8236 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝
𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

 

𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 =
ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 

 

𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 =
∑ ∑ �𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝  �𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

∑∑�𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝�
− 

−𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊 

(1)

where: Qp – pumping station capacity, [m3/s];  
hp – lifting height, [m];  
n – number of working (identical)  
pumping units;   
A, B, C, D – coefficients of the polynomial. 

Equation (1) describes the shape of the ca-
pacity curve with sufficient accuracy and for ex-
treme pressure values it also results in extreme 
capacity values, where the extreme pressure 
values must be given for each pump station as 
limiting the scope of equation (1) [Vicente et al., 
2015; Fontana at al., 2012]. 

In the work, energy efficiency was assessed 
and analyzed in detail in terms of energy storage 
necessary to maintain the best possible efficiency 
of the pumping station. During the entire duration 
of the simulation, each pumping station pumps a 
specific amount of water [Knapik, 2020]:

𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑛𝑛 ∗ (𝐴𝐴𝐴𝐴 + ℎ𝑝𝑝𝑝𝑝 ∗ (𝐵𝐵𝐵𝐵 + ℎ𝑝𝑝𝑝𝑝 ∗ 
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𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

 

𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
∑

8.8236 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝
𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

 

𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 =
ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 

 

𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 =
∑ ∑ �𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝  �𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

∑∑�𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝�
− 

−𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊 

(2)

at an average head [Knapik 2020]:

𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑛𝑛 ∗ (𝐴𝐴𝐴𝐴 + ℎ𝑝𝑝𝑝𝑝 ∗ (𝐵𝐵𝐵𝐵 + ℎ𝑝𝑝𝑝𝑝 ∗ 

∗ (𝐶𝐶𝐶𝐶 + ℎ𝑝𝑝𝑝𝑝 ∗ 𝐷𝐷𝐷𝐷))) 

 

𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ��𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝�
𝑝𝑝𝑝𝑝

 

 

ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
∑ �𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝�𝑝𝑝𝑝𝑝

𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

 

𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
∑

8.8236 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝
𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

 

𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 =
ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 

 

𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 =
∑ ∑ �𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝  �𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

∑∑�𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝�
− 

−𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊 

(3)

where: p – designation of the value character-
izing the pumping station;   
m – mean value;   
i – designation of the next pumping station; 

l – designation of the value changing  
for each time step;  
hpmi – average pumping height of the i-th 
pumping station, at nominal pumping 
height of the i-th pumping station [m];   
Qpli – efficiency of the i-th pumping  
station, [m3/s];   
Wpli – pump station capacity [m3]  
(% of maximum capacity);   
∆Tl – length of the time step, [s].

It is worth noting that the variability of the 
conditions prevailing in SDW also makes the ef-
ficiency of a pumping station variable, even for 
the same length of time sections, as a result of 
the impact of these conditions in accordance with 
its efficiency curve. Therefore, an important mea-
sure of assessing the operating conditions of the 
pumping station is the amount of electricity used 
to pump 1 m3 of water, the average value of the 
head of the pumping station and the deviation 
index of the latter value from the nominal value 
(corresponding to the nominal capacity of the 
pumping station). For the i-th pumping station, 
the unit electricity consumption was calculated 
from the following formula [Knapik, 2020]:

𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑛𝑛 ∗ (𝐴𝐴𝐴𝐴 + ℎ𝑝𝑝𝑝𝑝 ∗ (𝐵𝐵𝐵𝐵 + ℎ𝑝𝑝𝑝𝑝 ∗ 
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ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
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where: Epmi – electricity [MJ/m3];   
Qpli – efficiency of the i-th pumping

 Station, [m3/s];   
Spli – pump (pumping station)  
efficiency coefficient;   
Wpmi – tank capacity of the i-th pumping 
station, [m] (% of the maximum capacity);  
hpli – nominal pumping height of the 
i-th pumping station, [m];   
∆Tl – length of the time step, [s].

In order to compare the nominal pump head 
when the efficiency coefficient reaches the maxi-
mum value for each existing pumping station, the 
Nominal Pressure Height Index of the pumping 
station was calculated according to the following 
formula [Knapik, 2020]:
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(5)

where: hpmi – average pumping height of the 
i-th pumping station [m];   
hpni – nominal pumping height of the 
i-th pumping station [m];   
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Qpmi – average efficiency of the 
i-th pumping station [m3/s];   
Qpni – efficiency of the i-th pumping sta-
tion at the nominal pumping head [m3/s].

The potential of the Pump Station Pressure 
Height is described by the equation [Knapik, 2020]:
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(6)

where: Hpli – height of the water table  
(m above sea level),   
Qpli – efficiency of the i-th pumping  
station, [m3/s],   
∆Tl – length of the time step, [s],   
PWPW – Potential of the height of the  
location of nodes (m above sea level),   
p – designation of the value character-
izing the pumping station,   
i – designation of the next  
pumping station,   
l – designation of the value changing for 
each time step.

The formulas listed above allow calculating, 
with the help of rational numbers, the values of 
indicators describing the quality of operation of 
the water distribution subsystem. The obtained 
results represent average values and contain the 
static range of their variability.

Mathematical model of the water 
distribution system and its assumptions

When developing the research model, the 
following assumptions were made regarding the 
schematic drawing of the water supply network 
[Description, 2010]:
 • the spatial location of nodes and connections 

of pipelines was schematized and their param-
eters have been defined,

 • research models of water demand for selected 
localities were developed, which made it pos-
sible to take into account in detail the spatial 
distribution and specification of the structure 
of users and the consumption value, along 
with the hourly schedules applicable to them,

 • the spatial location of nodes and connections 
of pipelines was schematized and their param-
eters have been defined,

 • the resultant consumption values and their 
time distributions were determined for 

individual nodes and for the entire SDW [Park 
et al., 2017; Todini et al., 2000],

 • the purpose of water use and the structure of 
individual user groups were defined, in addi-
tion to the applicable schedules of hourly wa-
ter abstractions,

 • a numerical model was developed based on 
data on the water supply system and the natu-
ral operating conditions were mapped on it,

 • a review of experimental emergency cases 
was made, when the SDW conditions are par-
ticularly variable and complicated [Walski et 
al., 2013].

 • The introduced assumptions ensure wide ac-
cess to system monitoring through:

 • creating computer databases and managing 
GIS information and data,

 • mapping significant situations in the course of 
SDW work and improvement of comprehen-
sive SDW management (effective management 
of SDW and, consequently, reduction of energy 
costs and operation of the improved system),

 • quantitative and qualitative monitoring of the 
technical and operational system of individual 
elements of water supply systems in terms of 
energy and efficiency,

 • development of hydraulic SDW models oper-
ating in real time with the use of mathematical 
modeling,

 • implementation of simulation flow models 
(hydraulic models) into operational and de-
sign practice [Alperovits et al., 1977; Tabesh 
et al., 2009].

METHODS

The created mathematical model of the Bialys-
tok water supply network enabled mapping of nor-
mal operating conditions, but also allowed simu-
lation of various types of emergency cases when 
the SDW (water distribution system) conditions 
are particularly variable and complicated [Alegre 
et al., 2012; De Marchis, 2016]. By introducing the 
connection of pressure deficiency and consump-
tion by users, simulation of emergency situations 
and water supply deficit was also carried out; spe-
cial attention was paid to the temporary variability 
of water movement [Praneeth et al., 2018]. The 
ability to reflect the dynamic nature of the water 
distribution system is one of the basic properties 
that can be obtained using temporal and spatial 
computer simulation [Nazif, et al., 2010].
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In the calculations, the assessment of the op-
eration of the water distribution system was based 
on the size of indicators of fundamental impor-
tance. These include the following sizes: WWPW, 
PWCW, PWCP, WSWC.

The simulation carried out with the use of 
the ISYDYW program enabled the creation of an 
extensive database, owing to which the informa-
tion contained in the database was systematized 
and, on the basis of both parts, the generation of 
calculation packages and the calculation of wa-
ter supply systems were performed. This made it 
possible to obtain a virtually unlimited number 
of computational models with varying degrees of 
accuracy and detail. [Carravetta et al., 2012; Fon-
tana et al., 2012].

Calculations were carried out for any frag-
ment as well as for the whole day divided into 
stages. The volume of water consumption for 
each time step is calculated individually for each 
node, based on the set value of the daily demand 
for the hourly distribution of water consumption 
and the reduction factor taking into account the 
impact of pressure defi ciency in relation to its re-
quired value [Robles-Velasco et al., 2020, Ramos 
et al., 2009]. The Bialystok water supply network 
is supplied by a set of P1 and P2 pumping stations 
with diff erent pressure values. The SDW schema-
tization carried out indicated the need to build a 
model with 108 nodes and 158 sections. For the 
demand model, structural units with housing de-
velopment and units with industrial function were 

included. For each of them, the structure of users 
was determined, i.e. type of building, standard of 
sanitary equipment, type and variability of indus-
try, as well as hourly timetable was defi ned ac-
cordingly [Romano et al., 2014; Arai et al., 2010].

The created hydraulic and qualitative model 
of the Bialystok water supply network is now an 
important source of information about the system 
in use, and its dynamic model of the water distri-
bution system has proven particularly useful in 
diagnosing the condition of the system in use and 
developing the concept of extension or moderniza-
tion of water supply (Figure 1). The implemented 
variants became both a study of the failure rate 
analysis of water supply pipelines and an estima-
tion of energy effi  ciency [Sinagra et al., 2017].

RESULTS AND DISCUSSION

The research process consisted in carrying 
out a series of tedious and labor-intensive simula-
tion studies refl ecting various types of emergency 
states of the existing pumping units, aimed at 
forecasting and preventing unforeseen emergen-
cies . Seven cases simulating the most possible 
emergency states were considered in the series. 
The article presents one of the key events that 
may occur and adversely aff ect the operation of 
both the pumps and the entire water distribution 
system. The SDW diagram with the tested ele-
ments is shown in Figure 1. 

Figure 1. The SDW model with the examined elements
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The variant concerned the shutdown of two 
pumping stations, i.e. Pietrasze (P) and Jurowce 
(J), from the system for a period of 24 hours. The 
eff ect of this was confi rmed by the total loss of ef-
fi ciency of both pumping stations and the result-
ing high pressure drop on the discharge. Negative 
WCNP proves that the average pumping pressure 
of both pumping stations is low compared to the 
nominal pressures of the given pumps. The cal-
culation results show a clear decrease in the val-
ues of the PWCW index (31.7 m) and WWPW 
(27.19%). Due to the fact that pumping stations 

are characterized by zero effi  ciency and nega-
tive system discharge pressures, also the PWCP 
(Pumping Station Pressure Height Potential) has 
a negative value. 

This situation is also noticeable in the value 
of electric energy Epmi, which disappears at each 
of the pumping units. The lack of effi  ciency of 
both pumping stations makes the average fl ow 
velocity for the entire system very low (vom= 0.06 
m/s) in WSWC, the low value of which confi rms 
the catastrophic condition of the conditions for 
water abstraction. This phenomenon is confi rmed 

Figure 2. Time course of pump P1 operating parameters in the P pumping station (node_1)

Figure 3. Time course of pump P2 operating parameters in the P pumping station (node_1)
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in Figure 1  – Figure 5 in the form of diagrams of 
pumping station effi  ciency and WWPW (Figure 
6) for the entire system and simulation time.

Indicator of Water Supply Conditions 
(WWPW) can be calculated by setting the sum-
mation indicators (l, k) for: each (l-th) time 
step, each (k-th) node throughout the simulation 
time, the entire network and the entire simula-
tion time (as global).

It is worth noting that the WWPW is treated 
as a measure of the comfort of water intake for the 
entire SDW. Achieving full comfort may some-
times require expensive technical measures and 

therefore must be taken into account by explor-
ers. The described case perfectly shows how an 
unfavorable situation may occur at any time as 
a result of a decrease in the energy effi  ciency of 
the pumping station and cause catastrophic condi-
tions of water intake. It is assumed that a given 
event occurs when WWPW <75%.

Another important variant was the scenario 
that assumed the failure of only one pump P1 in 
the pumping station (node no. 1), and the other two 
included in the power sources P2 and P3 as well as 
the pumping station (node no. 23) with the P5 pump 
fulfi lled their role of power supply and cooperated 

Figure 4. Time course of pump P3 operating parameters in the P pumping station (node_1)

Figure 5. Time course of pump P5 operating parameters in the P pumping station (node_23)
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in SDW. The observation and results showed an 
increase in the level of SDW functioning.

The much better conditions of its operation 
are evidenced by the higher PWCP (61.5 m H2O) 
compared to all the considered variants, as well 
as the higher PWCW (76.4 m H2O), which in turn 
proves the improvement of the effi  ciency of both 
pumping stations, especially the greater activ-
ity of the pumping units included in the existing 
pumping stations.  On the basis of the obtained 
results, a decrease in the mean pumping pressure 
was found at the P station and an increase in the 
effi  ciency of active pumps P2 and P3, as well as 

its complete disappearance when the P1 pump is 
turned off . The J pumping station, similarly to the 
pumps at the P station, shows a decrease in the 
average discharge pressure and a large increase 
in effi  ciency. Since the pump effi  ciency is signifi -
cantly increased, there are very high costs of elec-
tricity consumed and increased unit electricity de-
mand for pumping 1m3 of water. The WWPW re-
corded for the case under consideration (99.36%) 
ensures suffi  cient comfort of water abstraction 
with the possibility of slight shortages at maxi-
mum water consumption (Figure 11). An illustra-
tion of the results is shown in Figures 7–10.

Figure 6. Temporary change of WWPW (Indicator of Water Intake Conditions) indicator

Figure 7. Time course of pump P1 operating parameters in the P pumping station (node_1)
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 CONCLUSIONS 

As a result of simulation studies on the 
functioning of the water distribution system in 
terms of the failure rate of selected pump units, 
their efficiency resulting from the changes 
was analyzed. The  tests were carried out in 
terms of effectiveness and the degree of use 
and interaction of individual elements, mainly 
pump units. The mathematical model made it 
possible to carry out simulations in terms of 
checking the required technical and economic 
assumptions.

The dynamics of the model allowed obtain-
ing a number of data having a signifi cant impact 
on the functioning of the water distribution sys-
tem, as a result of the assumed variants of fail-
ure of existing pumping stations. In particular, 
changes in fl ow rates, water pressure and drops 
in the effi  ciency of pumping units, as well as 
SDW reactions to the modifi cations introduced, 
proved to be interesting.

The currently observed systematic de-
crease in water consumption in urban distribu-
tion systems also appeared on the SDW stud-
ied, because the fl ow rates deviated from the 

Figure 8. Time course of pump P2 operating parameters in the P pumping station (node_1)

Figure 9. Time course of pump P3 operating parameters in the P pumping station (node_1)
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of inferring the behavior of individual real 
objects such as pumping stations. It enabled 
the development of the SDW model based on 
the assumed scenarios and their observations, 
which contributes to the efficient management 
of water resources.
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recommended ones depending on the diameter 
values. Noteworthy is the oscillation of pump-
ing systems, appearing in some situations, 
which has become disturbing, which in turn 
will help to eliminate and pay special attention 
to the resulting eff ects. The modeling carried 
out enabled more eff ective control of pump 
systems in water distribution systems. This al-
lowed reducing the operating costs of these sys-
tems and, above all, reducing the energy losses.

Time-spatial analysis of the function-
ing of the water distribution system has be-
come a helpful tool for developing a method 

Figure 10. Time course of pump P5 operating parameters in the P pumping station (node_23)

Figure 11. Temporary change of WWPW (Indicator of Water Intake Conditions) indicator
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